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SOLAR ENERGY FOR G R A I N  DRYING 

George H. Fos te r  and Robert M. Pea r t  
Department of Agr icu l tura l  Engineering 

Purdue Universi ty,  West Lafayet te ,  Indiana 

Some background and h i s t o r y  of research and development a c t i v i t i e s i n  s o l a r  g r a in  drying 
should be he lp fu l  i n  p u t t i n g  cu r r en t  research e f f o r t s  i n t o  perspect ive.  Tests  were 
s t a r t e d  a t  seven loca t ions  i n  the f a l l  o f  1974, following the  o i l  c r i s i s  of 1973. 
Research was continued i n  1975 with 13 p a r t i c i p a n t s  and i n  1976 with 15 p a r t i c i p a n t s .  
Now, i n  the fourth year  of the research program, t hc rc  a r e  12 pa r t i c ipan t s  t h a t  w i l l  be 
repor t ing  t o  t h i s  conference. 

Solar  gra in  drying i s  not  a  recent  innovation. A s  pointed o u t  i n  a  review by the  authors  
(Foster  and Pea r t ,  19761, s o l a r  gra in  drying research has been i n  progress  s ince  t he  
1950's. Although e s t ab l i shed  as  technica l ly  f e a s i b l e  a t  an e a r l y  da te ,  i t  was not  cos t  
competitive with p l e n t i f u l  and low cos t  petroleum fue l .  

Most of the  research e f f o r t  has been d i r ec t ed  toward applying s o l a r  energy t o  low- 
temperature, in-storage gra in  drying systems. Collect ing sun energy t o  supplement t he  
hea t  i n  n a t u r a l  a i r  used f o r  in-storage drying appears l o g i c a l  upon examination of t h e  
p r inc ipa l  a t t r i b u t e s  of s o l a r  energy. 

C!IAl?ACTI%RISTICC, OF SOLAR ENEkG Y 

The following c h a r a c t e r i s t i c s  of s o l a r  energy bear  on i t s  use f o r  s o l a r  gra in  drying. 
(1) Solar  energy is d i f fu se ,  low-grade energy, e a s i l y  applied t o  low temperature applica-  

t ions .  
(2)  I t  i s  an i n t e r m i t t e n t  source of energy ava i l ab l e  only i n  t he  daytime i n  c l e a r  weather. 
(3)  I t  is  a c a p i t a l  in tens ive  source of energy with high f ixed  cos t  and low va r i ab l e  o r  

opera t ing  cos t .  
(4)  It i s  ubiquitous,  and except  f o r  geographical va r i a t i on ,  and occas iona l ly ,  l o c a l  

i n t e r f e r ence ,  i s  equal ly  ava i lab le  t o  a l l  a t  the  po in t  of use. 

How do s o l a r  g r a in  drying requirements mesh with t he  c h a r a c t e r i s t i c s  of s o l a r  energy? 
Well and no t  s o  well .  
(1) Grain drying i s  e a s l l y  adapted t o  u s e  s o l a r  energy, a s  l a rge  volumes of low tempera- 

t u r e  a i r  a r e  used. A i r  en t e r ing  a  s o l a r  c o l l e c t o r  i s  usual ly a t  ambient temperature 
and f o r  in-storage drying systems is  heated only a  few degrees. In  con t r a s t ,  t h e  a i r  
en t e r ing  c o l l e c t o r s  f o r  s h e l t e r  hea t ing  i s  a t  the  minimum comfort l e v e l  f o r  the  occu- 
pants ,  normally s eve ra l  degrees above ambient temperatures during the  cold p a r t  of 
the  year.  Since t he  hea t  losses  from the  c o l l e c t o r  a r e  propor t iona l  t o  the  difference 
between ambient and the  average co l l ec to r  temperature, it i s  obvious t h a t  hea t  l o s se s  
from the c o l l e c t o r  used i n  gra in  drying would be low. Thus, r e l a t i v e l y  low cos t  col- 
l e c t o r s  a r e  e f f e c t i v e  f c r  in-storage gra in .  drying. 

(2 )  In-storage g ra in  drying proceeds f o r  s eve ra l  days and is sub jec t  t o  va r i a t i ons  i.n t.he 
drying p o t e n t i a l  of the ambient a i r .  So l a r  energy, ava i l ab l e  only during dayl ight  
hours, adds t o  the va r i a t i on  of drying p o t e n t i a l  between day and night .  Fortunately,  
low temperature drying systems can t o l e r a t e  such var iab le  l eve l s  of hea t  input .  The 
gra in  s t o r e s  excess energy i n  t he  form of  overdried grain.  The overdried g ra in  then 
a c t s  a s  a  des iccant  and removes excess moisture from high humidity night  a i r  s o  d:-ying 
can proceed. So the  gra in ,  i n  e f f e c t ,  provides i t s  own s torage  f o r  s o l a r  energy. 

Several  approaches t o  s t o r i n g  s o l a r  hea t  - o r  drying p o t e n t i a l  - o the r  t h m  i n  g ra in ,  
a r e  being studied.  Although probably requi red  f o r  higher  speed, higher  'temperature 



drying systems, the need f o r  external  thermal storage fo r  low temperature bin drying 
systems has not been fu l ly  established.  

( 3 )  The cap i t a l  intensiveness of s o l a r  energy presents a problem i n  i ts application t o  
grain drying. Corn requires more drying energy than other grains. Corn is  dried i n  
the f a l l  during a r e la t ive ly  shor t  period of 6-8 weeks. The annual u t i l i z a t i o n  of 
s o l a r  equipment 'for corn drying alone i s  too low fo r  cost  effectiveness.  For example, 
d i f fe ren t  analyses (Meinel and Meinel, 1977; Williams e t  a l .  1977) show tha t  a t  pre- 
sent  p r i ces ,  the fuel  saving affected by the so la r  heat  collected would jus t i fy  an 
investment i n  col lec tors  of l e s s  than $1 per  f t 2 .  Costs a t  t h i s  low leve l  are  possi- 
b le  only with very simple p l a s t i c  collectors, ad Lllese would ncod t o  be stnred and 
protected when not i n  use t o  prolong t h e i r  l i f e .  The estimated l i f e  of the collectar ,  
along with i t s  f i r s t  cost  and the volume of grain dried,  were the three fac tors  con- 
t r ibu t ing  m s t  t o  the cost  effectiveness of so la r  drying systems (Heid, 1978). 

( 4 )  The ubiquitous nature of so la r  energy permits collection and use at. the point  o r  
points of greates t  need and convenience. There is l i t t l e  cconomy of scale i n  the 
col lec t ion and use of so la r  energy. 

Economic and s y s t e ~ ~ s  analyses arc  being emphasized i n  current research e f f o r t s .  One of 
the c r i t i c a l  questions i s  t h a t  of multiple use.: Multiple use of the same equipment in- 
creases annual L I S ~  and amount of energy collected per  dol lar  of investment. But multiple 
use col lec t ion systems cost  more, especial ly 11 Uley meet requirements fo r  shell-.AX 
heating. Compared eo a coPlecLui used 3 0 1 ~ 1 ~  f o r  gxajn drying, a multiple use col lec tor  
w i l l  operate a t  a  higher temperature and e i t h e r  w i l l  have greater  losses o r  w i l l  require 
added expense f o r  double or  t r i p l e  glazing, and fo r  backside insulat ion.  Some type of 
thermal storage w i l l  be required i f  comfort heating .i.s involved. There is  a lso  competi- 
t ion  fo r  the energy available from competing or  conf l ic t ing multiple uses and the 
col lec tors  may need t o  be portable.  However, opportunities t o  use the same so la r  equip- 
ment do do more than one job should not be overlooked, and there are some in te res t ing  
approaches being studied and proposed for  study. 

Ut i l iza t ion of the  col lec tor  fo r  more than one grain crop is another multiple-use arrange- 
ment that. needs more study. Wheat drying with solar  energy has been shown (Barre t t ,  El761 
t o  allow harvest 1 t o  2 weeks ear ly ,  permitting c a r l i e r  soybean plariting following wheat 
and improving chances f o r  a good soybean yield.  This double-cropping pract ice  has been 
growing rapidly and provides in te res t ing  p o s s i b i l i t i e s  of so la r  drying of wheat and corn 
i n  the same bill, wheat i n  Jurie and July and corn i r ~  October and November. 

Another multiple use dSpecc tlcdt 11eetls morc otudy is  ths, inonrporatiwn of a so la r  collec- 
t o r  i n t o  a buildirlg sidewall or roof. This h a s  been shown t o  be feas ible  on grain bin 
walls and machinery and livestock building walls  and roofs, with the . solar  heat used both 
f o r  grain drying and t o r  space heatilly. 

Much has been learned i n  the four years tha t  the current  federally sponsored research.pro-. 
gram has been i n  existence. We have t r i e d  a number of approaches; some worked well ,  some 
not s o  well. But now, we have data on performance and on costs  from which more definitive 
economic s tudies  can proceed. 

Farmer i n t e r e s t  has been increasing during the four-year perlod and the pLuyian1 has bccn 
well  publicized i n  the agr icul tura l  press. Many so la r  ins ta l l a t ions  i n  use today were 
not purchased because of t h e i r  economic t e a s i b i l i t y .  Nus 1: so la r  uscrs rea l ize  they are 
not saving mney a t  the present  time. However, they know they are saving nonrenewable 

.energy, and they know t h e i r  added costs  fo r  so la r  energy are not too high. They a lso  
know t h a t  other erlergy costs  w i l l  r i s e ,  but a t  an unknown ra te .  Many farmers are in ter -  
es ted  i n  making use of s o l a r  energy, even i f  it costs more, and they a re  especial ly 
in teres ted  i n  uni ts  they can build themselves. 

Finally,  i t  should be recognized t h a t  most of the so la r  corn drying research has been 
bascd on designs f o r  low-temperature drying such as  t h a t  developed i n  I l l i n o i s  (Shove, 
1971) . Very l i t t l e ,  i f  any, data are avai lable  on the application of so la r  energy t o  am- 
bination high-temperature, low-temperature drying systems. Very l i t t l e  has been done with 
the heat  pump a s  an adjunct t o  a so la r  system. L i t t l e  analysis  or demonstration has been 
carr ied  nnt. on so la r  systems with auxi l iary  off-peak e l e c t r i c a l  heat. A l l  of these ideas, 
and there are probably many more, could make s o l a r  applications ecv~lomically feasible 



f a i r l y  soon i n  c e r t a i n  a r e a s .  

' Thus, whi le  much has  been done', and we' a r e  c l o s e r  t o  s i g n i f i c a n t  use of s o l a r  energy i n  
g r a i n  d ry ing ,  many impor tan t  q u e s t i o n s  remain unanswered., 

. . 
Approved a s  J o u r n a l  paper  # 7187, Purdue u n i v e r s i t y  ~ ~ r i c u l t u r i l  ~ x p e r i m e n t  S t a t i o n .  
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RICE DRYING WITH IMMEDIATELY APPLIED AND STORED SOLAR HEAT 

D.L. Calderwood 
Agricultural Engineer 

USDA, SEA, Federal Research 
Route 5, Box 784 

Beaumont, TX 77706 

INTRODUCTION 

The resultsof solar rice drying research through the harvest seasons of 1975 and 1976 
were reported a t  the Solar Grain Drying Conference, Champaign, I1 1 inois, January 1977, 
and published in the proceedings (Caldemood, 1977). The results were as follows: 

1. Drying time and hours of fan operation were less with solar heat than w i t h  
unheated air .  

L. Electric energy consumption for fan operation was lower with solar heat than 
with unheated air.  

3. A stirring auger was not needed to preserve the milling qua1 i ty  of rice under 
conditions of the reported tests. 

Solar heat was used imnediately after  collection in 1975 and 1976 rice drying tests;  
however, during mid-day hours when solar energy i s  most readily available, the relative 
humidity of ambient a i r  generally i s  low enough for drying with unheated air .  In their 
recomnendations for using supplemental heat for deep-bed drying, Sorenoon and Cr-dr~e 
(1960) stated that the temperature of a i r  entering rice may be raised 12 F above outside 
temperature, b u t  heat should be added only during prolonged periods of high humidity. A 
method of using solar heat that conforms with Sorenson's and Crane's recommendation i s  
to collect i t  during the daytime, store i t  in an appropriate medium, then extract heat 
a t  night or other periods when relative humidity of ambient a i r  i s  a t  a high level. 

The objective of 1977 solar rice drying tests  was to determine the suitability of a 
pebble-bed as a heat storage medium. Items taken into consideration are the construction 
cost and resistance to a i r  flow of a pebble-bed heat storage u n i t ,  the amount of heat col- 
lected by solar collectors and a comparison of drying times, electric energy used and mil 1- 
i n g  yields of rice dried with unheated a i r ,  with immediately applied solar heated a i r  and 
with a i r  heated after the time of collection by stored solar heat. 

METHODS AND MATERIALS 

A faci l i ty consisting of four deep-bed rice dryers, a pebble-bed heat storage unit, and 
three solar collectors, was used for tes ts  of solar rice drying d u r i n g  the 1977 harvest 
season (Fig. 1). A corrugated steel bin with a 9-ft dia and 11-ft sidewall height, 
similar to the deep-bed dryers, was used as the pebble-bed heat-storage unit. A perfo- 
rated metal floor was installed a t  a level of 18 in. above the base of the bin. The bin 
was f i l led  with crushed limestone gravel (pebbles) to a height of 9 feet above the floor. 
The pebbles, having a nominal dia. of 1.5 in , were fair ly uniform in size. The density 
of the pebbles was determined to be 80 lb/ft5, so the stored limestone pebbles weighed 
about 22.9 short tons. The storage bin was insulated externally with a 1.5 in. thick- 
ness of glass wool. 

A solar collector having 320 f t 2  of absorber surface formed a roof along the south side 
of the row of dryers and was used to supply heat for the pebble-bed. I t  was inclined 
toward the south a t  an angle of 22.5" from the horizontal, a nearly optimum inclination 
for collecting solar radiation a t  30" N latitude during the month of August. Readily 
available materials were used for constructing this so ar  collector. These were pur-  I chased from a nearby lumber yard a t  a cost of $1.36/ft surface area. 



Figure 2. Schematic of air flow in solar collector, pebble-bed and rice dryer. A 
single fan moved air through the system. 



A schemat ic d iagram o f  t h e  a i r  f l o w  system f o r  t h e  pebble-bed hea t  s t o r a g e  u n i t  and r i c e  
d r y e r  i s  shown i n  F ig .  2. The p a t h  f o l l o w e d  by t h e  a i r  s t ream was th rough  a  s o l a r  c o l l e c -  
t o r ,  t h rough  t h e  pebble-bed t o  t h e  i n t a k e  o f  a  f a n  t h a t  exhausted th rough  a  bed o f  r i c e  
and o u t  t h rough  t h e  t o p  open ing o f  a  r i c e  d r y e r .  R ice i n  t h e  d r y e r  was s t i r r e d  w i t h  a  
v e r t i c a l  auger  d u r i n g  a  d a i l y  t i m e  i n t e r v a l  o f  9  hours. 

The o t h e r  t h r e e  d r y e r s  were ope ra ted  i n  1977 j u s t  as t h e y  had been d u r i n g  t h e  1976 ha r -  
v e s t  season. D rye r  1  was s u p p l i e d  w i t h  immed ia te l y  a p p l i e d  s o l a r  hea t  b u t  t h e  r i c e  was 
n o t  s t i r r e d .  D rye r  2  was s u p p l i e d  w i t h  unheated a i r ,  b u t  again,  t h e  r i c e  was n o t  s t i r r e d ;  
D rye r  3  was s u p p l i e d  w i t h  immed ia te l y  a p p l i e d  s o l a r  hea t  and t h e  r i c e  was s t i r r e d  d u r i n g  
a  8 -h r  d a i l y  i n t e r v a l .  The s o l a r  c o l l e c t o r s  f o r  Dryers  1  and 3 were c o n s t r u c t e d  w i t h  192 
ft o f  abso rbe r  s u r f a c e  area. Both  o f  t hese  s o l a r  c o l l e c t o r s  were i n c l i n e d  toward t h e  
sou th  a t  an ang le  of about  5' f r om t h e  h o r i z o n t a l .  

The d r y e r s  were f i l l e d  w i t h  an e a r l y  ma tu r ing ,  l o n g - g r a i n  r i c e  v a r i e t y ,  L a b e l l e ,  between 
J u l y  21 and 23, 1977. Then they  were empt ied a f t e r  t h e  r i c e  had d r i e d  t o  a  marke tab le  
l e v e l .  The d r y e r s  were r e f i l l e d  w i t h  second-crop L a b e l l e  v a r i e t y  r i c e  f rom October 14 
t o  17, 1977 and t h e  t e s t s  were repeated. R ice samples were taken  a t  S n t e r v a l s  as t h e  
d r y e r s  were loaded and a g a i n  as t h e y  were empt ied a f t e r  r y i n g  was complete. These 

19 samples were t e s t e d  f o r  m o i s t u r e  c o n t e n t  w i t h  a  M o t o m c e  m o i s t u r e  meter.  The sma l l  
samples taken  p e r i o d i c a l l y  d u r i n g  each l o a d i n g  and un load ing  o p e r a t i o n  made up a  com- 
p o s i t e  sample f o r  m i l  l i n g  y i e l d  t e s t s .  The compos i te  samples taken  d u r i n g  u n l o a d i n g  
o p e r a t i o n s  were a t  a  s u i t a b l e  m o i s t u r e  c o n t e n t  f o r  m i l l i n g  y i e l d  t e s t s ,  b u t  t h e  h i g h  
m o i s t u r e  samples taken  d u r i n g  t h e  l o a d i n g  o p e r a t i o n s  had t o  be a i r - d r i e d  t o  about  12% 
m o i s t u r e  c o n t e n t  b e f o r e  hey were m i l  l e d .  Bo th  t h e  a i r - d r i e d  and, d r y e r - d r i e d  samples 

1  were m i l  l e d  i n  a  I.4cGill- no. 3 m i l l  by t h e  s tandard  procedure used by r i c e  graders .  
A f te rwards  t h e  amount o f  t o t a l  m i l l e d  r i c e  was determined, t h e n  broken k e r n e l s  were 
separated f rom whole k e r n e l s  so t h a t  t h e  amount o f  whole k e r n e l s  o f  m i l l e d  r i c e  (head 
r i c e )  c o u l d  be determined. M i l  1  i n g  y i e l d s  o f  a i  r - d r i e d  and d r y e r - d r i e d  samples f rom 
t h e  same l o t  o f  r i c e  were compared. 

Thet-mocoupl e j u n c t i o n s  (copper-constantan)  were i n s t a l  l e d  a t  s t r a t e g i c  l o c a t i o n s  where 
i n f o r m a t i o n  on temperatures  was needed w i t h i n  t h e  d rye rs ,  s o l a r  c o l l e c t o r s  and pebble- 
bed and connected t o  a  1 6 - p o i n t  r e c o r d i n g  po ten t i omete r .  Temperature read ings  f o r  t h e  
v a r i o u s  l o c a t i o n s  were taken  a t  h o u r l y  i n t e r v a l s .  The ambient a i r  temperature  and r e l a -  
t i v e  h u m i d i t y  were reco rded  c o n t i n u o u s l y  w i t h  a  hygrothermograph. Another  hygrothermo- 
graph was used t o  r e c o r d  t h e  temperature  and r e l a t i v e  h u m i d i t y  o f  a i r  l e a v i n g  t h e  pebb le-  
bed. 

1  / An Eppley- b l a c k  and w h i t e  pyranometer w i t h  an i n t e g r a t i n g ,  d i g i t a l  r e c o r d e r  was used t o  
o b t a i n  h o u r l y  p r i n t o u t s  o f  r a d i a t i o n  i n t e n s i t y .  K i l o w a t t  hou r  meters  were used t o  meas- 
u r e  t h e  e l e c t r i c  energy used f o r  f a n  and s t i r r i n g - a u g e r  o p e r a t i o n s  and t i m e  meters  were 
used t o  measure t h e  hours o f  f a n  o p e r a t i o n .  

A i r  f l o w  r a t e s  f o r  each d r y i n g  o p e r a t i o n  were needed i n  o r d e r  t o  compute t h e  amount o f  
s o l a r  hea t  c o l l e c t e d .  The r a t e  o f  a i r  f l o w  f o r  each d r y e r  d u r i n g  two o p e r a t i n g  p e r i o d s  
was determined by  two methods. I n  t h e  f i r s t  method, t h e  r i c e  depth  and s t a t i c  p ressu re  
i n  t h e  plenum chamber were measured soon a f t e r  l o a d i n g  was completed. D i v i d i n g  s t a t i c  
p ressu re  by r i c e  depth  p r o v i d e s  t h e  p ressu re  d rop  pe r  ft o f  depth. A  graph pub1 'shed 3 by Shedd (1953) o r  Calderwood (1973) g i v e s  an e q u i v a l e n t  a i r  f l o w  r a t e  i n  C f m l f t  o f  
f l o o r  area.  I n  t h e  second method, t h e  v e l o c i t y  o f  t h e  a i r  exhausted th rough  t h e  t o p  
opening o f  each d r y e r  and t h e  area o f  t h e  openings were measured. The a i r  f l o w  r a t e  i s  
t h e  p r o d u c t  o f  v e l o c i t y  x  area.  A i r  f l o w  r a t e  d a t a  a r e  l i s t e d  i n  Tab le  1. Good agree- 
ment between t h e  two methods o f  measur ing a i r  f l o w s  was o b t a i n e d  when Shedd's graph was 
used f o r  d r y e r s  w i t h  s t i r r i n g  augers and Calderwood's graph used f o r  d r y e r s  w i t h o u t  
s t i r r . i r ~ y  augers.  

The s t a t i c  p ressu re  d rop  ac ross  t h e  pebble-bed was measured a t  t h r e e  a i r  f l o w  r a t e s .  
These da ta  were used t o  prepare a  graph which shows r e s i s t a n c e  t o  a i r  f l o w  o f  t h e  p a r t i -  
c u l a r  s i z e  p a r t i c l e s  used i n  t h e  pebble-bed. 

1 /  Mention of  a tradename or proprietary product does not const i tu te  a guarantee or - 
warranty of the product by the U. S.  Department of Agriculture and does not  imply 
i t s  approval t o  the exclusion o f  products that  may also  be suitable.  



TABLE 1. A i r  f l o w  r a t e  i n  r i c e  d r y e r s  as computed by two methods 

S t i r -  E x i t  A i r  f l o w  r a t e l l  
D rye r  Date o f  r i n g  Depth P l  enum a i r  by 

No. obser-  auger  o f  s t a t i c  ve lo -  by v e l  o-  
v a t i o n  used f i l l  p ressu re  c i t y  S.P. c i t y  

F t I n .  Ft /Mi n. Cfm Cfm 

3 07/28/77 Yes 7.2 2.65 530 1177 1198 

4 07/28/ 77 Yes 7.2 1.95 520 954 1206 

2 10/17/77 N o 7.9 2.90 476 1119 1104 

3 10/17/77 Yes 7.4 2.70 534 11711 1202 

4 10/17/77 Yes 7.4 2.20 492 1018 1941 
n 

1 /  A i r  f l o w / f t L  was o b t a i n e d  f rom p ressu re  d r o p / f t  dep th  by r e f e r e n c e  t o  a graph 
TShedd 1953) f o r  d r y e r s  w i t h  s t i r r i n g  augers, and by r e f e r e n c e  t o  ano the r  graph 
(C3lderwood 1973) f o r  o t h e r  d rye rs .  The t o p  open ing o f  Dryers  1, 2 and 4 was 2.32 
ft and Drye r  3 had an open ing o f  2.26 f t 2 .  

TABLE 2. The e f f e c t  o f  s o l a r  heat  and s t i r r i n g  on d r y i n g  t.iiire, f a n  o p e r a t i n g  t ime, 
e l e c t r i c  energy used and m i l  1 i n g  y i e l d  

Fan E l  ec. . , ,  
Drye r  S t a r t i n g  Treatment Moi s t w e  D r y i n g  oper -  energy Fl i l ' l  i n g  y i e l d 1  

No. da te  Suldr.  S t i r -  c o n t c n t  t i m e  s t i n g  used A i r  Dryer -  
. hea t  r i n q  I n i t .  F i n a l  t i m e  d r i e d  d r i e d  

% % Days Hours kIJh 0 " 
0 0 

. 1 07/22/77 Yes No 19.0 11.5 12 230 21 1 60.4 61.1 
68.0 68.4 

2 07/22/77 140 No 19.0 12.1 3 1 31 5 297 57.2 61.1 
66.5 68.5 

3 07/22/77 Yes Yes 19.2 11.5 11 186 31 1 58.5 60.4 
6G.2 68.1 

4 07/21/77 Yes Yes 21.0 12.0 10 245 325 59.7 62.1 
67.4 68.9 

1 10/17/77 Yes No 18.9 11.3 2 4 322 305 - 60.0 - 61.5 
69.3 70.3 

2 10/15/77 No No 20.0 11.5 30 403 399 61.9 62.5 
71).0 70.6 

3 10/14/77 Yes Yes 21.2 12.2 2 4 359 453 - 60.8 60.2 
69.2 b9.8 

4 10/14/77 Yes 'Yes 21.9 12,.2 14  367 426 - 61.5 - 60.1 
69.6 69.3 

1/  % whole k e r n e l s  o f  m i l l e d  r i c e  - 
% t o t a l  m i l l e d  r i c e  



RESULTS AND DISCUSSION 

Cost o f  a  Pebble-Bed Heat Storage U n i t .  The f o l l o w i n g  l i s t  shows t h e  c o s t  o f  m a t e r i a l s  
used f o r  c o n s t r u c t i n g  t h e  pebble-bed hea t  s to rage  u n i t .  Labor c o s t s  a r e  n o t  i n c l u d e d  
excep t  f o r  i n s u l a t i n g  t h e  b i n  i n  wh ich t h e  pebb les  a r e  s to red .  The c o n t r a c t  f o r  t h i s  
j o b  i n c l u d e d  m a t e r i a l s  and l a b o r .  

S o l a r  c o l l e c t o r ,  320 ft2 absorber  s u r f a c e  $436 
Suppor t i ng  t r u s s  and pos ts  153 
Corrugated s t e e l  b i n ,  9  f t  d i a  751 
E x t e r i o r  s u r f a c e  i n s u l a t i o n  875 
Limestone ~ e b b l e s .  23 s h o r t  t ons  ( d e l i v e r e d )  2  36 
A i r  duc ts  

Res is tance o f  Pebbles t o  A i r  Flow. S t a t i c  p ressu re  drops o f  0.67, 0.22 and 0.06 i nches  
(wa te r  gauge) were measured ac ross  t h e  pebble-bed w i t h  a i r  f l o w  r a t e s  o f  2320, 1018 and 
445 CPm, r e s p e c t i v e l y ,  t h rough  t h e  pebble-bed. The p ressu re  drops were d i v i d e d  by 9 t o  
o b t a i n  t h e  p ressu re  d r o p / f t  and a i r  f l o w  r a t e s  were d i v i d e d  by 63.6 t o  o b t a i n  c f m / f t 2 .  
These data  were p l o t t e d  on f u l l  1  g a r i t h m i c  graph paper w i t h  p ressu re  d r o p / f t  depth  as 
t h e  absc i ssa  and a i r  f l ow ,  Cfm/f tq,  t h e  o r d i n a t e .  A  s t r a i g h t  l i n e  was drawn th rough  t h e  
t h r e e  p o i n t s  (F ig .  3) .  A l so  shown i n  F ig .  3  f o r  c o n t r a s t  a r e  l i n e s  f o r  rough r i c e  and 
soybeans (Shedd, 1953). 

S o l a r  Heat Col l e c t e d .  The d i f f e r e n c e  between ambient a i r  t empera tu re  and plenum a i  r 
temperature  ( tempera tu re  r i s e )  f o r  t h e  t h r e e  d r y e r s  t h a t  r e c e i v e d  s o l a r  hea t  a r e  p l o t t e d  
i n  t h e  graphs i n  Fig.  3. The amounts shown a r e  averages by hours o f  t h e  day f o r  e n t i r e  
d r y i n g  pe r iods .  The plenum temperature  o f  D rye r  4  was l o w e r  t h a n  ambient a i r  temperature  
d u r i n g  a  p e r i o d  o f  seve ra l  hours each day. A  comparison o f  hygrothermograph c h a r t s  of  
ambient  and pebble-bed . a i r  temperatures  showed t h a t  t h e  peak d a i l y  temperature  o f  a i r  
emerging f rom t h e  pebble-bed lagged t h e  peak ambient a i r  t empera tu re  by 3 hours. Thc 
amount o f  s o l a r  hea t  c o l l e c t e d  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  tempera tu re  r i s e  as f o l l o h s :  

kW = (Temp. r i s e ,  F)  ( A i r  f l o w  r a t e ,  Cfm) 
3000 

The average d a i l y  energy o u t p u t  f o r  t h r e e  s o l a r  c o l l e c t o r s  d u r i n g  t h e  J u l y  and October 
1977 o p e r a t i n g  pe r iods ,  r e s p e c t i v e l y ,  were: Dryer  1, 34 and 20 kiJh; D rye r  3, 38 and 21 
kwh; and Drye r  4, 68 and 47 kwh. 

Dry ing  Times. Dur ing  t h e  Ju ly -August  o p e r a t i n g  pe r iod ,  r i c e  i n  d r y e r s  w i t h  s o l a r  hea t  
d r i e d  t o  a  s a t i s f a c t o r y  l e v e l  i n  e lapsed t imes  o f  12, 11, and 10  days, r e s p e c t i v e l y ,  i n  
Dryers  1, 3, and 4; whereas t h a t  l e v e l  o f  d r y i n g  r e q u i r e d  31 days w i t h  unheated a i r  i n  
D rye r  2  (Tab le  2). S o l a r  hea t  was l e s s  e f f e c t i v e  f o r  r e d u c i n g  d r y i n g  t i m e  d u r i n g  t h e  
October-fdovember o p e r a t i n g  p e r i o d .  The d r y i n g  t i m e  was 24 days i n  b o t h  Dryers  1  and 3, 
and 14 days i n  Dryer  4. D r y i n g  w i t h  unheated a i r  i n  D rye r  2  r e q u i r e d  30 days. 

E l e c t r i c  Energy Used. The use o f  s o l a r  hea t  reduced f a n  o p e r a t i n g  t i m e  and e l e c t r i c  
energy r e q u i r e d  f o r  f a n  ope ra t i on .  However, Dryers  3  and 4  w i t h  s o l a r  hea t  used more 
t o t a l  e l e c t r i c  energy t h a n  d i d  Drye r  2  w i t h  unheated a i r  because o f  a d d i t i o n a l  energy 
r e q u i r e d  f o r  o p e r a t i o n  o f  s t i r r i n g  augers even though t h e  augers ope ra ted  f o r  o n l y  9  h r s  
each day. S o l a r  D rye r  1  ( w i t h o u t  a  s t i r r i n g  auger )  used 29% l e s s  e l e c t r i c  energy than 
d i d  Dryer  2  f o r  d r y i n g  e a r l y - h a r v e s t e d  r i c e  and 23% l e s s  e l e c t r i c  energy f o r  d r y i n g  
second-crop r i c e .  E l e c t r i c  energy da ta  a r e  shown i n  Tab le  2. 

M i l l i n g  Y ie lds .  Percentages o f  b o t h  whole k e r n e l s  o f  m i l l e d  r i c e  (head r i c e )  and t o t a l  
m i l  l e d  r i c e  a r e  shown i n  Tab le  2, b u t  o n l y  t h e  percentages o f  head r i c e  were a f f e c t e d  by 
d r y i n g  t reatments .  The percentages o f  head r i c e  f rom d r y e r - d r i e d  samples were, i n  most 
i ns tances ,  e i t h e r  equal  t o  o r  g r e a t e r  t h a n  t h e  percentage o f  head r i c e  f rom a i r - d r i e d  
samples o f  e a r l y - h a r v e s t e d  r i c e .  A  drop o f  0.6 and 1.4 i n  t h e  percentages o f  head r i c e  
can be no ted  between d r y e r - d r i e d  and a i r - d r i e d  samples o f  second-crop r i c e  f rom Dryers  3  
and 4, r e s p e c t i v e l y .  T h i s  amount o f  q u a l i t y  change was a t t r i b u t e d  t o  sampl ing e r r o r  and 
was n o t  cons id red  t o  be o f  consequence. 



P R E S S U R E  DROP P E R  F O O T ,  I N C H E S  WATER GAUGE 

Figure 3 -  Resistance of 1.5 in .  d ia  grav.1 (pebbles) ,  
soybeans and rough r i c e  t o  a i r  f l o w  
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T I M E  OF D A Y  

Figure 4. Average temperature r i s e  ( o r  decrease)  i n  
plenum chambers of s o l a r  r i c e  dryers  a t  
d i f f e r e n t  times of the day during drying 
of e a r l y  and Fate-liarbested r i c e  



A pebble-bed s o l a r  h e a t  s t o r a g e  u n i t  d i d  n o t  j u s t i f y  i t s  c o n s t r u c t i o n  c o s t s  under t h e  
c o n d i t i o n s  o f  these t e s t s .  Fas te r  d r y i n g  w i t h  s t o r e d  s o l a r  heat,  as compared w i t h  
immedia te ly  used s o l a r  heat,  i s  a t t r i b u t e d  t o  t h e  l a r g e  s i z e  s o l a r  c o l l e c t o r  used f o r  
h e a t i n g  t h e  pebble-bed. The m i l l i n g  y i e l d s  o f  r i c e  d i d  n o t  appear t o  be a f f e c t e d  b y , t h e  
d r y i n g  t reatments .  
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SOLAR GRAIN DRYING FOR O H I O  

R .  N .  Misra,  Post-Doctoral Research Associate  and 
H.  M. Keener, A s s i s t a n t  Professor  

A 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 

A g r i c u l t u r a l  crop drying i s  all a r e a  where, because of' energy c o s t  e s c a l a t i o n  and t h e  
d e c l i n e  of a v a i l a b i l i t y  o f  c e r t a i n  f u e l s ,  it i s  d e s i r a b l e  t o  f i n d  low-cost a l t e r n a t e  
sources  o f  energy. S o l a r  r a d i a t i o n  i s  one such source o f  energy. However, t h e  e f f e c t i v e  
use  o f  s o l a r  energy f o r  c rop  dry ing  depends on: 

i) g ~ n g r ~ p h i c a l  l o c a t i o n ;  
ii) crop t y p e ;  

iii) s i z e  o f  opera t ion ;  
i v )  government's economic p o l i c y ;  

and v )  a t t i t u d e  o f  t h e  owner o f  opera t ion .  

i )  Geographical l o c a t i o n :  S o l a r  r a d i a t i o n  depends on l a t i t u d e  and meteoro log ica l  
condi t ions  t h a t  vary from month t o  month. A s o l a r  d ry ing  system 2epends on a v a i l a b l e  
r a d i a t i o n  a t  h a r v e s t  un less  h e a t  i s  s t o r e d  p r i o r  t o  t h e  h a r v e s t  season.  Weather d a t a  f o r  
Wooster, Ohio, shows t h a t  an average 19.5 M J / ~ ~  (1720 ~ ~ ~ / f t 2 )  o f  energy i s  a v a i l a b l e  
d a i l y  on a  f l a t  h o r i z o n t a l  s u r f a c e  from May 1 t o  October 1, compared t o  only aboul 
9 . 4  M J / ~ ~  (823 B T U / ~ ~ ~ )  d a i l y  dur ing October and November. I n  a d d i t i o n ,  l o c a t i o n  a l s o  
determines humid i t i es  l i k e l y  t o  occur dur ing  t h e  d ry ing  season.  

ii) Crop Type: Various g r a i n  s p e c i e s  a r e  harves ted  i n  d i f f e r e n t  seasons and have 
d i f f e r e n t  phys ica l  p r o p e r t i e s ,  such a s  mass d i f f u s i v i t y  and thermal  conduc t iv i ty .  These 
f a c t o r s  a f f e c t  d ry ing  r a t e s  and determine requ i red  a i r  condi t ions ,  t o  achieve s a f e  
mois tu re  equ i l ib r ium.  The experimental s t u d i e s  i n  1974-77 a t  t h e  Ohio A g r i c u l t u r a l  
Research and Development Center ,  Wooster, (OARDC) i n d i c a t e d  t h a t  a i r  condi t ions  dur ing 
October a r e  u s u a l l y  adequate f o r  unheated ( n a t u r a l )  a i r  drying of  soybeans and corn.  
Addi t ional  h e a t  i s  r e q u i r e d  t o  r a i s e  t h e  ambient a i r  temperature  by a t  l e a s t  2 . 2 ' ~  ( 4 ' ~ )  
t o  dry corn i n  November, whi le  soybeans can be d r i e d  dur ing November with  n a t u r a l  
(unheated)  a i r .  I n  s h o r t ,  weather and c rop  type  a r e  imror tan t  c r i t e r i a  f o r  s e l e c t i o n ,  
design and s i z i n g  of any s o l a r  d ryer .  Table 1 summarizes f i e l d  s t u d i e s  with  corn.  

i i i )  S i z e  o f  Operation: An important c r i t e r i o n  f o r  any drying opera t ion  i s  t i m e l i -  
ness .  The drying opera t ion  must a l low t h e  h a r v e s t i n g  r a t e  t o  proceed t n  an o r d e r l y  
manner. Low-cost, low-temperature d ryers  may s u f f i c e  f o r  smal l  farms, whi le  t h e  com- 
merc ia l  o rgan iza t ions  and l a r g e  fans  may r e q u i r e  high temperature  d r y e r s .  

i v )  Government's Economic Po l icy :  The f u t u r e  o f  s o l a r  d ry ing  i s  very much dependent 
on i t s  be ing  an economically v i a b l e  a l t e r n a t i v e .  A t  t h e  c u r r e n t  p r i c e s ,  s t u d i e s  a t  
OARDC i n d i c a t e  ( ~ e e n e r ,  1977) t h a t  n a t u r a l  gas drying i s  t h e  lowest  c o s t  method. 
Changing government p o l i c y  on p r i c i n g  e i t h e r  n a t u r a l  gas o r  o i l  could change t h i s  d r a s t i c -  
a l l y .  With t h e  improved m a t e r i a l s  and mass prodnct ion,  t h e  c o s t  of s o l a r  c o l l e c t o r  p e r  
c n i t  a r e a  could be lowered t o  make it more compet i t ive .  However, t h i s  assumes t h a t  t h e  
i n f l a t i o n  r a t e  f o r  c o l l e c t o r  m a t e r i a l s  remains low compared t o  f u e l  e s c a l a t i o n  c o s t .  
Lease o p t i o n s  and inducements by t h e  government i n  t h e  form of  low i n t e r e s t  l o a n s  a.nd 
investment t a x  c r e d i t  would a l s o  a f f e c t  t h e  a d a p t a b i l i t y  of a  s o l a r  d ryer .  

v )  A t t i t u d e  o f  t h e  Owner: The use  o f  s o l a r  d ryers  on a  commercial s c a l e  i s  some- 
what r e c e n t  and t h e  economic v i a b i l i t y  i s  not  proven. T h e i r  success  depends a  g r e a t  d e a l  
on t h e  w i l l i n g n e s s  o f  owners t o  t a k e  r i s k s .  It i s  important f o r  t h e  manufacturers  of t h e  
s o l a r  d ry ing  systems t o  g ive  e s s e n t i a l  t r a i n i n g  t o  t h e  buyer ,  because h i s / h e r  r e s u l t s  and 
exper iences  w i l l  probably i n f l u e n c e  t h e  a d o p t a b i l i t y  o f  s o l a r  d ryers  i n  a  l o c a l  community. 



I n  s h o r t ,  t h e r e  a r e  many f ac to r s  which may inf luence  the  j u s t i f i c a t i o n  of a  s o l a r  
dryer  a t  p resent ,  b u t  with r i s i n g  rue1 cos ts  and s c a r c i t y  of f o s s i l  f u e l s ,  a. farmer may 
have no choice i n  t h e  fu tu re .  

Solar  Drying Studies  i n  Ohio: One of t h e  foremost problems, i n  u t i l i z i n g  s o l a r  energy f o r  
hea t ing ,  i s  t h e  l a r g e  v a r i a t i o n  of  s o l a r  r ad i a t i on  ava i l ab l e  from day t o  day. This 
v a r i a t i o n  makes s o l a r  energy a non-deterministic source and any drying systems based on 
s o l a r  energy must compensate f o r  t h i s  f a c t .  One way t o  compensate i s  t o  design t h e  drying 
system so t h a t  g r a in  drying can occur over a  long period of time, say 6-30 days, without 

' 

t h e  gra in  going out  of  condit ion.  With t h i s  process, instantaneous s o l a r  co l l ec t i on  can 
be  used a s  a  hea t  source and t h e  system designed on t h e  b a s i s  of time averaged values,  
(Sabbah, 1977).  This  method of  drying, however, may not work when t h e  crop i s  harvested 
a t  high moistures (and/or  high ambient temperatures) .  Another way t o  minimize t h e  e f f e c t  
o f  s o l a r  v a r i a b i l i t y  i s  t o  provide f o r  s o l a r  energy heat  s torage ,  so  t h a t  during the  
drying season, energy previously co l lec ted  w i l l  be ava i lab le .  

Computer s imulat ion stuGies (Figures 1, 2) have shown t h a t  r a i s i n g  t h e  ambient air 
t e m p ~ r a t i ~ r e  2.2 - 4 . 4 U ~  (4-8-F) would s a t i s f a c t o r i l y  f a c i l i t a t e  thi. aryinlg o r  0111~'s c v l l l  

crop d.vri.ng October and November. This requirement may be met w i t h  a  low tempertllure 
c o l l e c t o r  and could be obtained by instantaneous use of solar energy. Such experi~nerlLs were 
performed from 1974-77 using an instantaneous SOLORON* s o l a r  co l lec tor ,  f o r  drying corn 
a t  Wooster during October and November. Work un two w y s  of ~ t o r i ~ l g  s o l a r  hea t  i n  wn.t,er, 
namely, by a  high temperature s o l a r  c o l l e c t o r ,  S U N P A K ~ ~  *, and b y  a  s o l a r  pond method, a r e  
now i n  progress. 

Instantaneous Col-lection: SOLORON i s  an air-supported quasi-suspended p l a t e  co l l ec to r  
and t h e  one used i n  Ohio's s t ud i e s  had an a r ea  of 90.3 sq .  meters.  It  has two chambers 
through which a i r  i s  moved (F ig .  3) and most of t h e  r ad i a t i on  i s  absorbed by t h e  
suspended t rans lucent  v iny l  l a y e r .  Chambers were kept i n f l a t e d  by Lhe a i r  blown through 
t h e  co l l ec to r .  Heat energy co l l ec t ed  from t h e  SOLORN i s  shown i n  Fig. 4 along with t h e  
l o c a l  f l uc tua t ions  of  t h e  r ad i a t i on .  I t s  e f f i c i ency  depended on t h e  weat.her and var ied  
each day. Based on observat ions during t h e  autur~uls of 1974-77, t h i s  co l l ec to r  had ahoiit 
32-40% co l l ec t i on  e f f i c i ency  when maintained on a  hor izonta l  plane and supplied with an 
a i r  flow of' 1 . 4 1  cc / (hr . - sy .  111.) ( 2  c fm/f t? ) .  

Experiments were aJ.so performed with t h e  bottom of t h e  co l l ec to r  PilGUlatef l  i r u m  
t h e  ground a s  wel l  a s  uninsulated.  Resul ts  showed t h a t ,  during October and November, . 
a. SOLARON with uninsulated bottom was ju s t  as  e f f i c i e n t  as  one with arl irlsulated bottom. 

Conclusions based on t h e  1974-77 gra in  drying s tud i e s  were: 

1. Operation of  low tempera.t,ure gra in  drying (poss ib ly  s o l a r  heated)  rcqui res  gra in  
mois t i~res  a t  harvest t ime t o  be below 25% Lo e~lllance f e a s i b i l i t y .  

2 .  Fie ld  s tud i e s  show corn kernel  moistures below 25% ea r ly  i n  October i n  Ohio a r e  
f e a s i b l e  without s a c r i f i c i n g  through t h e  use of proper hybrid s e l ec t ion ,  nu t r i en t  
appl ica t ion ,  p lan t ing  date  and p e s t  cont ro l .  

3. I n  October, na tu ra l  a i r  drying i s  p r a c t i c a l  as  a  means of  drying gra in  success- 
f u l l y .  

4 .  I n  November, some hea t ing  of t he  a i r  i s  des i r ab l e  t o  improve drying ef f ic iency  
(poss ib ly  s o l a r  supplemented) . 

5. On a t o t a l  systems b a s i s ,  na tu ra l  a i r  drying 'between 25% and 20% l~lois ture and 
low-temperature heated a i r  drying below 20% i s  t h e  most energy e f f i c i e n t  way t o  
dry. 

* Manufactured by Solar  Energy Products Co., Avon Lake, Ohio. 
** Manufactured by Owens-Illinois,  Toledo, Ohio. 



6 .  For b i n  d ry ing ,  depths  should b e  kept  below 3.7m (12  f e e t )  under Ohio 's  weather 
condi t ions .  Optimum drying depths a r e  n e a r e r  t o  0.9 t o  1.2m (3-b f e e t )  wi th  f a n  
horsepower below 8 kw p e r  100 sq.  meters  ( 1  hp p e r  100 sq .  f t . )  o f  b i n  f l o o r  
a rea .  

7.  From a management s t a n d p o i n t ,  two-stage b i n  d ry ing  i s  most d e s i r a b l e .  

Long-Term Storage:  Long-term, l a rge-quan t i ty  energy s t o r a g e  f o r  g r a i n  drying has an 
inheren t  d e s i r a b i l i t y  over  short - term,  low-quantity s t o r a g e  s i n c e  l a r g e  q u a n t i t i e s  o f  
energy i n  s t o r a g e  have t h e  p o t e n t i a l  o f  supplying u n i n t e r r u p t e d  energy t o  e l i m i n a t e  t h e  
r i s k  f a c t o r  i n  d ry ing  g r a i n  and e s t a b l i s h  more confidence i n  t h e  minds o f  farmers .  I a e n  
proper ly  designed,  long-term s t o r a g e  may become c o s t  compet i t ive  even though it r e q u i r e s  
more c a p i t a l  i n i t i a l l y .  

Experimental s t u d i e s  o f  long-term s t o r a g e  a r e  very expensive and t ime consuming. 
Thus, computer s imula t ion ,  u t i l i z i n g  parameters based on s p e c i f i c a t i o n  o f  S U N P A K ~ ~  h igh  
temperature  s o l a r  c o l l e c t o r ,  i s  being used t o  exp lore  t h e  f e a s i b i l i t y  o f  long-term h e a t  
s t o r a g e .  I n  a d d i t i o n ,  f i e l d  d a t a  on a  s o l a r  pond (Shnr*, 1977) i~ a v a i l a b l e  far 
Ver iS lca t ion  o f  p a r t  o f  t h e  s imula t ion  work. 

The S U N P A K ~ ~  c o l l e c t o r  ( ~ i ~ .  5 )  c o n s i s t s  o f  modules which can b e  joined i n  s e r i e s  
The number o f  modules r e q u i r e d  depends on t h e  demand f o r  h e a t  energy. Each module 
c o n s i s t s  o f  24 g l a s s  t u b e s ,  1 2  on each s i d e  o f  t h e  c e n t r a l  water  feeding t rough.  It i s  
an evacuated - t u b e  t y p e  c o l l e c t o r  and has n e g l i g i b l e  convect ive h e a t  1 o s s e s . t o  t h e  
atmosphere. One module occupies  about 3.0 sq .  m.  (32.0  sq .  f t .  ) a r e a  and has c o l l e c t i o n  
a r e a  of about 2 .6  sq .  m.  ( 2 8  s q .  f t . ) .  D e t a i l e d  d i s c u s s i o n  i s  provided i n  Owens-I l l inois ,  
1975 l i t e r a t u r e .  

Wooster weather d a t a  from M a y  t o  September f o r  t h e  y e a r s  1970-77 was used i n  our  
s imula t ion  t o  e v a l u a t e  how s o l a r  energy could be c o l l e c t e d  and s t o r e d  f o r  use  i n  corn 
drying i n  October through November  a able 2 ) .  S t u d i e s  i n d i c a t e d  t h a t  1975 had t h e  lowest  
radia,t,ion l e v e l  ( ~ a y  through Geptenlbcr) o r  t h e  y e a r s  s t u d i e d .  Thus, 1975 weather d a t a  i s  
be ing  used f o r  s o l a r  h e a t  s t o r a g e  i n  c u r r e n t  s imula t ion  s t u d i e s .  A p l o t  of 1975 r a d i a t i o n  
compared t o  t h e  13-year average i s  shown i n  F ig .  6. 

Design of  t h e  ho t  water  s t o r a g e  t a n k  i s  very important  f o r  s u c c e s s f u l  h e a t  s t o r a g e .  
Tank c a p a c i t y ,  i n s u l a t i o n  t y p e  and i t s  t h i c k n e s s  on t a n k  s i d e s ,  l o c a t i o n  o f  t a n k  (above-, 
ground o r  in-ground),  t h e  thermal c h a r a c t e r i s t i c s  o f  s t o r a g e  t ank  w a l l s  and l o c a t i o n  o f  
i n l e t s  and o u t l e t s  a r e  some of t h e  parameters t o  b e  s t u d i e d  i n  d e t a i l .  A s tudy  has begun 
t o  determine some of  t h e s e  parameters t o  meet a  demand of  about 174 G J o u l e s  (165 m i l l i o n  
BTU'S) ,  dur ing  October and November corn drying season i n  Ohio. Th is  q u a n t i t y  i s  
necessary f o r  d ry ing  254 K tonnes  (10,000 b u s h e l s )  from 25% (w.b.) t o  15% (w.b.)  a t  60% 
h e a t  exchanger e f f i c i e n c y .  A l l  of t h e s e  parameters a r e  i n t e r l i n k e d  with  each o t h e r  and 
w i l l  r e q u i r ?  f u r t h e r  r e e v a l u a t i o n  a s  more and more f a c t o r s  a r e  t aken  i n t o  cons idera t ion .  

Tank S i z e :  I n  p re l iminary  s t u d i e s ,  a l lowing no h e a t  l o s s  from t h e  t a n k ,  it was found 
t h a t  a  545,000 l i t e r  (145,000 g a l l o n )  capac i ty  water  t a n k  would b e  minimum f o r  s t o r i n g  
174 G J o u l e s  (165 m i l l i o n  BTU'S) o f  recoverab le  h e a t  energy. A ~ @ e r  temperature  o f  about 
950C  a able 3) could b e  expected when using 80 modules o f  SUNPAK c o l l e c t o r ,  whereas 
water  c o ~ l d  b e  expected t o  b o i l  i n  a  t a n k  of  l e s s e r  capac i ty .  An economical a n a l y s i s  
could have been made t o  f i n d  t h e  optimum number o f  tubes  and t a n k  s i z e  b u t  was not  
undertaken a t  t h i s  p o i n t  because t h e  t a n k  capac i ty  was s imulated without  any h e a t  con- 
s i d e r a t i o n s .  I n  p r a c t i c e  t h i s  would = b e  t h e  case .  

To analyze t h e  e f f e c t  o f  surrounding s o i l  temperatures  on t h e  h e a t  l o s s  from an 
unins11l.at.ed in-ground t a n k ,  a  726,000 l i t e r  ( 1 ~ 3 , 0 0 0  g a l l o n )  t a n k  excavated i n t o  t h e  
ground, F igure  7 ,  was considered.  The fol lowing assumptions were made f o r  a n a l y s i s .  

i )  S o i l  temperature  below 3.lm (10 f t . )  i s  1 2 . 8 ' ~  ( 5 5 ' ~ )  and i s  cons tan t .  
i i )  Tank water  temperature  i s  a f f e c t e d  only by 1 . 8 m  ( 6  f t . )  of t h e  surrounding s o i l  

temperature ,  i . e .  t a n k  and 1 . 8 m  ( 6  f t .  ) surrounding s o i l  a r e  embedded i n  an i n f i n i t e  
reg ion .  

* Use of  t h e  S U N P A K ~ ~  name i s  only f o r  t h e  purpose o f  i n d i c a t i n g  a  s e t  o f  perforpanee 
s p e c i f i c a t i o n s  used i n  s imula t ion .  Other brands o f  evacuated c o l l e c t o r s  a r e  a l s o  
being made. 



iii) Tanlr i s  made of  abol-lt. 5 cm 2-inch) t h i c k  s tone  concrete  and has over -a l l  u n i t  6 conductance of  0.42 kca l / ( sq .  m-hr.- C ) .  
i v )  Temperature grad ien ts  throughout t h e  s o i l  a r e ' l i n e a r .  
v )  From theosurface t o  a  depth of  0.9m ( 3  f t . )  a  dry s o i l  thermal conduct ivi ty  of 

0.36 kcal/(m-hr.- C )  was used. Below 0.9m ( 3  f t .  ) , a wet s o i l  thermal conduct ivi ty  of 
conduct iv i ty  of 2.23 kcal/(m-hr.- '~) was used. 

v i )  A f r e e  water su r f ace  t o  t h e  atmosphere e x i s t s .  
v i i )  80 modules of sUNpf lM c o l l e c t o r  were used. 

Simulated water temperature on September 29 under t h e  above condiLiuns reached only 
2 8 . 8 O ~  (F'igure 8 )  compared t o  76.g°C f o r  t h e  p e r f e c t l y  i n su l a t ed  tank.  Only about 24.2% 
of  t h e  hea t  energy was s t o r ed  i n  t h e  ground s to r age  tank  compared t o  a pe r f ec t l y  
i n s i ~ l a t ~ e d  tank.  It was an t icpa ted  bcfore  ana ly s i s  that,  surrounding s o i l ,  i n  case of an 
jn-ground tank,  may serve  a s  temporary heat  s t o r age ,  t oo ,  and some hea t  could be rccovered 
from j t . .  However, ana ly s i s  a t  t h i s  s t age  i nd i ca t e s  t h a t  surruuading s o i l  i s  behaving l i k e  
a  hea t  s i nk .  

Extensive s imulat ion s t u d i e s  t o  opt imize cos t  o f  s t o r i n g  hea t  (long-term heat  s t o r -  
age) i n  aboveground and in-ground (excavated)  tanlra a r e  now planned. Cost of t h e  long- 
term hea t  s to rage  system would inc lude  cost  of erect ion/excavat ion,  ma te r i a l s  
( i nsi11 a.t,i n n ,  l i n e r s ,  c o l l e c t o r )  , maintenance and opera t ion .  Energy s to r age  ana ly s i s  w i l l  
consider  t h e  ac tua l  t ank  cons t ruc t ion  and t h e  e f f e c t  o i  ~rrs i l la t ior i  Lhich~lcss,  volumc of 
water  and number of  c o l l e c t o r  modules t o  flrid Lhe 111ost c o s t - c f f i c i ~ n t  comhrinat.inn which 
w i l l  s t o r e  a s p e c i f i c  amount of  heat  i n  197'5 ( lowest  summer r a d i a t i o n  f o r  1970-77) a t  
Wooster, Ohio. I t  i s  a l s o  planned t o  examine t h e  e f f e c t  of t h e  shape of t h e  tank  on t h e  
cos t  and energy s torage .  This  s imulat ion sLudy is  expectcd t o  y i e l d  t h e  optaimurn number 
of  SUNPAK*~ s o l a r  c o l l e c t o r s ,  water volume, i n s u l a t i o n  th ickness  and shape (width and 
he igh t ldep th )  o l  abovegrour~d a ~ l d  illground (cxcavated) s torage  s t r u c t u r e s  t o  s t o r e  a  
s p e c i f i c  amount of hea t .  

I n  t h e  presen t  ana ly s i s ,  t h e  high cos t  c o l l e c t o r  S U N P A K ~ ~  i s  being used because it 
i s  commercially ava i l ab l e  and represen ts  a  c o l l e c t o r  capable of producing water tempera- 
t u r e s  over  8 2 . 2 O ~  (180°F) without l o s i n g  performance. However, t h e r e  w i l l  be  a  provis ion  
i n  t h e  computer program t o  use any s o l a r  c o l l e c t o r  and it i s  planncd t o  run t h e  ana.lyses 
f o r  low cos t  types of c o l l e c t o r s .  Examples a r e  t h e  i n f l a t e d  p l a s t i c  c o l l e c t o r  by Mears 
(1978) i n  New Je r sey ,  a  t r i c k l e  c o l l e c t o r  l oca t ed  above t h e  water s t o r age  s t ruc t .u re ,  
used by Dickey e t  a l .  (1976) i n  V i r g i ~ i i a ,  and t h c  s o l a r  pond of Shorl,, e t .  a l .  (1377) 
a t  Wooster, Ohio. Currently e f f o r t s  a r e  undcrway t o  develop t.he computer programs f o r  
t h e s e  c o l l e c t o r  pe r fo rma~ces .  

The completion of t h i s  arlalysis should provide,  i n  d e t a i l ,  f e a s i b i l i t y  of long-term 
heat. s t o r age  f o r  f a l l  g r a in  drying f o r  Ohio (wooster.) Lype w-eathcr condi t ions .  Tt .  

should a l s o  provide a  very genera l ,  easy-to-use computer program which cni11.d s imulate  
long-term hea t  s to rage  i n  water f o r  any type  of  c o l l e c t o r  system whose performance is  
known and f o r  any p a r t  of t h e  country by input  of l o c a l  parameters,  such a s  geographical 
l oca t i on  and weather da ta .  
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TABLE 1. F i e l d  S t u d i e s  1974-77 on E l e c t r i c a l  Energy Consumption During In-Bin Corn D r y i q  (Batch) -.- - 
Fan Gra in  ' Air w i n g  

S t a r t i r g  Drying . S i z e  Mois t n r e  Depth Plow Time Energy I n p u t  
Da te  - system IIp.100 f t 2  % w . b .  Ft. cfm/bu .Hr. ~ w h  /b u  ~ w h / b u / ~ c  

S o l a r ,  Int* 2.0 
N a t u r a l  1 .0  
S o l a r  2 .0  

S o l a r  2.0 
N a t u r a l  2.0 
S o l a r ,  I n t *  2.0 

S o l a r  2.0 
N a t u r a l  2.0 
S o l a r  2.0 

S o l a r  2.0 
R a t u r a l  2.0 
S o l a r  2 .0  

S c l a r  2 .0  
N a t u r a l  2.0 
S o l a r  2.0 

10/$3/77 N a t u r a l  2.0 22.4 - 14.2 5 . 1  ~7.0 36& 1 . 8  0.219 
10!13/77 N a t u r a l  2.0 2 2 . 1  - 1 5 . 8  2.4 15.5 14 4  1 .4  0.224 
19/13/77 S o l ~ r  2.0 22.9 - 14.4 2 .8  1 3  . .5 1 4  4 1.5 0.176 

1 0 / 2 0 /  7  7 Y n t u r a l  2.0 19.5 - 14 .4  2.8 12.9 19 4 1.6 0.317 
10/20/77  S o l a r  2.0 22.8 - 13.8  3.2 11.8 19 4 1 . 8  0 .198  

* Day o p e r a t i o n  on ly  Keener,  Misra 
OARDC, 1978 
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Figure  1. E f f e c t  of f a n  HP on energy e f f i c i e n c y  of drying du r ing  
October i n  Ohio. Heat source  supp l i ed  4 u n i t s  of h e a t  
f o r  each u n i t  of e l e c t r i c a l  energy used. 
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F i g u r e  3.. Ef Eec t  of  f a n  HI? on. e n e r g y  e f f i c i e n c y  o f  d r y i n g  d u r i n g  
November i n  Ohio.  Hea t  s o u r c e  s u p p l i e d  4 u n i t s  of h e a t  
for each unit of  electrical energy u s e d .  



C l e a r  Viny l  Cover 

T r a n s l u c e n t  Viny l  Layer  Exhaust  

A i r  - Opaque Viny l  Layer  

Figure 3 .  Soloron  air suppurred  p l a s t i c  s o l a r  c o l l e c t o r .  
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Figure 5. P lan  view of a  module of S U N P A K ~ ~  s o l a r  c o l l e c t o r .  



x-x 13-yrs . ' avg. 

D - w  1975  
Radiation 

Ind ica tes  one 
standard deviat ion 

June July August September 

Figure 6.  Radiation l eve l s  during summer 1975 compared with 1 3 - ~ e a r  average 
f o r  Wooster, Ohio. 



* With n o  h e a t  l o s s  c o n s i d e r e d  from w a t e r  s t o r a g e  t a n k  and assuming w a t e r  from w e l l  t o  
be a t  12 .  ~ O C .  

** Water t e m p e r a t u r e  a t  Noon. 

T a b l e  2.  Comparison of -Tern e r a t u r e *  of 726,000 l i t e r s  w a t e r  s t o r a g e  t a n k ,  w i t h  
1920 t u b e  SunpakTR s o l a r  c o l l e c t o r ,  f o r  y e a r s  1970-77. 

Calendar  
Day 

May 1 

Hay 1 5  

May 3 1  

J u n e  1 5  

J u n e  30 

J u l y  1 5  

J u l y  3 1  

Aug. 1 5  

Aug. 3 1  

Se.pt. 1 5  

S e p t .  29 

Water S t o r a g e  Tank Temperature*" f o r  Year 

19 70 

1 2 . 8  

20.8  

3 1 . 1  

39.2 

47.6 

5 5 . 1  

6 3  .O 

71.4 

81.2 

89.7 

9 6 . 3  

19 71 

1 2 . 8  

1 8 . 7  

2 8 . 1  

35.6 

44.3 

52.6 

60.7  

69 .O 

77.6 

83.7 

88.4 

19 72 

1 2 . 8  

1 9 . 1  

27.7 

35.7 

40.5 

46.4 

5 4 . 1  

6 1 . 1  

68.9 

75.9 

81.2 

(Oc> 
' 1973 

1 2 . 8  

1 8 . 8  

24.9 

33.6 

40.7 

48 .8  

55.6  

62 - 6  

70.8 

78.8 

85.5 

1974 

1 2 . 8  

19 .3  

27.5 

36 .3  

42.1  

50.7  

58.7  

65.9 

72.6 

78.4 

84.8  

I 

1 1 9 7 5  

1 2 . 5  

20.4 

25.7  

30.9 

3 8.0 

45.3  

5 3 . 8  

6 0 . 3  

6 6 . 8  

73.4 

76.9 

1976 

1 2 . 8  

20.3  

27.6 

35 .8  

4 2 . 8  

5 5 . 8  

5 6 . 8  

62.6 

71.1  

79.4 

84.6 

! 1977 

1 2 . 8  

1 9 . 6  

3 0 . 8  

37 .O 

45.2  

5 3 . 8  

62 .4  

63 .5  

75.9 

81.8 

85.9 



* With 110 h e a t  l o s s  cons idered  from w a t e r  s t o r a g e  tank a i d  asswning w a t e r  from w e l l  
t o  b e  a t  1 2 . 8 ~ ~ .  

Tab le  3. Comparison of tempera tures*  of s e v e r a l  tank c a p a c i t i e s  f o r  1975 weather  da t a .  

** Wntcr fsinperatuxe a t  Noon. 

Ca lenda r  
Day 

May 1 

Llay 115 

May 3 1  

June  1 5  

June 30 

J u l y  15  

J u l y  3 1  

Aug. 15  

Aug. 3 1  

Sep t .  15  

Sep t .  29 

* - 

*** Simula ted  r e s u l t s .  (Above b o i l i n g  tempera ture  no t  p o s s i b l e  w i thou t  p r e s s u r i z i n g  
t a n k  .> 

Water S to rage  Tank Temperature** f o r  Tank Capac i ty  

363,000 l i ters  

1 2 . 8  

27.9 

38.2 

48.1 

61.3 

74.8 

89.9 

100.7*** 

111.7*** 

1 2 1  .1**,':. 

124,9*** 

(OC> 
545,000 l i te rs  

1 2 . 8  

22.9 

30.0 

36.9 

46 .1  

55.6 

66.6 

74.8 

83.00 

91 .1  

95.05 

726,000 l i ters 

1 2 . 8  

20.4 

25.7  

30.9 

38.0 

45.3 

3 3 . 8  

60.3  

66.8 

73.4 

76.9 

' 1,089,000 l i t e r s  

12 .8  

17 .8  

21.3 

24.9 

29.6 

34.5 

40.3 

44.8 

49.3 

54.0 

56.6 

- 



SOIL~CONSIDERED FOR HEAT LOSSES 

Figu re  7. Schematic of In-ground So la r  Heat Storage Tank. 
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(G J o u l e s )  

June  J u l y  Aug . Sept  , Oct.  
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Figure  8.  Comparison of i n s u l a t i o n  on energy s t u r a g e  i n  o 
bur i ed  w a t e r  t ank .  



SOLAR ENERGY COLLECTION AND STORAGE FOR GRAIN DRYING AT 
HIGH TEMPERATURES 

B. F. Parker, Professor, G. M. White, Associate Professor 
and 0. J. Loewer, Jr., Associate Extension Professor 

Agricultural Engineering Department 
University of Kentucky 
Lexington, Kentucky 40506 

Grain harvested at 20 to 30% moisture content in the Southeast during warm weather must 
be dried within a few days to prevent spoilage. This usually involves some type of 
heated air drying with drying air temperatures in the range of 125 to 200°F. In this 
study high-temperature heat from a focusing solar collectnr is considered as an alter- 
native to fo5si.l fuels in healing the drying air. 

A sun-tracking focusing solar collector for heating air to temperatures between 250 and 
350 F has been constructed and installed. Limited operation of the collector indicates 
efficiencies between 30 and 50% at outlet temperatures between 250 and 320 F. The use 
of crushed rock as a heat storage medium has been studied. Data from seven rock bed 
units show that the pressure drop due to air flow and the rate of heat transfer between 
the heated air and the stone can be predicted using data from the literature for flow 
through porous media. For accurate predictions the limestone should be of uniform 
size. A small grain bin has been constructed to utilize the heat energy stored in the 
rock bed units. Three of the 1150-pound rock bed units will be utilized at once to 
provide heat for drying a 9-bushel batch of grain. 

Operation of the collector, rock storage and thc g r a i n  drying processes have been 
individually simulated on the computer. An economic feasibility study has also been 
carried out using a range of solar system costs, fuel costs, and interest rates. At 
today's fuel prices, high-temperature solar grain drying cannot economically compete 
with LP Gas; however, technological improvements, higher prices for fossil fuels and 
multiple use of the solar system as a farmstead heat energy system might well make such 
a system feasible in the future. 

THE SOLAR COLLECTOR: 

The design of the solar collector is illustrated in Figures 1 and 2. Figure 1 illus- 
trates a cylindrical parabolic reflector which has a reflective surface of aluminized 
polyester (FEK-163 film, made by the 3-M Company) to reflect approximately 85% of the 
direct-beam solar energy. The film and surface must be such that a regular mirror-like 
reflection is obtained so that the solar rays are focused near the center line of the 
transparcnt pipe. The air flow through the two glass pipes is illustrated in Figure 2, 
with the entering air surrounding the small glass pipe containing 24 aluminum fins 
which are geometrically formed as shown in the end of the small glass pipe. These fins 
reflect the solar rays twice before being focused near the center of the small glass 
pipe. The fins are made reflective at approximately 85% reflection up to the angle of 
the fins. Below the angle the fins are made absorptive to absorb the solar rays. A 
selective surface consisting of potassium permanganate is used so that rays which are 
not absorbed will again be reflected in a regular mirror-like angle, thus achieving 
multiple reflections until most of the energy entering the finned section is absorbed. 
Re-radiation from the hot fins is transmitted back to the small glass pipe where the 
glass absorbs the long wavelength radiation. Heat from the glass is partially absorbed 
by the entering air stream which circulates around the smaller glass pipe. The air 
then flows over the fins which provide a large heat transfer surface area for trans- 
ferring the heat from the fins to the air. 

The investigation reported in this paper No. 78-2-70 is in connection with a project of 
the Kentucky Agricultural Experiment Station and is published .with approval of the 
Director. 



This solar collecting system with a sun-tracking device has been operated since 
September, 1977. The outlet temperature of the coll.ector has generally been between 
250 and 320 F, with efficiencies in cold weather of approximately 30 to 40%. As  he 
weather has warmed up in the spring, the range in efficiencies has increased to 40 to 
50% of the direct-beam solar radiation. The quantity of solar energy incident annually 
on a tracking solar collector is approximately equal to that available on a flat plate 
collector if both collectors are oriented due south and sloped at an angle equal to the 
latitude. This approximate value was developed through a computer program for this 
project in order to have an appreciation of the approximate energy available on an 
annual basis. It is presumed that a focusing collector would collect heat all year and 
be applied to multiple uses in order to improve its economic viability. 

HEAT STORAGE IN CRUSHED LIMESTONE: 

This project has included a considerable effort devoted toward the study of heat storage 
in crushed limestone. This is because a very large heat storage unit would be needed 
wlrh a Iicld of focusing collectors. The alternative storage medium is generally 
acceptedas washed river gravel, which in Kentucky costs appro~cimately $10 per ton 
compared with $3.00 per ton for crushed limestone. 111 considering the design of a rock 
bed several characteristics are important, i.e., heat capacity, heat transfer rate 
between the air and the stone, the pressure required to force air through the bed, the 
uniformity of flow 111 Ll le  bed, heat cor~t.luction and convection in the bed, and dust, 
lint and rnuisture in the bed. 

The literature available on flow in porous media and our experience show that convection 
of heat in a rock bed is minimized or non-existent if the charge of heat is rl~ade from 
the top of the bed toward the bottom. Conduction of heat in thc bed is a.lso very small 
but may be of significance where long-term heat storage (several months) is attempted. 
The problems of dust and lint could be serious if an established rock bed is to serve 
for 15 or 20 years or more as a heat storage. To minimize this problem, the air should 
be filtered to make certain that lint and dust do not fill the void spaces where the 
air enters the rock bed. Any rock bed should be protected from moisture with a good 
gravity drain and with a moisture barrier if it is constructed where vapor or liquid 
water could enter thc bed. In addition, if the rock bed is utilized on a cooling cycle 
where warm humid air comes in contact with cool rock, moisture may condense on the 
rock. Such conditions should not exist for a long period of time since mold growth and 
otller biological activity might become a problem. Dust on the crushed limestone 
probably cannot be completely eliminated since washing the stone leaves dust particles 
which are loosely attached to the limestone. Our experience shows that we have received 
very little dust from our rock bed with a flow velocity of 10 feet per minute entering 
the bed (that is a velocity of 10 ft./min. in the space immediately before the air 
enters the bed) .  

Crushed rock properties are shown in Table 1. To study the other characteristics 
listed above, all properties were determined for the specific types of stone used in 
the seven-unit four-ton rock bed illustrated in Figure 3. The characteristic dimension 
for computing heat transfer and pressure drop in the bed is the equivalent spherical 
diameter. 

The air distribution in the bed needs to be uniform. One way to achieve reasonably 
uniform distribution is to use stone which has been graded within a narrow size and to 
use either a loose fill or a uniform compaction process as the rock bed is filled. 

A second procedure jn achieving uniform air distribution is to use a low entrance and 
exit velocity at the rock face and to design for a pressure drop of approximately 0.15 
inch of water through the bed. The low air velocity entering and leaving the stone 
will prevent the velocity from unduly influencing the air distribution, and the back 
pressurc can then control the air distribution if a uniform bulk density of stone has 
been achieved. 

The pressure drop in a bed of crushed rock of uniform size and bulk density can be 
approximated by using the following equation: 



where: AP/L is the pressure drop in inches of water gage per foot of bed length 

V is the velocity of air at the rock face; V = C FM 
Rock-face Area 

d is the particle diameter in feet 
p is the specific weight of air in pounds per cubic foot and 
is the viscosity in pounds per foot second. 

The data we have taken on uniformily sized crushed limestone correlate quite well with 
this equation. Future work may show that a better equation can be developed, but at 
this time we believe this equation will give a reasonable approximation of the pressure 
drop in crushed stone of uniform size and bulk density. 

The heat transfer from the air to the stone has also been studied both theoretically 
and experimentally. The results of this work show that our computer program based on 
the differential equations of heat flow between the stone and air can provide a good 
approximation of the rates of heat flow. It also indicates that if thc stullt: IS heated 
from the top a highly stratified sLurage of the heat is obtained. The computer program 
shows that the smaller the stone, the more rapidly the heat is absorbed, the better the 
heat stratification and on withdraw1 the higher the recovery tentperature. Therefore, 
from the practical standpoint the most highly stratified bed which will return the most 
heat at the highest temperature is the bed which has the smallest stone. However, the 
smaller the stone the greater the pressure drop. Thus, a rock bed should, from a 
practical viewpoint, be designed using the smallest stone which will still result in a 
reasonable resistance to air flow. Based on the equation presented above, the pressure 
drop may be determined and the bed face area and size adjusted to achieve desirable air 
distribution as well as a highly stratified rock bed. 

GRAIN DRYING: 

The model solar grain drying bin is illustrated in F i g u r e  4 and its connections t6 
three units 01 the rock bed are illustrated in Figure 5. Thermocouples are located 6 
inches on center to indicate the drying front as drying progresses up the column. Corn 
and soybeans will be dried in 4 to 10-bushel quantities. The rate and efficiency of 
drying and the quality of grain dried will be determined. 

ECONOMICS: 

The degree to which money may be invested in solar grain drying equipment is primarily 
a function of equipment cost, expected life of the equipment, payback period, interest 
rate and the price of fossil fuel. If,the life of the equipment is 20 years and 10 
points of moisture are to be removed from the grain, approximately $1,000 could be 
invested in .solar drying equipment for each 1000 bushels of grain to be dried assuming 
L.P. Gas was selling for $0.40/gallon and the interest rate on money was 5%. This also 
assumes that the operating and maintenance costs will be the same for solar equipment 
as it is for conventional equipment and does not consider possible tax advantages. The 
amount of fuel to be used in drying each bushel was assumed to be 0.2 gallon of L.P. 
Gas. If the interest rate were doubled to lo%, L.P. Gas would have to sell for $0.60/ 
gallon in order to justify the $1,000 investment. 

The question then becomes one of determining the quantity of high temperature solar 
grain drying equipment that may be purchased for given sets of economic conditions. 
Under present conditions where concentrating collectors are selling for $25.00/sq. ft., 
rock at $3.00/ton and 100 degrees of usable heat potential may be stored, L.P. Gas 
would have to sell for $5.65/gal (as compared to $0.40/gal. today) if high temperature 
solar drying were to,be economically competitive with the solar equipment used only for 
grain drying. This assumes money to be available at 5%. However, if the collectors 
could be manufactured for $15.00/ft2, rock purchased and installed for $l.OO/ton, and 

*Dunkle, R. V. Randomly Packed Particulate Bed ~e~ener'ators and Evaporative Coolers for 
.use in Solar Systems. Proceedings of the Second Southeastern Conference on Applications 
of Solar Energy, April, 1976. pp. 131, 140. 



200 degrecs of usable heat potential could be stored, then this system would be competi- 
tive with L . P .  Gas at $0.85/gal. It would l~ave to be possi.ble to store 400 degrees of 
usable heat potential with collectors selling for $10.00/sq. ft. and rock for $l.OO/ton 
for high temperature solar grain drying to be competitive at today's prices ($0.48/gal 
and 5% interest charge on the investment). 

In summary, high-temperature solar grain drying cannot economically compete with L . P .  
Gas at today's prices because L . P .  Gas savings do not justify sufficient capital in- 
vestment, especially at high rates of interest. High-temperature solar grain drying 
can become competitive under one or a combination of the following conditions, if: 

1. LP Gas (or a comparable fuel source) increases significantly in price, 

2 .  Sufficient alternative uses can be found for suld~ heat b e s i d f ? ~  grain 
drying so that a portion of the solar equipment cost can be charged 
to other farm enterprises, 

3. Low-interest rate money becomes available for purchase of solar equip- 
ment, and 

4 .  Technologic.a.1 achievements can be made to improve collector and storage 
efficiency and reduce L I I ~  capital in~restment required for equipment. 

Additional research is necessary if conditions 2 and 4 are to be ~tachcd. 

SUMMARY : 

A focusing, sun-traclting solar collector for heating air to temperatues from 250 to 
350 F has been designed, constructed and operated. Thus Ear the unit has indicated 
efficiencies from 30 to 50 percent even though the core of the unit has not been so 
accurately constructed as desired, The output temperatures have ranged from 250 to 
320 F. 

Essential information for the rational design of rock bed heat storages has been 
collected for thc use of crushed limestone instead of the more cost.ly washed river 
gravel. It is concluded that the rock should be ur~iform in size if pressure drop and 
heat transfer between the air and the rock are to be accurately In design 
nf a rock storage unit, the heat transfer is improved by choosing the smallest size 
rock available, but the pressurc drop i s  increased for slllall size stone. Therefore, 
the selection of stone size should be as small as can be accommodated for the air flow 
rate. and the depth of the roc-k bed to achieve reasonable pull~ping pressure across the 
bed. Some pressure drop, sucl~ a3 0.15 inch n f  water gauge, assist in achieving uniform 
air flow through t.he bed, and the smallest rock possible provides tlie l l ~ r j s t  rapid heat 
transfer to the stone. The foregoing conditions result in a highly stratified 
temperature gradient in the bed and, upon reverse flow (for discharging), provide Lhe 
greatest quantity of heat at the highest temperatures. 

Thus, one good design procedure for a rock bed heat storage is to determine the total 
quantity of storage desired, then select a suitable face area which will provide a 
depth and velocity of flow resulting in reasonable pumping pressure. Use a uniform 
size of stone and either loose fill or uniform compaction. 

Simulation of high-temperature solar grain drying indicates that the solar system re- 
quired is not ecorlo~nical today, but the system has the potential of becoming economical 
i.n the future if fuel prices advance significantly and/or a major part of the solar 
system can be charged to lllore than one farm enterprise. 



Sample 
Proper ty  No. 

Bulk Densi ty ,  # / f t  3 
1 

Table  I :  P r o p e r t i e s  o f  Crushed Limestone 

Void F r a c t i o n  

Equivalent  S p h e r i c a l  1 
Diameter,  inches  2 

pass' 1/2" Screen 
Over 3/8" Screen 

Compacted L o o s e f i l l  

99.4  86.7 
95.4 88.1 

97.4 ' 87.4 

- -- 

No. 57 Stone 
No. 57 Stone Over. 1/2 '  Hardwars C lo th  

Compacted L o o s e f i l l  Compacted L o o s e f i l l  

98.5  91.6 93.2 86 .1  
99.3  91.6 98.3 87.1  

98.9 91.6 95.7 g6.6 
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COLD AIR 

- 
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--------- 

HEATED AIR OUT !d' 
FIG. 2 AIR CIRCULATION THROUGH RECEIVER 
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SOLAR REGENERATION OF SILICA GEL AND.USE I N  GRAIN DRYING 

D. F. A l d i s l ,  R. ~ u r r o u ~ h s ~  and J. W .  ~ u ~ h e s ~  

ABSTRACT 

S i l i c a  g e l  was used t o  s t o r e  s o l a r  energy f o r  d ry ing  corn and milo.  Three 277 kg l o t s  
of s i l i c a  g e l ,  26 percen t  d r y  b a s i s  mois ture  c o n t e n t ,  were regenera ted  wi th  s o l a r  energy 
f o r  two days p r i o r  t o  and dur ing  t h e  d ry ing  t e s t s .  

A 1520 kg luL of corn,  23.5 percen t  wet b a s i s  mois ture  con ten t  and 0.66' m deep,  was 
d r i e d  u n t i l  t h e  mois ture  con ten t  of t h e  s u r f a c e  of t h e  corn i n  t h e  b i n  was below 1 5  
percent  wet b a s i s  wi th  a  40:60 mixture  of ambient and d e s i c c a t e d  a i r  i n  280 hours .  A 
d u p l i c a t e  l o t  ( w i t h  a  mois ture  con ten t  of 24.2 percen t  wet b a s i s ) ,  d r i e d  s imultaneously 
with  ambient a i r  a l o n e ,  requ i red  350 hours .  The f i n a l  average mois ture  c o n t e n t s  of t h e  
two l o t s  were 12 .0  and 1 2 . 5  percen t  wet b a s i s ,  r e s p e c t i v e l y .  Mold counts  and a f l a t o x i n  
concen t ra t ions  were s i g n i f i c a n t l y  lower i n  corn d r i e d  wi th  t h e  mixture  o f  ambient and 
des icca ted  a i r .  No s i g n i f i c a n t  d i f f e r e n c e  i n  s u s c e p t i b i l i t y  t o  breakage a t t r i b u t a b l e  t o  
d ry ing  method was found between t h e  two l o t s .  

Two 1.520 kg l o t s  of mi lo ,  18 .5  percen t  wet b a s i s  mois ture  con ten t  and 0.53 m deep,  were 
d r i e d  with  t h e  same a i r f l o w  r a t e  u n t i l  t h e  s u r f a c e  mois ture  con ten t  was below 16.2 
percent  wet b a s i s .  Drying requ i red  210 hours wi th  60:4O mixture  of ambient and des ic -  
ca ted  a i r  and 330 hours with ambient sir. F i n a l  average mois ture  c o n t e n t s  were 12.6 
percent  and 1 4 . 4  percent  wet b a s i s ,  r e s p e c t i v e l y .  

INTRODUCTION 

H i s t o r i c a l l y  g r a i n  has been l e f t  i n  t h e  f i e l d  u n t i l  s o l a r  energy reduced t h e  mois ture  
con ten t  low enough f o r  s a f e  s t o r a g e .  P i c k e r - s h e l l e r  combines used today ,  however, 
r e q u i r e  harves t ing  corn a t  h igh mois ture  con ten t  t o  minimize f i e l d  l o s s e s ,  and corn must 
be d r i e d  f o r  s a f e  s t o r a g e ,  Brooker e t  a l .  ( 1 ) .  Milo a l s o  f r e q u e n t l y  r e q u i r e s  a r t i f i c i a l  
d ry ing  before  s t o r a g e .  

Basic methods of drying g r a i n  use  high temperature  a i r ,  ambient ( n a t u r a l )  a i r ,  o r  s o l a r -  
heated a i r .  High temperature  d ry ing  has been t h e  primary method of g r a i n  d ry ing  f o r  20 
years .  The advantage i s  s h o r t  processing t ime;  disadvantages  inc lude  hea t  damage and 
high consumption of f o s s i l  f u e l s .  Drying with  n a t u r a l  a i r  dves not  cause heat  damage 
and f o s s i l  f u e l  usage i s  minimized, but  t h e  mois ture  con ten t  o f  g r a i n  i n  equ i l ib r ium 
with ambient a i r  may be h igher  than  t h a t  requ i red  f o r  s a f e  s t o r a g e .  I n  o t h e r  c a s e s ,  
equ i l ib r ium moisture  con ten t  may be s a f e  f o r  s t o r a g e ,  but  t h e  t ime needed t o  d r y  g r a i n  
may be so  long t h a t  g r a i n  q u a l i t y  i s  reduced. S o l a r  g r a i n  d ry ing  has advantages of both 
high temperature  and ambient a i r  d ry ing  with  few disadvantages .  The t ime needed f o r  
d ry ing  i s  l e s s  than  t h a t  needed f o r  n a t u r a l  a i r  g r a i n  d ry ing ,  and t h e  g r a i n  i s  not hea t  
damaged. I n t e r e s t  i n  s o l a r - a s s i s t e d  g r a i n  d ry ing  has inc reased  r a p i d l y  dur ing  t h e  l a s t  
four  years .  

Drying g r a i n  with  solar-heated a i r  i s  s a t i s f a c t o r y  so  lorlg a s  t h e  sun i s  s h i n i n g ,  bu t  on 
cloudy days and a t  n i g h t ,  g r a i n  d ry ing  i s  i n t e r r u p t e d  u n l e s s  s o l a r  energy has been 
s to red .  In  many l o c a t i o n s ,  ambient a i r  humidity i s  low enough f o r  d ry ing  only dur ing  
p a r t  of t h e  day. 

This  r e s e a r c h  was conducted a t  t h e  U.S. Grain Marketing Research Laboratory,  Science and 
Education Adminis t ra t ion,  U.S. Department of A g r i c u l t u r e ,  Manhattan, KS 66502, i n  cooper- 
a t i o n  with  Department of Chemical ~ n ~ i n e e r i n ~ l  and Grain Science and industry2, A.E.S., 
Kansas S t a t e  Univers i ty ,  Manhattan, KS 66506, Contr ibut ion No. 78-340-A. 



I f  s o l a r  energy were s t o r e d ,  an  a c t i v e  d ry ing  f r o n t  could be maintained throughout t h e  
d ry ing  process .  S o l a r  energy has  been s t o r e d  in v a r i o u s  media e i t h e r  a.s s e n s i b l e  hea t  
o r  a s  l a t e n t  hea t  of t h e  s t o r a g e  m a t e r i a l .  MacCracken ( 1 0 )  reviewed t h e  use  of phase 
change m a t e r i a l  f o r  hea t  s t o r a g e .  Eckhoff and Okos ( 5 )  u s e d ' d r y  s o i l  f o r  s e n s i b l e  hea t  
s t o r a g e ,  Shor t  e t  a l .  ( 1 5 )  used a  s o l a r  pond, and Hansen and Smith ( 6 )  used a  rock p i l e .  

The u s e  of s o l a r  energy t o  regenera te  s i l i c a  g e l  was s tud ied  by Koh ( 9 ) .  S i l i c a  g e l  a c t s  
a s  a  s t o r a g e  medium f o r  s o l a r  energy a s  d ry ing  p o t e n t i a l  r a t h e r  than  h e a t .  The major 
advantage f o r  s t o r a g e  of d ry ing  p o t e n t i a l  i s  t h a t  mois ture  t r a n s f e r  can be c o n t r o l l e d  
more e a s i l y  than  hea t  t r a n s f e r .  Froblema of energy I.oss t o  t h e  environment a r e  reduced. 

The u s e  of s i l i c a  g e l  t o  c o n t r o l  mois ture  adsorp t ion  by g r a i n  i n  humid t r o p i c a l  environ- 
ments has  beep s t u d i e d  by Chung and Fleske ( 2 )  and by Hsiao ( 7 ) .  Danziger e t  a l .  ( 3 )  
d r i e d  corn with  a i r  d e s i c c a t e d  over a f i x e d  bed of s . i l i ca  g e l ,  arid repor ted  t h a t  germin- 
a t i o n  o f  ge l -d r ied  corn remained above 90 per'cent whi le  d ry ing  a t  60° C ( 1 4 0 ~  F)  reduced 
germinat ion t o  80 percen t .  

Rodda and  ode (7.2) s t u d i e d  t h e  use  df desicc$nt$ f o r  d ry ing  soybeans. Use of a  low 
tempera ture ;  lov '  humidi ty ,  d e s i c c a n t  a s s i s t e d  d ry ing  system, avoided t h e  thermal  s t r e s s . '  
seeB c o a t  c racks  a s s o c i a t e d  w i t h  l o s s  of germinat ion,  and the .  d ry ing  ra%e was almost t h e  . 
same a s  t h a t  , a t t a i n e d  by high tempera tqre , . low humidity drying.  The e f f i c i e n c y  of t h e  
d e s i c c a n t  a s s i s t e d  d ry ing  system was comp&xable t o ' l h a t  of a . h i g h  temperature  drying 
sy s 1;em. . . 

. . 
T h e  f e a s i b i l i t y  o f  us ing  des icca i l i s  t o  i h c r e a a c  t h e  e f f i c i e n c y  o f ,  s o l a r  . g r a i n  d ry ing  
systeius w a s ' s t u d i e d  by KO a n d  McCormick (8 ) .  A'fter i n v e s t i g a t i n g  v a r i o u s  types  of des ic -  
c a n t s ,  t h e y  r e j e c t e d ' t h e  u s e  o f  s o l i d  d e s i c c a n t s  due t o  t h e  high temperature  r ~ ~ e d e d  f o r  
regenerat ion. .  They planned t o  regenera te  l i q u i d . . d e s i c c a n t s  us ing  ,a high temperature  , 

c o n c e n t r a t i n g  s o l a r  c o l l e c t o r .  

We employed s o l a r  regenera ted  s i l i c a  g e l  i n  t h r e e .  d ry ing  ' t e s t s :  1 )  two sinall l o t s  of 
corn were d r i e d - -  one w i t h  amblent a i ~  and t h e  o ther '  wi th  a i r  d e s i c c a t e d  by pass ing  . ' .. 

through a  bed of s o l a r  regenera ted  s i l i c a  g e l ;  2 )  two l o t s  of corn were d r i ~ d - - o n e  with  
' 

ambient a i r  and one wi th  a  mixture  of d e s i c c a t e d  and ambient a i r ;  and 3 )  two b i n s  of 
mi lo  were d r i e d  .by  procedures  e s t a b l i s h e d  i n  t h e  secona. t e s t .  

. . . . 
ANALYSIS .OF A .DESICCANT ASSISTED GRAIN DRYING SYSTEM . . . . 

. . .  . . 
. . 

An'approximate a n a l y s i s ,  s i m i l a r  t o  t h a t  of Treybal  (161,  was develuprd t o  determine t h e  
. s e l a t i o n c h i p s  present,  i n  a  so la r - regenera ted  des iccan t  d ry ing  system. using t h e  .psycho- . . , . ' 

' .  m e t r i c  eh'art & a base we examined ' a l l  d ry ing  and wet t ing  processes .  . We assumed t h a t  
' 

a l l  inpu t  temperatures  and humid i t i es  were c o n s t a n t ,  tha t ,  d ry ing  a r ~ d  wet t ing  were a d i a -  
b a t i c ,  and t h a t  d ry ing  and wet t ing  zones were t h i n  compared t o  t h c  t o t a l  dep th  of g r a i n  
o r  d e s i c c a n t .  Those assumptions a r e  reasonable  f o r  a  s h o r t  t ime pkrfod when i n l e t  tem- 
p e r a t u r e s  change slowly and dry ing  b i n s , a r e  i n s u l a t e d .  

. . . . . . . . 
.We .examined t h e  regenera t ion  of a  so ' l id  d e s i c c a n t  i n  a  gacked bed by p l b t t i n g  equ i l ib r ium . 

. .  . 
. :moisture con ten t  of t h e  d e s i c c a n t  v e r s u s  d r y  bu lb  t e ~ n p e r a t u r e  and a b s o l u t e  h l~mid i ty  on 

. . .  . t h e  psychrometric c h a r t .  The a n a l y s i s  began by cons ider ing  t h e  i n c r e a s e  i n  s e n s i b l e  
h e a t  of t h e  d ry ing  a i r  from. T . (ambient t empera ture )  t o  T ( t empera ture  of s o l a r  'heated 

a  s 
' a i r ) .  .or t h e  regenera to r  i n l e t  temperature, .  3s shown i n  Fig.  la . .  Because t h e . r e g e n e r a t i o n  

. . . p r o c e s s  was approximately  a d i a b a t i c ,  t h e  condi t ion  of t h e  a i r  followed a cons tan t  wet 
bu lb  l i n e  through t h e  d e s i c c a n t  bed u n t i l  t h e . r e g e n e r a t o r  ( e x i t )  temperature , . .and abso- 
l u t e ' h w n i d i t y  (T and H ) were reached., Thc change i n  a h s o l u t e  humidity of a i r  a c r o s s  . 

. . r r 
. t h e  b6a and t h e  a i r f l o w  b a t e  determined t h e  drying r a t e .  ' I n  Fig.  l a , '  p o i n t  T 

. . . . s  yHs 
' (a.hsolut'e humidity of sb la r -hea ted  a i r )  ' l i e s  .on t h e  equ i l ib r ium moisture  con ten t  l i n e  of 
t h e  des iccan t  a t  t h e  regenera ted  mois ture  cont,ent (M . The p o i n t  T ,H l i e s  on t h e  

U,f . r . r  

. . . 
' 

- equi l ib r ium moisture  con ten t  i i n e  of t h e  d e s i c c a n t  a t  t h e  mois ture  con ten t  of t h e  g k l  
be fore  regenera t ion  '(M.,, . This  a n a l y s i s  al1ow.s one t o  p r e d i c t  t h e  f i n a l  mois ture  

3 0  
' 

content. '  of t h e  regener,ated g e l ,  t h e  drying r a t e ,  and t h e  a i r  temperature  ' e x i t i n g  t h e  
'. r e g e n e r a t o r  bed by measilring t h e  ambient a f r  tercperature ,  r e l a t i v e  humidity,  o r i g i n a l  

g e l  mois ture  c o n t e n t ,  and t h e  i r i l e t  a i r  tempcratdre .  



Desiccant we t t ing  can a l s o  be analyzed by us ing  t h e  procedure ( i l l u s t r a t e d  i n  Fig.  l b )  
desc r ibed  above. The condi t ion  of t h e  ambient e n t e r i n g  a i r ,  Ta, Ha ( t h e  a b s o l u t e  humid- 

i t y  of t h e  ambient a i r )  i s  l o c a t e d  on t h e  equ i l ib r ium des iccan t  mois ture  con ten t  l i n e  
and i s  t h e  f i n a l  des iccan t  mois ture  con ten t  a t  s a t u r a t i o n  (% . The p o i n t  T H i s  . f d '  d  
t h e  e x i t  condi t ion  of t h e  a i r  and l i e s  on t h e  o r i g i n a l  d e s i c c a n t  mois ture  con ten t  l i n e  

, As a i r  passes  through t h e  des iccan t  bed t h e  temperature  i n c r e a s e s  from T t o  Td 
a  

and t h e  condi t ion  of t h e  d e s i c c a n t  w i l l  change from 
M ~ , o  to % , f .  

When g r a i n  d ry ing  i s  analyzed i n  t h e  manner descr ibed  above, t h e  equ i l ib r ium moisture  
con ten t  of t h e  g r a i n  i s  p l o t t e d  on t h e  psychrometric c h a r t ,  Fig .  l c .  The c h a r t  w i l l ,  
t h e r e f o r e ,  con ta in  t h e  a i r  psychrometry, and t h e  equ i l ib r ium curves  f o r  both s i l i c a  g e l  
and g r a i n .  The changing condi t ions  of a i r ,  g r a i n ,  and des iccan t  can be observed w i t h i n  
t h e  system based on t h e  o r i g i n a l  g r a i n  mois ture  c o n t e n t ,  des iccan t  mois ture  c o n t e n t ,  
e n t e r i n g  a i r  temperature ,  r e l a t i v e  humidity and a i r f l o w  r a t e .  I f  t h e  beginning equi- 
l ib r ium moisture  con ten t  of t h e  g r a f n  ( M  ) i s  a t  p o i n t  T H ( temperature  of t h e  a i r  

g , o  g '  g  
l eav ing  t h e  g r a i n  and a b s o l u t e  humidity of t h e  a i r  l e a v i n g  t h e  g r a i n ) ,  t h e  degicca.nt at. 
poin t  T d , H d ,  and t h e  beginnfne air oondi t ion  aL point #I' .,Ha, t h e  fol lowing a n a l y s i s  can 

be made. The a i r  w i l l  e n t e r  a t  p o i n t  T , H  and be d e s i c c a t e d  t o  p o i n t  T d,Hd.  When t h e  
a  a  

a i r  passes  through t h e  g r a i n ,  it w i l l  proceed from p o i n t  T H t o  p o i n t  T H . The 
d '  d  g '  g  

r a t e s  of we t t ing  and dry ing  can be 'p red ic ted  by monitoring a i r f l o w  and changes i n  abso- 
l u t e  humidity a c r o s s  t h e  r e s p e c t i v e  beds of d e s i c c a n t  and g r a i n .  I n  some c a s e s ,  t h e  
l a r g e  temperature  d i f f e r e n c e  between t h e  temperature  o f  des icca ted  a i r  ( T ~ )  and t h e  

ambient a i r  temperature  ( T  ) w i l l  r e s u l t  i n  hea t  l o s s  from t h e  des icca ted  a i r  through 
a  

a i r  d u c t s  t o  ambient a i r .  That s i t u a t i o n  i s  shown i n  Fig.  l c  by p o i n t s  T d l ,  Ha1 and 

T I ,  H I .  When t h e  des iccan t  a i r  loses .  s e n s i b l e  hea t  t o  t h e  ambient a i r ,  t h e  d e s i c c a t e d  
g g 

a i r  temperature  s h i f t s  from Td t o  Tat.  The a i r  condi t ion  changes a s  it passes  through 

t h e  corn from p o i n t  T ' H  ' t o  p o i n t  T 'H I ,  where T 'H "' 
sl cl 

a r e  i n  equ i l ib r ium wi th  t h e  
g  g  g  g  

o r i g i n a l  g r a i n  mois ture  con ten t .  The a n a l y s i s  i n d i c a t e s  t h a t  t h e  s u r f a c e  g r a i n  tempera- 
t u r e  of a  des iccan t  g r a i n  d ry ing  system w i l l  be equa l  t o  o r  l e s s  t h a n  t h e  g r a i n  tempera- 
t u r e  of a  n a t u r a l  g r a i n  drying system. 

Dry a i r  from t h e  regenerated des iccan t  bed can be a d j u s t e d  t o  a  d e s i r e d  r e l a t i v e  humid- 
i t y  by in t roduc ing  ambient a i r  s o  t h a t  g r a i n  mois ture  con ten t  can be r e g u l a t e d .  The 
r e s u l t i n g  a i r  condi t ion  w i l l  be l o c a t e d  on t h e  wet bu lb  l i n e  between t h e  ambient and 
des icca ted  a i r  condi t ions  a s  shown i n  Fig.  I d .  The r a t i o  of t h e  flow r a t e  of d e s i c c a t e d  
a i r  t o  t h e  t o t a l  flow r a t e  of d e s i c c a t e d  p l u s  ambient a i r  i s  equa l  t o  t h e  r a t i o  o f  t h e  
l e n g t h  of t h e  l i n e  from p o i n t  T 

m,Hm, 
t o  p o i n t  T ,H over  t h e  l e n g t h  o f  t h e  l i n e  from 

a a  
p o i n t  T ,H  t o  p o i n t  T 

a  a  dyHd. 

MATERIALS, EQUIPMENT MD METHODS 

Three s o l a r  c o l l e c t o r - s i l i c a  g e l  s t o r a g e  u n i t s  desc r ibed  by Koh ( 9 )  were used f o r  s o l a r  
regenerat.;cin of s i l i c a  g e l  (F'ig. 2 ) .  Each u n i t  c o n s i s t e d  of a  93 W ( 1 / 8 )  hp f a n ,  a  
suspended f l a t  p l a t e  c o l l e c t o r ,  1 . 2  m by 2.4  m ( 4  f t  x  8  f t  ) , and a  0.762 m (30 i n .  ) . 
dismetef s t e e l  3 i n  con ta in ing  75.4 kg (166 pounds),  0.178 m ( 7  i n .  ) deep bed, of s i l i c a  
g e l  of 26 percent  d r y  b a s i s  mois ture  con ten t .  The g e l  i n  each u n i t  was d r i e d  on two 
sunny days ( 8  hours per  day)  before  each t e s t .  On sunny days dur ing  t h e  t e s t s ,  t h e  
u n i t s  not  being used t o  d e s s i c a t e  a i r  were regenera ted  so  t h a t  d r i e d  g e l  was a v a i l a b l e  
t o  d e s i c c a t e  a i r  when t h e  g e l  became wet. 

The f i r s t  t e s t ,  conducted dur ing  May, 1977, a t  Manhattan, Kansas, used corn 'harvested 
t h e  f a l l  of 1976 and s t o r e d  i n  a  co ld  room (5O c ) .  One day before  t h e  t e s t  began, t h e  
corn was sea led  i n  small. drying b i n s  (0.75 m d i a n e t e r )  and allowed t o  e q u i l i b r a t e  
the rmal ly  wi th  t h e  ambient temperature .  One l o t ,  752 kg ( 6  bu)  of corn ,  16 .4  percen t  
wet b a s i s  mois ture  c o n t e n t ,  was d r i e d  wi th  a i r  t h a t  had been passed through a  f i x e d  bed 
of s o l a r  regenera ted  s i l i c a  g e l  a t  a  flow r a t e  of 1.1 m3/min (40 cfm, and 6.7 cfm/bu).  
A second l o t  was d r i e d  wi th  n a t u r a l  (ambient) a i r  us ing  t h e  same a i r f l o w  r a t e .  



The g r a i n  used i n  t h e  second t e s t  was combined i n  e a r l y  September, 1977, and was l e f t  i n  
t h e  t r u c k  f o r  24 hours  before  t h e  t e s t  began. The f i r s t  o f  two 2 m ( 6  f t )  d iameter  b i n s  
was f i l l e d  t o  a dep th  o f  0.64 m (25.5 i n .  ) with 1520 kg (60 bu)  of corn wi th  23.5 percen t  
wet b a s i s  mois ture  con ten t .  The g r a i n  was d r i e d  w i t h  an a i r f l o w  r a t e  of 4 .4  m3/min 
(155 cfm, 2 .6  cfm/bu) wi th  a mixture  of ambient and des icca ted  a i r  a s  shown i n  Fig.  3. 
When ambient r e l a t i v e  humidity was above 60 p e r c e n t ,  t h e  r a t i o  of des icca ted  a i r  t o  
ambient a i r  e n t e r i n g  t h e  b i n  was s e t  a t  60:40. Ambient a i r  a lone  was used t o  cont inue 
t h e  d ry ing  process  a t  r e l a t i v e  humid i t i es  below 60 percen t .  The second b i n ,  con ta in ing  
1520 kg (60 bu)  of corn w i t h  24.2 percen t  wet b a s i s  mois ture  c o n t e n t ,  was d r i e d  wi th  
n a t u r a l  (ambient)  a i r  a t  .the s a c  flow r a t e .  

S u s c e p t i b i l i t y  t o  breakage of corn i n  t e s t  2 was measured wi th  procedures developed by 
McCinty ( 1 1 )  and Stephens and F o s t e r  ( 1 6 ) .  A 100-gram sample was placed i n  t h e  S t e i n  
breakage t e s t e r ,  and t e s t e r  was operat.ed f o r  4 minutes.  The weight.-fraction of 
m a t e r i a l  remaining un a 12/611 i n .  s tandard s c r e e n ,  a f t e r  being shaken 30 s t r o k e s  on a 
Gamet shaker ,  was recorded a s  t h e  breakaee index. 

P'urlgul invasion i n  t es t .  2 was examined by p l a t i n g  sur face-d i s in fec ted  seeds on mal t  agar  
c o l ~ t a i n i n g  4 percent. sodium c h l o r i d e  and 200 ppm t e r g i t o l .  Unbroken w e d s  were d i s i n -  
f e c t e d  by washing f o r  one minute i n  5.25 percen t  sodium hypocl i lor i tc    loro ox brand)  
foLl.owed by two s t e r i l e  water  r i n s e s .  P e t r i  p l a t e s  were incubated 5-7 days a t  25O C and 
t h e  f u n g i  iClenti.fie9. Af la tox in  concentre't:i.on was determined. by t h i n - l a y e r  chromatog- 
raphjr usirlg l;he method o f  Sei toz and Nohr (13). \ 

Two l o t s  of milo  were d r i e d  i n  .the t h i r d  t e s t  begun i n  e a r l y  November, 1977. The f i r s t  
b i n ,  corl.taining 1520 kg ( 6 0  bu)  of 18 .5  percen t  wet b a s i s  mois ture  c o n t e n t ,  r ece ived  ari 
a i r f l o w  r a t e  maintained a t  a cons tan t  volumetr ic  f low r a t e  of 3.68 m3/min (130 cfm, 2.2 
cfni/bu). A s  i n  t es t .  2 ,  d e s i c c a t e d  a i r  was added t o  t h e  d ry ing  system when t h e  r e l a t i v e  
humidity was above 60 percen t  a t  a r a t i o  o f  d e s i c c a t e d  a i l -  t o  ambient a i r  of: 40:6O. The 
second b i n  u t i l i z e d  ambient a i r  a lone  t o  d r y  t h e  same q u a n t i t y  of g r a i n  ( w i t h  an  o r i g i -  
n a l  mois tu re  con ten t  of 18 .3  p e r c e n t )  a t  t h e  same a i r f l o w  r a t e .  

Grain was sampled by probing a t  f i v e  evenly spaced l o c a t i o n s ,  and probed samples were 
pooled f o r  each depth.  Samples were c o l l e c t e d  every second o r  t h i r d  day dur ing  a t e s t  
pe r iod  f o r  mois ture  c o n t e n t s  determinat ion.  Grain mois tu rc  con ten t s  were determined by 
dry ing  appruxiniately 60 g s m p 1 . e ~  i n  a fo rced  a i r  oven a t  103' C (217' F )  f o r  72 hours.  

Airflow r a t e s  t.hrough t h e  g r a i n  beds were determined by  lueasuring t h e  p r e s s u r e  drop with  
an i n c l i n e d  manometer and us ing  t h e  curves  of Shedd ( 1 4 ) .  A vane anemometer placed a t  
t h e  t o p  s u r f a c e  was used t o  measure a i r f l o w .  The two methods gave s i m i l a r  r e s u l t s .  

Hygrothermographs were placed a t  v a r i o u s  p o s i t i o r ~ s  i n  t h e  drying systems t o  record  a i r  
ternperaturc and r e l a t i v e  humidity. 

RESULTS AND DISCUSSION 

Resu l t s  o f  t h e  f i . r s t  t e s t  a r e  summarized i n  Fig.  4 .  The t ime requ i red  t o  d ry  g r a i n  i n  
t h e  b i n  w i t h  d e s i c c a t e d  a i r  was l e s s  tharl t h a t  requ i red  with  ambient a i r  and t h e  mois- 
t u r e  con ten t  was s i g n i f i c a n t l y  lower.  To prevent  overdrying (mois tu re  con ten t  < 1 2  
p e r c e n t )  t h e  a i r f l o w  r a t e  i n  t h e  s o l a r  c o l l e c t o r  could be inc reased  t o  lower t h e  regen- 
e r a t i o n  t empera ture ,  t h u s  i n c r e a s i n g  t h e  mois tu re  con ten t  o f  t h e  regenera ted  d e s i c c a n t  
and decreas ing  i t s  energy s t o r a g e  c a p a c i t y .  Another approach would be t o  mix ambient 
a i r  wi th  t h e  d ,es iccated a i r  stream before  pass ing  t h e  a i r  mixture  through t h e  g r a i n .  

In  t h e  second dry ing  t e s t ,  a mixture  of 40 percen t  ambier~t  a i r  was mixed with  d e s i c c a t e d  
a i r .  In  a d d i t i o n  t h e  ambient des iccan t  a i r  mixture  was only used dur ing  t imes  of high 
r e l a t i v e  humidity (above 60 percen t  r . h . ) .  I n  Fig.  5 t h e  i n l e t  temperatures  of t h e  
n a t u r a l l y  dried. hill and t h e  d e s i c c a n t  a s s i s t e d  b i n  a r e  shown over t h e  d ry ing  per iod .  
The temperature  of t h e  a i r  e n t e r i n g  t h e  d e s i c c a n t  a s s i s t e d  d r i e d  corn ~ 8 , s  g e n e r a l l y  
h igher  t h a n  t h e  ambient a i r  temperature  bu t  when the 'des icca .n t  was not  used t h e  a i r  tem- 
p e r a t u r e s  of boLh b i n s  were g e n e r a l l y  t h e  same. The i n l e t  r e l a t i v e  humid i t i es  of t h e  
two b i n s  a r e  p l o t t e d  versus  t ime i n  Fig.  6. 

The temperature  of a i r  e x l t i n g  t h c  corn b i n s  i s  p l o t t e d  v s  t h e  i n  Fig.  7 .  Although 
t h e  e n t e r i n g  a i r  temperature  of t h e  d e s i c c a n t  a s s i s l e d  b i n  i s  h igher  than  of t h e  



n a t u r a l l y  d r i e d  b i n ,  t h e  e x i t i n g  temperature  of t h e  des iccan t  a s s i s t e d  a i r  d r i e d  corn b i n  
i s  s l i g h t l y  lower than  t h a t  of t h e  e x i t i n g  n a t u r a l  a i r .  The decrease  i n  temperature  i s  
explained by a  s e n s i b l e  hea t  l o s s  from t h e  d e s i c c a t e d  a i r  a s  i l l u s t r a t e d  i n  Fig.  l c .  The 
r e l a t i v e  humidity of t h e  a i r  l eav ing  t h e  corn i s  p l o t t e d  i n  Fig.  8. The r e l a t i v e  humid- 
i t y  v a l u e s  a r e  n e a r l y  equal  and approximately cons tan t  over  much of t h e  d ry ing  per iod .  
The g r a i n  mois ture  con ten t s  o f  t h e  corn on t h e  s u r f a c e  and a t  va r ious  depths  a r e  p l o t t e d  
v s  t ime (F ig .  9 )  f o r  both t h e  n a t u r a l  a i r  d r i e d  corn and t h e  des iccan t  a s s i s t e d  d r i e d  
corn. The t imes needed f o r  t h e  mois ture  con ten t  of t h e  corn a t  t h e  s u r f a c e  t o  reach 1 5  
percent  wet b a s i s  f o r  t h e  des iccan t  a s s i s t e d  d r i e d  corn and t h e  n a t u r a l l y  d r i e d  corn were 
280 hours and 350 hours ,  r e s p e c t i v e l y .  The f i n a l  mois ture  con ten t  of t h e  n a t u r a l l y  d r i e d  
corn was 1 . 6  percen t  h igher  than  t h e  f i n a l  mois ture  con ten t  of t h e  des iccan t  a s s i s t e d  a i r  
d r i e d  corn. 

During t h e  second t e s t  p o r t i o n s  of t h e  probe-samples used f o r  mois ture  con ten t  determina- 
t i o n  were examined f o r  fun'gal invasion.  A t  t h e  beginning of t h e  drying t e s t ,  corn ker-  
n e l s  were invaded by Fusariwn ( 4 4 % ) ,  PeniciZZiwn ,(27%), Rhizopus (20%),  Aspergillus 
flavus ( 1 2 % ) ,  and A. niger (15%) .  When t h e  g r a i n  was d r y ,  t h e r e  was l i t t l e  d i f f e r e n c e  i n  
funga l  invas ion  of g r a i n  d r i e d  wi th  des iccan t  a i r  o r  wi th  11al;ural a i r .  The bottom two 
l a y e r s ,  however, had l e s s  t o t a l  invas ion  than  t h e  upper s u r f a c e s .  PeniciZliwn and A .  
niger inc reased  more than  d i d  o t h e r  fungi .  A. flavus invas ion  inc reased  t o  an average of 

. 38 percen t  of t h e  i n t a c t  k e r n e l s  i n  both b i n s  and v a r i e d  from 3 1  percen t  a t  t h e  bottom t o  
42 percen t  a t  t h e  s u r f a c e .  The a f l a t o x i n  B1 accumulated i n  each l a y e r   able 4 )  r e f l e c t s  
t h e  l e n g t h  of t ime t h a t  condi t ions  were s u i t a b l e  f o r  t o x i n  product ion.  The average a f l a -  
t o x i n  concen t ra t ion  f o r  t h e  des iccan t  a s s i s t e d  d r i e d  corn was 1 3  ppb and f o r  n a t u r a l l y  
d r i e d ,  37 ppb. S h o r t e r  drying t imes  and lower i n  b i n  temperature  produced g r a i n  with  
a f l a t o x i n  contamination below t h e  FDA e s t a b l i s h e d  guide l e v e l  of 20 ppb B1 f o r  corn i n  
market channels  ( 4 ) .  

Breakage-index measurements were made a t  t h e  end of t h e  second t e s t .  The breakage index 
of  t h e  corn was lower f o r  d e s i c c a n t  a s s l s t e d  d ry ing  than  n a t u r a l  d ry ing ,  bu t  t h e  f i n a l  
mois ture  con ten t  was a l s o  lower  able 2 ) .  To i d e n t i f y  t h e  r e l a t i v e  e f f e c t s  of t h c  dry-  
Lrgmethod a.nd nloisturc conkent,  breakage-index was p l o t t e d  v e r s u s  mois ture  con ten t  ( ~ i ~ .  
1 0 ) .  The curves  obtained f o r  n a t u r a l - a i r  d r i e d  ( C  with  r2 v a l u e s  of 0.85) and n a t u r a l -  

n '  
a i r  d r i e d  p l u s  des iccan t  a s s i s t e d - d r i e d  corn (c,+ , with r2 va lue  of 0.86) versus  mois- 
t u r e  c o n t e n t ,  a r e  p l o t t e d  i n  Fig.  10.  Analysis  stowed no s i g n i f i c a n t  d i f f e r e n c e  between 
t h e  l e a s t  squares  s lope  and i n t e r c e p t  f o r  C and Cn+d a t  t h e  95 percen t  confidence l e v e l .  
The d i f f e r e n c e  i n  k e r n e l  breakage between dFying t r e a t m e n t s  was a t t r i b u t e d  t o  t h e  lower 
mois ture  con ten t  achieved with  des iccan t  a s s i s t e d  drying.  

Energy consumption f o r  corn d r i e d  i n  t h e  second t e s t  i s  p resen ted  i n  Table 3 .  E l e c t r i c a l  
energy used t o  d r i v e  t h e  s o l a r  regenera to r - s i l i ca .  g e l  s t o r a g e  u n i t  f a r ~ s  was g r e a t e r  than  
t h e  cnergy saved by reducing dry ing  time. 

I n  t h e  t h i r d  t e s t ,  milo  was d r i e d  with  a  mixture  of d e s i c c a t e d  and ambient a i r  and with  
n a t u r a l  a i r .  Only 40 percen t  of t h e  d ry ing  a i r  passed through t h e  des iccan t  be fore  
e n t e r i n g  t h e  milo.  As i n  t h e  corn dryirlg experiment,  d e s i c c a t e d  a i r  was used on ly  dur ing  
per iods  of high humidity. Figure  11 i l l u s t r a t e s  t h e  r e l a t i o n  between t h e  mois ture  con- 
t e n t s  i n  both b i n s  and dry ing  time. The o r i g i n a l  mois ture  con ten t  of t h e  milo  was 18.5 
percen t .  The dry ing  per iod  was long enough f o r  t h e  d ry ing  zone t o  pass  completely 
through t h e  n a t u r a l  a i r  d r i e d  b i n .  To determine r e l a t i v e  d ry ing  p e r i o d s ,  t h e  t imes  it 
took f o r  t h e  s u r f a c e  mois ture  con ten t  t o  decrease  t o  16 .2  percen t  wet b a s i s  mois ture  con- 
t e n t  i n  both b i n s  were taken a s  d ry ing  t imes.  

The t o t a l  energy used f o r  d ry ing  both b i n s  of milo  i s  presented i n  Table 4 .  The t o t a l  
energy i s  l e s s  f o r  t h e  d e s i c c a t e d  a s s i s t e d  milo  d ry ing  a i r .  This d i f f e r s  from t h e  r e s u l t  
obtained f o r  t h e  second t c s t  a l though t h e  reduc t ion  i n  energy i s  reasonably smal l .  

CONCLUSION 

Use of s o l a r  regenera ted  s i l i c a  g e l  f o r  d e s i c c a t i n g  a i r  used f o r  d ry ing  g r a i n  decreased 
dry ing  t ime s u b s t a n t i a l l y  f o r  corn and milo.  The energy savings wi th  t h i s  method over  
n a t u r a l  a i r  d ry ing  were smal l  due t o  fan e l e c t r i c a l  energy used t o  d ry  t h e  d e s i c c a n t  and 
t o  remove t h e  energy (d ry ing  s t o r e d  i n  t h e  g e l .  Mold growth was decreased 
when des iccan t  d r i e d  a i r  was used. The s u s c e p t i b i l i t y  t o  corn breakage appeared t o  be un- 
a f f e c t e d  by use  of t h e  d e s i c c a n t ,  bu t  appears  t o  be a  func t ion  of mois ture  con ten t .  



REFERENCES 

Brooker,  D. B., F. W. Bakker-Arkema, and C. W. Ha l l .  1974. Drying c e r e a l  g r a i n s .  
The A V I  Publ ishing Co., I n c . ,  Westport ,  CT. 
Chung, D. S. and L. F. Fleske.  1973. Development of a  simple g r a i n  s t o r a g e  u n i t  
and method a p p l i c a b l e  t o  humid a r e a .  Report No. 37. Food and Feed Grain 
I n s t i t u t e ,  Kansas S t a t e  U n i v e r s i t y ,  Manhattan, KS. 
Danziger,  M. T. ,  M. P. S te inberg ,  and A. I. Nelson. 1972. Drying of f i e l d  corn 
w i t h  s i l i c a  g e l .  Transac t ions  of ASAE, 1 5  ( 6 ) :  1071-1074. 
Duggan, R. E. 1970. Cont ro l l ing  a f l a t o x i n s .  FDA Pap 4: 13-18. 
Eckhoff,  S. R. and M. R. okos. 1977. Thermal s t o r a g e  i n  g r a i n  drying.  S o l a r  Grain 
Drying Conference Proceedings,  Univers i ty  of I l l i n o i s ,  Urba.na-Champaign, IL. 
EIanscn, R. W. a n d  C. C. Smith. 1377. Mult,i.ple use  s o l a r  hea t  c o l l e c t i o n  and 
s t o r a g e  syst,em f o r  g r a i n  drying.  S o l a r  Grain Drying Conference Proceedings,  
Univeroi-ty o f  I . l . l inois , Urbana-Champaign, I L .  
1 - I R ~ Q Q .  J. Y. 3.974. Appl icat ion o f . s i l i c a  g e l  f o r  on-farm g r a i n  d.rying and s t o r a g e  
i n  developing c o u n t r i e s .  1v1.S. T l l e j i ~ ,  Yiancas S1:at.e I J n i v e r s i t y ,  Manhattan, KS. 
KO,  S. M. and P. 0. McCormick. 1977. Analysis  and development of a  s o l a r  energy 
regenera ted  d e s i c c a n t  c rop  dry ing  f a c i l i t y .  So1.a.r Crop Drying Proceedings,  Weaver 
Labora tor ies ,  North Carol ina S t a t e  U n i v e r s i t y ,  Raleigh,  N . C .  
ICoh, H. .K. 3977. Study on t h e  u s e  of s o l a r  energy f o r  t h e  regenera t ion  of s i l i c a  
gel used f o r  g r a i n  d ry ing .  Ph.D. Dissert.a.tiori, ICtti~sas S t a t e  U n i . v e ~ s i t y ,  
Manhattan, KS. 
MacCracken, C. D. 1977. Heat s t o r a g e  i n  phase change m a t e r i a l s  f o r  s o l a r  g r a i n  
d ry ing .  S o l a r  Grain Drying Conference Proceedings,  Univers i ty  of I l l i n o i s ,  
Urbana-Champaign, IL. 
McGinty, R. J. 1970. Development of a  s t andard  g r a i n  breakage t e s t .  US-51-34. 
A g r i c u l t u r a l  Research S e r v i c e ,  USDA. 
Rodda, E. D. and D. W. Rode. 1977. Desiccant dehumid i f ie r s  f o r  d ry ing  g r a i r ~ .  
Paper 77-3523. Presented a t  Winter Meeting of t h e  ASM. 
S e i t z ,  L. M. and H. E. Mohr. 1977. A new method f o r  q u a n t i t a t i o n  of a f l a t o x i n  i n  
corn. Cereal  Chem. 54 (1) : 179-183. 
Shedd, f!. K.  1953. Resistance of g r a i n s  and seeds t o  a k r  flow. A g r i c u l t u r a l  
Engineering (34 ) . 
S h o r t ,  T. H . ,  W. L. R o l l e r ,  and P. C.  Badger. 1977. A s o l a r  pond c o l l e c t v r  and 
h e a t  s t o r a g e  device.  S o l a r  Grain Dryirig Conference Proceedings,  Univers i ty  of 
I l l i n o i s ,  Urbana-Champaign, IL. 
St.ephens, L, E.,  G. H. FosLer. 1976. Breaka.ge t e s t e r  p r e d i c t s  handl ing damage ia 
corn.  US-NC-49, A g r i c u l t u r a l  Kesearcll 3 e r v i c c j  USDA. 
Treyba l ,  R. E.  Mass-transfer  operation^. McGra.w-Hill Book Company, New York, N . Y .  



Table 1. Aflatoxin B1 i n  corn d r i ed  with 60/40 mixture of desiccated 
a i r  and ambient a i r  compared with na tu ra l  a i r .  Drying times 
were 250 and 350 hours, respec t ive ly  

Distance from Aflatoxin B1 (ppb) 
g ra in  surface Desiccant a s s i s t e d  Natural 

(m) drying drying 

None detected None detected 
None detected 15 

8 16 
17 60 
40 94 

Table 2. F ina l  moisture contents  and breakage-index of corn dr ied  with 
a  60:4O mixture of desiccated and ambient a i r  compared with 
na tu ra l  a i r  

Distance Desiccant a s s i s t e d  drying Natural drying 
from gra in  Moi skure 

Breaka?e 
Moisture 

surface content index content Breakaye index 
( m )  ( %  w.b.1 (% w.b.) 

'weight-fraction remaining on 12/64" screen a f t e r  4 min. i n  S te in  
breakage t e s t e r .  



Table 3. Comparison of  e l e c t r i c a l  energy consumption f o r  d ry ing  
0.64 m dep th  and 2 m diameter  of 23-24 percen t  w.b. mois ture  

. c o n t e n t  corn t o  below 1 5  percent  w.b. mois ture  con ten t  us ing  
a 60:4O mixture  of des icca ted  and ambient a i r  ( d e s i c c a n t  
a s s i s t e d )  and ambient a i r  a lone  ( n a t u r a l )  

--.. .- 
Timo Energ 

Drying method 
( h r )  ( kWhr? 

Desiccant a s s i s t e d  

Gel regenera t ion  ( 9 3  W u o t o r  ) 85 7.9 
Gel wet t ing  ( 9 3  W motor) 1.4 6 13.6 
Grain d ry ing  (214 W motor) 280 60.0 

T o t a l  energy 81.5 

Natural  

Grain d ry ing  (2111 W motor) 350 

Enerey/kg water  removed 0.09 kWhr/kg 

Table 4 .  Comparison of e l e c t r i c a l  energy oons~unpt~ion f o r  d ry ing  
0.64 m dep th  of 18 percen t  w.b. mois ture  con ten t  mi lo  t o  hel-ow 
1 5  percen t  w.b. mois ture  conLeat us ing  a 40:ho mixture  of des ic -  
c a t . ~ r l  andl ambient a i r  ( d e s i c c a n t  a s s i s t e d )  and  ambient a i r  a lone  
( n a t u r a l  ) 

-- 
Time Energy 

Drying method 
( b y )  ( k ~ h r  ) 

Desiccant a s s i s t e d  

Gel r e g e n e r a t i o n  ( 9 3  W motor) 
Gel we t t ing  (93 W motor) 
Grain d ry ing  (214 W motor) 

T o t a l  energy 

Energy/kg water  removed 0.18 kWhr/kg 

Natural  

Grain d ry ing  (214 W motor) 330 

Energy/kg water removed 0.22 kWhr/kg 



Fig. 1. Representation of (a) solar regeneration of a desiccant, (b) wetting 
a desiccant, (c) effect of sensible heat loss on desiccant assisted 
drying, (d) graphical determination of the condition of a mixture of 
ambient air and desiccated air. 



Fig. 2 .  Schematlc diagram of flat-plate solar collector-silica gel bin unit. 
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CORN BIN (MILO BIN) 
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Fig. 3. Schematics of drying systems used in tests 2 and 3, (a) 
desiccant assisted with desiccant in use, (b) desiccant 
assisted with desiccant not in use, (c) natural drying 
system. The symbols T and H correspond to the points in 
the system where temperature and relative humidity were 
used. 
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Fig. 5. Air temperature entering desiccant assisted corn bin, natural 
(ambient) corn bin, and ambient air in test 2. 
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Fig. 6. Rz la t ive  humidity ~f a i r  en t e r ing  t h e  des i ccan t  a s s i s t e d  corn b i n ,  n a t u r a l  corn  b i n ,  and t h e  ambient a i r  i n  t e s t  2 
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Fig. 7. The air temperature leaving the desiccant assisted corn bin, natural corn bin, and ambient air in test 2. 
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Fig.  8.  , R e l a t i v e  hunidity of t he  a i r  lea-ring t h e  des iccant  a s s i s t e d  d r i e d  corn ,  
l eav ing  t : ~ e  n a t u r a l l y  Cried corn ,  and of ambient sir i n  tes;  2 .  



Fig. 9. The moisture content  vs t ime ,  depth of t h e  corn ,  and drying mzthod i n  t e s t  2 .  
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DESICCAN'T ASSISTED DRIED CORN 
U1 
F- + NATURAL DRIED CORN 

c n NATURAL DRIED CORN BREAKAGE 
INDEX VS. MOISTURE CONTENT 

C n d  DESICCAMT ASSISTED AND 
NATURAL DRIED CORN BREAKAGE 
INDEX VS. MOISTURE CONTENT 

MOISTURE CONTENT (% WET BASIS) 

Fig. 1 0 .  E f f ec t  o' n o i s t u r e  ccnten t  and drying method on breakage s u s c = p t i b i l i t y .  
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Fig. 11. Moisture content  of milo i n  ;he t h i r d  t e s t  v s  t ime at va r ious  depths.  
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Carl J. Bern, Michael E. Anderson, and W. F. Wilcke 2 

l NTRODUCT l ON 

The annual use per iod o f  a so lar  c o l l e c t o r  on a conventional low-temperature dry ing 
system i s  t y p i c a l l y  30 t o  60 days. If the c o l l e c t o r  i s  not  used f o r  another purpose, i t  
i s  i d l e  f o r  the r e s t  o f  the year. This paper reports resu l t s  o f  a f i e l d  study o f  a 
system t h a t  prolongs the use per iod o f  the so lar  c o l l e c t o r  t o  as long as 6 months and 
stores so lar  heat i n  the form o f  d ry ing  capaci ty  i n  overdried corn. Heat from a so lar  
c o l l e c t o r  i s  used t o  overdry corn f o r  l a t e r  use as a desiccant t o  be mixed w i t h  wet 
corn a t  harvest. 

REV1 EW OF, LITERATURE 

White and Ross (1971) found that ,  when wet and dry  corn are  blended and he ld  a t  40°F 
wi thout  aera t ion  o r  fu r ther  disturbance, the f rac t i ons  w i l l ,  w i t h i n  about 10 days, come 
t o  moisture contents t ha t  d i f f e r  by about 3 percentage points.  Nei ther  f r a c t i o n  reaches 
the average moisture content. Hart  (1967) reported s i m i l a r  resu l ts .  E f fec ts  o f  mixing 
and aera t ion  on the r a t e  and ex tent  o f  the moisture-content change were not  found i n  the 
1 i terature.  

Morey e t  a l . ,  1976, showed tha t  a system tha t  d r i es  wet corn t o  20 o r  21% moisture by 
using a high-temperature LP dryer  and then compleLes dry ing t o  about 15% moisture by 
using a low-temperature dryer i n  most instances reduces t o t a l  d ry ing  energy use from 
the quant i ty  required i f  a l l  d ry ing  i s  done i n  the LP dryer. 

Drying over the 20 t o  15% moisture range can be done slowly because the 20% moisture 
corn has a long a1 lowable storage time (about 55 days, assuming a corn temperature o f  
48OF, U.S. Dept. Agric., 1968). Thompson (1977) determined by computer s imulat ion 
that,  f o r  24 years o f  28 years studied, 20% moisture corn a t  Des Moines, lowa, harvested 
0 ~ t .  15 can be d r i ed  t o  15% moisture w i t h  less than 0.5% dry-matter loss by using an 
aera t ion  r a t e  o f  0.5 CFM/Bd and atmospheric a i r  heated 2OF by the fan. 

Exper i men ta  l 

Sys tem management f o l  lowed these steps: 

- During summer, corn was overdr ied by using heat from a so lar  co l l ec to r .  

- At harvest, desiccant (overdried) corn was mixed w i t h  wet corn t o  g ive  an average 
moisture content o f  20.8%. 

- The mixture was low-temperature d r i ed  a t  a low a i r f l o w  rate.  

I Research supported by the USOA, the Department o f  Energy, and the lowa Agr i cu l t u re  and 
Home Economics Experiment Stat ion.  Journal Paper No. J-9188 o f  the lowa Agr i cu l t u re  and 
Home Economics Experiment Stat ion; Pro jec t  No. 2132. 

2 ~ s s o c i a t e  Professor, Research Associate, and Graduate Research Assistant,  Ag r i cu l t u ra l  
Engineering Department, lowa State Univers i ty ,  Ames, IA 50011. 



The f i e l d  t e s t  was ca r r i ed  out  using two 18- f t  diameter b ins a t  the Woodruff Farm 
(Figure 1). Performance o f  the combination system was compared w i th  tha t  o f  a conven- 
t i ona l  low-temperature dry ing  system. 

Figure 1. Control b i n  ( l e f t )  and desiccant/lw-temperature b i n  ( r i gh t )  a t  
Iowa State Univecsi ty, Woodruff Farm, southwest o f  Ames. 

The so lar  c o l l e c t o r  was constructed f o l  lowing a design by #I lne (1977). Speci f icat ions 
are shown i n  Teble 1. 

Table 1. Solar c o l l e c t o r  spec i f i ca t ions  

FA -. 

Type : 

Width: . 
Area : 

Cover Material : 

Suspended p l a t e  mater ia l :  

Mounting angle: 

A i r f low:  

Fixed, covered, suspended plate,  a i r  

4 ft 

192 f t2 

Greenhouse f iberg lass  

1/4-inch chipboard 

Summer 30' 
Fal l  45' 

Summer 1650 CFM 
Fa1 1 2450 CFM 

Temperature r i s e  (max): Summer 12.0 O C  

Fa l l  8.2 O C  

Cost : 2 0.3 HR/ft2 labor 
1.59 $ / f t  mater ia ls  



On Aug. 1 ,  1977, 805 BU* o f  corn was cleaned and placed i n  the  eas t  b i n  f o r  use as a 
des iccant .  Table 2 shows spec i f i ca t i ons  o f  the  des iccant  p repara t ion  procedure. A l a t e  
s t a r t  and unfavorable August weather l i m i t e d  mo is tu re  removal f rom the des iccant .  

Table 2. Spec i f i ca t i ons  o f  des iccant  p repa ra t i on  procedure 

Date s t a r t e d  : Aug. 1, 1977 

I n i t i a l  mo is tu re  content :  13.0% 

F ina l  mo is tu re  content :  11.7% 

Quan t i t y  o f  corn: 805 BU 

Fan: 

Contro ls :  

1/3 HP ax ia l - f low. ,  463W 

Fan on when sun sh i n i ng  and ambi'ent r e l a t i v e  humid i t y  l e ss  
than 55%. 

Aera t ion  r a t e :  2.0 CFM/BU 

To ta l  fan t ime: 

kWh/BU/% p t :  

112 hours (over a per iod  o f  51 days) 

0.048 

B i n  f i l l i n g  was begun on Oct. 1 1 ,  1977. Wet corn was placed on top  o f  the  des iccant  
co rn  i n  t he  des iccant  b i n .  Desiccant corn and wet corn were mi'xed b y  us ing a s i n g l e -  
auger g r a i n - s t i r r i n g  system i n s t a l l e d  i n  the  b i n .  The c o n t r o l  b i n  was f i l l e d  t o  the  
same depth w i t h  wet corn. Dry ing i n  the con t r o l  b l n  was completed Nov. 25, 1977, and 
resumed i n  A p r i l  1978. Dry ing was completed May 15, 1978. No spo i lage  o f  corn occurred 
i n  e i t h e r  b i n .  Table 3 shows the  opera t ing  schedule and a summary o f  r e s u l t s .  

E l e c t r i c e l  erlalyy use and e l e c t r i c a l  demand f o r  the  combinat ion system were much lower 
than f o r  the  convent ional  system (0.15 vs. 0.35 kWh/BU/% p t  and 0.8 vs. 2.74 kW/1000/BU, 
respect ive1 y) . However, use o f  the combinat ion  system would necess F ta te  s torage o f  corn 
amounting t o  about 20% o f  the  b i n  volume f o r  use as a des iccant  and t he  purchase o f  a 
s t i r r i n g  system and a s o l a r  c o l l e c t o r .  Corn damage from s t i r r e r  operati 'on has no t  y e t  
been evaluated. A second f i e l d  t e s t  and an economic ana l ys i s  o f  the  system a re  planned. 

Water removal f rom the des iccant  corn du r i ng  summer seems t o  be a very  ene rgy -e f f i c i en t  
process. I t  could be used w i t h  o t h e r  management procedures. For example, corn i n  
s torage over summer cou ld  be ove rd r i ed  and blended ~ 7 t h  wet corn i'n t h e  f a l l .  The 
mois ture content  o f  t h t s  b lend could be adJusted t o  an optimum l eve l  For sa l e  o r  s torage 
as w e l l  as t o  a l e v e l  appropr ia te  f o r  low-temperature d r y t ng  as was done Fn t h i s  f i e l d  
t e s t .  

SUMMARY AND CONCLUSIONS 

A f i e l d  t e s t  was c a r r i e d  o u t  comparing corn d r y t ng  t n  a comblnatton des iccant / low-  
temperature system w i t h  d r y i ng  i n  a, conventtonal low-temperature system. The combination 
system uses corn ove rd r i ed  w i t h  heat  f rom a s o l a r  c o l l e c t o r  as a des iccant .  Dry ing  was 
completed w i t hou t  spo i lage  i n  e i t h e r  b i n .  Based on one yea r ' s  r esu l t s ,  i't can be con- 
cluded t h a t  a combinat ion desiccant/low-temperature system can d r y  co rn  w i t h  s i g n i f i -  ' 

c a n t l y  l e ss  e l e c t r i c a l  energy than a convent ional  low-temperature system. 

"1 BU = 47.32 l b  d r y  mat ter .  



Table 3. Operat ing schedule and summary o f  r e s u l t s .  

Desiccant B i n  Contro l  B i n  

Fan: 1-HP a x i a l - f l o w  5-HP a x i a l - f l o w  

Ae ra t i on  Rate: 

Fan Operat ion: 

0.79 CFM/BU (Based on t o t a l  BU i n  1.7 CFM/BU 
b i n )  

Cont i nuous Continuous 

S t i r r e r :  1 .5 HP, s ing le-auger  None 

S t i r r e r  Operat ion: 15 days cont inuous, then 8:OO AM- - 
4:30 PM du r i ng  fan  ope ra t i on  

Heater:  None 2.4 kW 

Heater Operat ion: - Cont i nuous 

Date F i l l e d :  Oct. 11-14, 1977 Oct. 11-14, 1977 

I n i t i a l  Moisture: Desiccant:  11.7% 
Wet : 23.3% 
Combined : 20.0% 

Days Operat ion: 87 days 41 days 

F i na l  Mois ture:  14.7% 15.3% 

Fan Energy (des i ccant  
p repara t ion )  : 52 kwh 

Fan Energy, f a l l  & sp r ing :  1954 kwh 

S t i r r e r  Energy: 873 kwh - 
Heater Energy - 2341 kwh 

2879 kwh 8573 kwh 

kWh/Bu/% p t  0.15 (BU added i n  f a l l )  0.35 

Maximum e l e c t r i c a l  
demand kW per 1000 bu: 

0 .8  (BU added i n  f a l l )  

1 .  Har t ,  J. R.  1967. A method o f  de tec t i ng  mix tures o f  a r t i f i c i a l l y  d r i e d  corn w i t h  
h i g h  mois ture corn.  Cereal Chemistry 44: 601-606. 

2. Kl ine,  G. L. 1977. Solar  c o l l e c t o r s  f o r  low-tzmperature g r a i n  d ry ing .  ASAE Paper 
77-3007. Presented a t  the  1977 Annual Meet ing o f  ASAE, Raleigh, Nor th  Caro l ina,  
June 26-29. 

3. Morey, R.  V . ,  R. J.  Gustafson, H. A.  Cloud, and K. L .  Walter.  1976. Energy requ i re -  
ments f o r  h igh- low temperature d ry ing .  ASAE Paper 76-3522. Presented a t  the  Winter 

- Meeting o f  ASAE, Chicago, December 14-17. 

4. Thompson, T. L. 1977. Resul ts  o f  computer s imc~ la t i on  s t ud i es  o f  low-temperature 
d r y i n g  for  Des Moines, Iowa. Personal communication. A g r i c u l t u r a l  Engineering 
Department, U n i v e r s i t y  o f  Nebraska, L i nco l n .  

5. U.S. Dept. Agr i c .  1968. Guide l ines f o r  mold c o n t r o l  i n  h igh-mois ture corn. Farmers 
B u l l e t i n  2238. 

6. White, G. M., and I .  J .  Ross. 1971. Mois ture e q u i l i b r i u m  i n  m lx ing  o f  she l l ed  corn. 
ASAE Paper 71-305. Presented a t  t he  1971 Annual Meeting o f  ASAE, Pullman, 
Washington, June 27-30. 
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HARVEST1 NG AND D R Y  l N G  HI GH M O l  STURE WEEAT 

J.R. B a r r e t t ,  S.D. Parsons and B.A. McKenzie 1 

Wheat can be s u c c e s s f u l l y  h a r v e s t e d  a t  m o i s t u r e  c o n t e n t s  up  t o  24-25% w i t h  
p r e s e n t  day equipment.  A t  t h e  sane t ime  v i r t u a l l y  a l l  g r a i n  d r y i n g  sys -  
ter.~s a r e  a d a p t a b l e  f o r  vrheat d r y i n g .  B i n  d r y i n g  methods a r e  e s p e c i a l  1y 
w e l l  adapted. The p o t e n t i a l  b e n e f i t s  o f  e a r l y  h a r v e s t  o f  h i g h  m o i s t u r e  
wheat and d r y i n g  cannot  be d is regarded ,  e s p e c i a l l y  i f  doub le - c rop  soybeans 
f o l  l o w i n g  wheat i s  b e i n g  cons idered,  o r  c u r r e n t 1  y  used. 

H a r v e s t i n g  h i g h - m o i s t u r e  wheat can move t h e  h a r v e s t  d a t e  ahead 5 - 7  days o r  
more. T h i s  can  be e s p e c i a l l y  i m p o r t a n t  f o r  doub le - c rop  soybeans s i n c e  
each Jay o f  e a r l i e r  p l a n t i n g  can mean 1/2  t o  1  bu/a more y i e l d .  E a r l i e r  
h a r v e s t i n g  r e s u l t s  f r o i n  n o t  h a v i n g  t o  wai  t f o r  n a t u r a l  i n - f  i e l d  dry-down, 
and f r o m  b e i n g  a b l e  t o  h a r v e s t  sooner a f t e r  r a i n y  o r  f o g g y  weather .  Also, 
fewer  c a l e n d a r  days s h o u l d  be  needed f o r  h a r v e s t  s i n c e  comb in i ng  can  b e g i n  
i n  e a r l y  m0rnin.g whi l e  t h e  .dew i s  s t i  11 p resen t ,  and can e x t e n d  t o  l a t e  
e v e n i n g  when t h e  h u m i d i t y  i s  h i g h .  

E a r l y  wheat h a r v e s t  s h o u l d  a l s o  mean h i g h e r  wheat y i e l d s  due t o  reduced  
s h a t t e r  l o s s  a t  t h e  combine header .  The e a r l  y -ha rves ted  wheat w i  11 a1 so 
u s u a l l y  be o f  b e t t e r  q u a l i t y  than  t h e  same wheat h a r v e s t e d  l a t e r .  Once 
t h e  g r a i n  has reached a  d r y  c o n d i t i o n  w h i l e  s t a n d i n g  i n  t h e  f i e l d ,  any 
r e - w e t t i n g  due t o  mo rn ing  dews o r  r a i n y  c o n d i t i o n s  v d i  11 c o n s i s t e n t l y  
reduce g r a i n  q u a l i t y .  E a r l y  h a r v e s t  coup led  w i t h  d r y i n g  o f f e r s  one u f  t h e  
b e s t  o p p o r t u n i  t i e s  t o  m a i n t a i n  t o p  g r -d l n  qua1 i t y .  

H i  gh-no i  s t u r e  h a r v e s t i n g  and d r y i n g  o f  wheat r e q u i  r e s  t h a t  t h e  o p e r a t o r  
l e a r n  c e r t a i n  new o p e r a t i o n a l  and management s k i l l s .  Pas t  recommendat ions 
f o r  wheat d r y i n g  were p r i m a r i l y  based o n  t h e  assumpt ions o f  u s i n g  un- 
hea ted  a i r  and t h a t  i n i t i a l  moist lure c o n t e n t s  wou ld  be no h i g h e r  than  
about  19%. D r y i n g  must be comple ted  q u i c k l y  w i t h  h a r v e s t  m o i s t u r e  con- 
t e n t s  i n  t h e  20-25% range as reconmended h e r e i n .  Adequate a i r  f l o w  i s  r e -  
q u i r e d  and h e a t  i s  recommended, a t  l e a s t  i n i t i a l l y ,  t o  e l i m i n a t e  t h e  h i g h  
p o t e n t i  a1 f o r  spo i  1  age a t  sununertime tempera tu res .  These and o t h e r  
management f a c t o r s  r e l a t e d  t o  bo t l i  h a r v e s t i n g  and d , ry ing  w i l l  be d i s c u s s e d  
i n  t i l e  s e c t i o n s  t h a t  f o l l o w .  

MANAGI NG H I  Gi-1-MOI STURE WHEAT HARVEST 

One o f  t h e  most d i f f i c u l t  aspec t s  o f  h i g h - m o i s t u r e  wheat h a r v e s t i n g  i s  
knowing when t o  s t a r t  h a r v e s t .  The g o a l  s h o u l d  be t o  h a r v e s t  as e a r l y  as 
good combine per fo rmance  w i l l  pe rmi t ,  and s t i l l  be assured  o f  g e t t i n g  t h e  
wheat s a f e l y  d r i e d .  T h i s  means s h o o t i n g  f o r  a  s t a r t i n g  m o i s t u r e  o f  
24-269, and t hen  f o l l o w i n g  t h e  d r y i n g  recommendations d i s c u s s e d  l a t e r .  I f  

1 The a u t h o r s  a r e  r e s p e c t i v e l y :  A g r i c u l t u r a l  Engineer,  Sc ience  and Edu- 
c a t  i o n  'Admin i  s t r a t  ion, USDA, and Ass t .  P ro fessor ;  Assoc. P ro fesso r ;  and 
Professor ;  a1 1  Department o f  A g r i  c u l  t u r a l  Engi neer ing ,  Purdue Uni v e r s i  ty,  
W. La faye t t e ,  I n  47307. 



a  hopper o r  two i s  h a r v e s t e d  a t  25-332 mo is tu re ,  t h i s  w i l l  go t o  t he  b o t -  
to111 o f  t h e  d r y i n g  b i n  and be t h e  f i r s t  v ~ h e a t  d r i e d .  So some h u i  l t - i n  mar- 
g i n  o f  s a f e t y  i s  p r o v i d e d .  J u s t  d o n ' t  t r y  t o  l e a v e  3 3 %  wheat i n  a  hopper 
o r  on a  t r u c k  o v e r n i g h t ,  o r  you w i l l  shove l  t h e  s p o i l e d  mash i n t o  t h e  
t r a s h !  

A b a s i c  problern concerns m o i s t u r e  measurement. The accuracy  o f  co~nmonly 
a v a i l a b l e  d i e l e c t r i c  m o i s t u r e  meters  d i m i n i s h e s  as t h e  g r a i n  m o i s t u r e  con- 
t e n t  goes up. Accuracy i s  u s u a l l y  adequate up  t o  about  24% m o i s t u r e .  
Above 245, t h e  r e a d i n g s  may need t o  be c ross-checked  by  o t h e r  meters,  o r  
by oven d r y i n g  o f  a  few sarilples. 2  

The n i o i s t u r e  c o n t e n t  o f  s t a n d i n g  wheat may go up and down d a i l y  as much as 
6-10 p o i n t s ,  f o r  example on days w i t h  heavy, e a r l y  mo rn ing  dew c o n d i t i o n s  
f o l l o w e d  by a  h o t  b reezy  sunrner a f t e r n o o n  and subsequent h i g h  h u m i d i t y  
n i g h t t i ~ ~ ~ t .  cond i  t i o n s .  D u r i n g  c loudy,  r a i n y  weather  t h e  wheat m o i s t u r e  may 
hove r  i n  t h e  18-242 range f o r  s e v c r a l  days, So, i t ' s  i i npo r tan t  t o  deve lop  
a reasonab ly  a c c u r a t e  t echn ique  f o r  knowing m o i s t u r e  con ten t .  

Combine perforri lance bri 11 p r o b a b l y  " t e l l "  t h e  o p e r a t o r  i f  t he  wheat i s  t oo  
wet t o  k ia r ve~ . t .  Flow o f  m a t e r i a l  t l . l rough t h e  header w i  11 be a  c o n t i n u a l  
p r r j b l e i ~ l  a t  g r a i n  r no i s tu re  cor i te lsts much above 25% o r  w i t h  wet, g reen  
stems. The m a t e r i a l  s i l i l p l y  won' t  f e e d  i n t o  arid t h rough  the  nlacti inc. Wa i t  
2-4 hours  i f  i t ' s  a good d r y i n g  day, o r  w a i t  u n t i l  tu;.l.~cs~*i-o\d i f  i t ' s  no t ,  

I n  s e t t i  ng  up  t he  colsllsine, s t a r t  wi  t h  t h e  m a n u f a c t u r e r ' s  recomrilendations 
f o r  "normal" wheat h a r v e s t .  Th i  s  i nc ludes  s e t t i  ngs f o r  c y l  i nder  speed, 
c y l i n d e r - c o n c a v e  c learance ,  sc reen  open ings .and  f a n  b l a s t .  . To f i n e - t u n e  
t h e  combine f o r  h i g h - m o i s t u r e  wheat i t may be necessary  t o  a d j u s t  c y l i n d e r  
and f a n  speed, b u t  o t h e r  a d j u s t n e n t s  w i  11 p r o b a b l y  n o t  be r e q u i r e d .  

For  good th resh ing ,  t h e  c y l  i n d e r  speed may need t o  be i n c r e a s e d  by a  few 
KPI4. Check t he  t h r e s h i n g  j o b  p e r i o d i c a l l y  as c o n d i t i o n s  change, and back 
o f f  o n  c y l i n d e r  speed as  p e r m i t t e d ,  L i m i t e d  o b s e r v a t i o n  i n d i c a t e s  t h a t  
k e r n e l  da~;iage--111ashed o r  brol ten k e r n e l  s - - i  s  not a  s e r i o u s  p r o b l  cm even a t  
k e r n e l  n i o i s t u res  up t o  24-262, b u t  t h i s  may de'pend on  combine make and 
wheat v a r i e t y .  I t s  1977 wheat was h a r v e s t e d  a t  335 w i t h  d r y  stems w i t h o u t  
any n o t i c e a b l e  k e r n e l  damage. I n d e n t a t i o n s  i n  i n d i v i d u a l  . k e r n e l s  ( b u t  
seed c o a t  n o t  Brokel l )  rliay be ahr~ndant  wi  t h  h  igh-moi s t u r e  h a r v e s t .  These 
u s u a l l y  d isappear  as  t h e  wheat i s  d r i e d .  

Expect more c h a r f  i n  t h e  g r a i n  t a n k  when h a r v e s t i n g  h i g h - m o i s t u r e  w h e a ~  
w i  t h  t h e  "normal"  f a n  s e t t i n g .  The wet  c h a f f  i s  h e u v i c r  and s i m p l y  won ' t  
b low o u t  as e a s i l y .  Fan speed can be i nc reased  t o  c l e a n  up t h e  wheat i n  
t h e  g r a i n  tank, b u t  then  wheat may be hlovrn o u t  t h e  back. Shoot f o r  a 
comprorni se! Be w i  11 i ng  t o  accep t  more c h a f f  i n  t he  wheat t han  i s  des i  r -  
ab le .  I f  i t ' s  d i s t r i b u t e d w e l l  i n  t h e  d r y i n g  b in ,  l i t t l e  d i f f e r e n c e  w i l l  
be n o t e d  when t h e  d r y  wheat i s  removed. 

S h a t t e r  a t  t h e  header i s  t h e  ma jo r  source  o f  h a r v e s t  l o s s  when h a r v e s t i n g  
wheat a t  h i g h  as w e l l  as a t  normal  m o i s t u r e s .  Tab le  1 p r e s e n t s  o n l y  
2-year data, b u t  i n d i c a t e s  t h e  l e v e l  o f  machine l o s s e s  a t  s e v e r a l  h a r v e s t  
n o i s t u r e s .  To e s t i m a t e  f i e l d  losses, f i g u r e  each 12 t o  20 k e r n e l s  p e r  
square f o o t  (depend ing  o n  v a r i e t y )  r e p r e s e n t s  one bu/a l o s s .  Check ing in 
f r o n t  o f  t h e  combine ( i n  s t a n d i n g  wheat)  g i v e s  p r e h a r v e s t  l o s s  on l y ;  under 
t h e  co i i i l i ne  g i v e s  p r e h a r v e s t  p l u s  header loss;  and b e h i n d  t h e  combine 
g i v e s   reh harvest p l u s  header p l u s  r a c k  and shoe l o s s  ( t o t a l  l o s s ) .  

2 Use a  130-200 gram sample, sp read  o n  a  c o o k i e  sheet, i n  a 260 - 270 F  
(130 C) oven. Recomiended d r y i n g  t ime  i s  1 9  hrs, b u t  t h e  e r r o r  a t  6 h r s  
i s  sma l l .  M o i s t u r e  c o n t e n t  (%, wet  b a s i s )  i s  100 x  ( i n i t i a l  w t  - f i n a l  
w t )  / i n i  t i a l  w t .  



One f i n a l  n o t e  o n  h a r v e s t  and h a n d l i n g :  h i g h  m o i s t u r e  wheat d o e s n ' t  f l o w  
as  e a s i l y  as d r y  wheat. A f t e r  i t ' s  been j o s t l e d  a  few m i l e s  o v e r  a  rough  
road, o r  l e f t  t o  s i t  f o r  a  wh i le ,  i t  may n o t  f l o w  a t  a l l  when t h e  t a i l g a t e  
i s  r a i s e d .  Some "manual h e l p "  may be needed when u n l o a d i n g  t r u c k s  and 
wagons. Observe pe rsona l  s a f e t y  p r e c a u t i o n s !  Be aware o f .  t h e  s a f e t y  ha- 
za rds  t h a t  f l u w i n g  g r a i n  presents- -when i t  does b e g i n  t o  f l o w .  Keep c h i l -  
d ren  away f r o m  ha rves t i ng ,  hau l  i ng  and hand1 i ng  equ i  pment. 

Hemmber too, tha' t  spo i  l a g e  can occu r  i n  a  m a t t e r  o f  a  v e r y  few hours .  
C o o l i n g  and a e r a t i o n  must be begun v e r y  soon a f t e r  h a r v e s t .  

F.1ETtiODS OF DRY I MG WHEAT 

Both  h i g h  speed and b i n  d r y i n g  methods can be used  f o r  d r y i n g  wheat, Pas t  
recommendations f o r  unheated a i r  d r y i n g  were based o n  h a r v e s t  m o i s t u r e  
c o n t e n t s  no h i g h e r  t han  19%. The re1  i a b i l  i t y  o f  unhea ted  a i r  d r y i n g  i s  
b e s t  a t  x o i s t u r e  c o n t e n t s  a t  o r  be low 19% ( see  Tab le  2  f o r  a i r  f l o w  r e -  
qu i r emen ts ) .  I n  g e n e r a l  f o r  hea ted  a i r  d r y i n g  t ake  c a r e  t o  h o l d  i n p u t  
d r y i ~ ~ g  a i r  tempera tu res  be low 140 F t o  a v o i d  damage t o  m i l l i n g  q u a l i t y  o f  
commercial  wheat. Fo r  seed wheat, t h e  k e r n e l  t empe ra tu re  l i m i t s  shou ld  
n o t  exceed 110 F, w i t h  100 F o r  l owe r  even s a f e r .  

t ieat  damage i n  most g r a i n  d r y i n g  i s  a  ' t ime - t empe ra tu re  r e l a t i o n s h i p .  I t  
i s  n o t  j u s t  a  q u e s t i o n  o f  how h i g h  t h e  temperature,  b u t  a l s o  t h e  exposure 
t ime.  I n  genera l ,  heat-damage i s  much more l i k e l y  t o  occu r  when i n i t i a l  
n l o i s t u r e  c o n t e n t s  a r e  high, because t h e  h e a t  must be  a p p l i e d  l o n g e r  a t  a  
g i v e n  te r~ ipera tu re .  Thus, t h e  h i g h e r  t h e  i n i  t i a l  inoi s t u r e  con ten t ,  t h e  
lower  shou ld  b e  t h e  a i  r temperature,  f o r  e i t h e r  comolercial  o r  seed wheat, 
t o  a v o i d  p o t e n t i a l  h e a t  damage. 

tIIGtI SPEED R A T C t i  AFID COEITllJUOUS FLOW D R Y I N G  PROCESSES 

I - l igh speed d r y i n g  systems, des igned  p r i m a r i  1  y  f o r  c o r n  d r y i ng ,  u s u a l  1 y  
have e x c e s s i v e  c a p a c i t y  f o r  wheat d r y i n g .  W i t h  t h e  h i g h  a i r  f l o w  r a t e s  
common t o  such d r y e r s  ( f r e q u e n t l y  50  t o  100 c fn i  p e r  bushe l  o r  more f o r  
c o r n )  no h e a t  nay  be needed. I f  h e a t  i s  used, f i r e  t h e  b u r n e r  o n l y  f o r  
s h o r t  t i n e  i n t e r v a l s ,  o r  a t  a  reduced h e a t i n g  r a t e  f o r  c o n t i n u o u s  bu rne r  
o p e r a t i o n .  On many d r y e r s  t h e  gas bu rne r  o r  i f  i c e s  can be changed t o  
reduce t h e  hea t  o u t p u t  o f  t h e  bu rne r .  

Very  1  i t t l e  r e s e a r c h  has been conducted t o  de te rm ine  t h e  e f f e c t  o f  h i g h  
d r y i n g  a i r  te1;iperatures on  g r a i n  k e r n e l  temperatu,res as can  be expec ted  i n  
c ross f l ow ,  coun te r f l ow ,  r o t a r y  o r  c o n c u r r e n t  f l o w  d r y e r s .  Kreyger  (1972)  
a t  t h e  I n s t i t u t e  f o r  S to rage  and P r o c e s s i n g  o f  A g r i c u l t u r a l  Produce, 
kdageni ngen, The Nether1  ands, conc luded  f r o m  c r o s s f  l o w  d r y  i n g  t e s t s  t h a t  i n  
removing 4  p o i n t s  o f  n i o i s t u r e  o r  less,  t h e  maximum wheat t empe ra tu re  t o  
p r e v e n t  d e t e r i o r a t i o n  o f  b a k i n g  q u a l i t y  i s  175 F (80  C), and i n  remov ing  
more t han  4  p o i n t s ,  t h e  t empe ra tu re  shou ld  be  l i m i t e d  t o  149 F ( G O  C). 
L i n d b e r g  and Sorenson (1959)  r e p o r t e d  and recommended t h e  t empe ra tu re  l i m -  
i t s  shown i n  Tab le  3. . T h e i r  r e s e a r c h  was conducted i n  Sweden u s i n g  a  r o -  
t a r y  d r y e r .  Keep i n  m ind  t h a t  i n  c r o s s f l o w  and r o t a r y  d r y e r s  p a r t  o f  t h e  
wheat i s  a t ,  o r  c l o s e  to, t h e  d r y i n g  a i r  t empe ra tu re  f o r  t h e  e n t i r e  d r y i n g  
p e r i o d .  Also, t h a t  b i o . l og i ca1  dea th  and d e t e r i o r a t i o n  r a t e s  t h a t  i n f  l u -  
ence g e r m i n a t i o n  and b a k i n g  a r e  based o n  t h e  c o m b i n a t i o n  o f  b o t h  t ime  and 
tempera tu re .  

Kreyger,  J. 1972. D r y i n g  and s t o r i n g  g ra i ns ,  seeds and p l a n t s  i n  temperate 
c l i m a t e s .  I n s t i t u t e  f o r  S to rage  and P r o c e s s i n g  o f  A g r i c u l t u r a l  Produce: - - - 

Wageni ngen, The Nether  1 ands. 
L indberg,  J.E. and I .  Sorenson, 1959. Wheat d r y i n g .  Kungl .  Skogsoch 
Lan tb ruks  - Akaderniens T idskr . ,  Suppl .  1: Stockholm, Sweden 



.;heat d r y i n g  t e s t s  by Bakker-Arkema e t  a l .  (1977) i n  Mich igan show the  
maxi c~um wheat g r a i  n  temperatures a t t a  i ned i n concu r ren t  f l o w  d r y e r s  a t  
v a r i o u s  a i r  temperatures. Data i n  Table 4 a re  e x t r a c t e d  f rom Bakker 's  
r e s u l t s .  tle s t a t e s  t h a t  wheat can be d r i e d  i n  concu r ren t  f l ow  d r y e r s  a t  
temperatures as h i g h  as 525 F (121 C) as l o n g  as the  wheat k e r n e l  tempera- 
t u r e s  remain below 145 F  (63 C). 

IN-BIN D R Y I N G  

B i n  d r y i n g  i s  e a s i l y  adapted f o r  wheat. Except f o r  b a t c h  d r y i n g  i n  sha l -  
low l a y e r s  i n  t he  b i n  ( b a t c h - i n - b i n  d ry ing ) ,  these techniques general  l y  
r e l y  on r e l a t i v e l y  low a i r  f l o w  r a t e s  (2-5 cfm/bul  and l i t t l e  o r  no sup- 
p lementary  heat  (no more than 3-20 F temperature r i s e ) .  D r y i n g  i s  slow! 
I n -s to rage  b i n  d r y i n g  u s u a l l y  i n v o l v e s  a  more simple, l e s s  expensive 
equipment systeni than w i t h  h i g h  speed dryers,  b u t  i s  more v u l n e r a b l e  t o  
mold due tn  t h e  s l ~ w e r  d r y i n g  r a t e .  

The d r y i n g  r a t e  o f  b i n  d r y i n g  processes can be increased by severa l  tech-  
n iques.  The use o f  ba tch- in -b in ,  g r a i n  s t i r r i n g ,  r e c i r c u l a t o r s  and t r a v -  
e l i n g  loader -un loaders  render Inany b i n  d r y e r s  capable o f  r a p i d  d r y i n g .  
A1  1  o f  these tec l~ r i i ques  a r e  adaptab le  t o  wheat, p rov ided  the  f i 1 1  depth i s  
a d j u s t e d  t o  conlpensate f o r  t h e  h iphe r  r e s i s t a n c e  t o  a i r  f l o w  o f  wheat as 
compared t o  corn.  

MANAGl NG B I N D R Y  l NG B Y  HARVEST M O l  STURE CONTENTS 

I f  ha rves t  m o i s t u r e  c o n t e n t  i s  2 4 %  o r  g rea ter ,  heat  i s  r c q u i r e d  u n t i l  t he  
t o p  l a y e r  o f  wheat i n  a  b i n  i s  d r i e d  t o  19%. I f  t h e  m o i s t u r e  con ten t  i s  
20% t o  2 4 %  i n i t i a l l y ,  the '  use o f  heat  i s  adv ised u n t i l  t h e  t o p  l a y e r  i s  
below 20%. A f t e r  d r y i n g  t o  about 19% o r  i f  h a r v e s t  i s  i n  the  16% t o  19% 
range, n a t u r a l  unheated a i r  can be s a t i s f a c t o r i l y  used t o  d r y  the  wheat t o  
about 15% u s i n g  2 4  h r /day  f a n  ope ra t i on .  Unheated a i r  can a l s o  be used t o  
d r y  a  b i n  o f  15% wheat t o  13% by s e l e c t i n g  low h u m i d i t y  days f o r  f i n i s h i n g  
t h e  dry ing .  T h e .  f i n a l  m o i s t u r e  l e v e l  i s  determined by the  e q u i l i b r i u m  
~ r l o i s t u r e  con ten t  o f  the  unheated a i r  (see Table 5 ) .  Th i s  i s  d iscussed 
f u r t h e r  under Egll O ~ e r a t i o n .  

I f  heat  i s  used t o  d r y  a l l  the  wheat i n  an u n s t i r r e d  b i n  t o  13.5% t h e r c  i s  
a tendency t o  o v e r d r y  the  wheat i n  the  bot tom o f  the  b i n  2-4 percentage 
p o i n t s .  The o v e r d r i e d  wheat can be rewet by o p e r a t i n g  the  f a n  a t  n i g h t  o r  
d u r i n g  h i g h  h u m i d i t y  weather.  However, t h i s  process i s  d i  f f  i c u l  t t o  i~ lon i  - 
t o r  and may r e s u l t  i n  wet spots  and n o n - u n i f o r m i t y  o f  m o i s t u r e  content .  

A ru le -o f - thumb i s  t o  add heat  u n t i l  the  d r y i n g  f r o n t  passes the  t o p  
layer ,  and then f i n i s h  the  process w i t h  unheated a i r .  

MOLD DEVE.LOPFIENT 

There a r e  rough ly  7  t o  10 days a v a i l a b l e  t o  reduce the  m o i s t u r e  con ten t  o f  
24% wheat t o . l e s s  than 1 9 %  a t  summertime temperatures be fo re  mold develop- 
ment beconles c r i t i c a l .  Mold i s  o f  g r e a t e s t  concern when g r a i n  m o i s t u r e  
con ten t  i s  high, temperatures a r e  warm, and the  d r y i n g  r a t e  i s  slow. The 
r a t e  o f  mold a c t i v i t y  r o u g h l y  doubles w i t h  each 10 C (18 F) r i s e  i n  tem- 
pe ra tu re .  Thus, r a t e  o f  mold a c t i v i t y  i s  doubled when the  g r a i n  te~npera-  
t u r e  i s  inc reased f rom 60 t o  7 8  F and doubled aga in  i f  a l l owed  t o  go from 
78-96 F ( o r  f o u r  t imes the  60 F  r a t e ) .  

Bakker-Arkeina, F.W., A. Ahmadni a-Sokhansanj and R. Green. 1977. H I  g h  
tel l lperature wheat d ry ing .  ASAE Paper No. 77-3527. American Soc ie t y  o f  
A g r i c u l  t u r a l  Engi neers, S t .  Joseph, MI 49085. 



Therefore, try to keep the grain as cool as possible in low temperature 
drying. This means that in bin drying systems (low temperature, slow 
dryers), A & stremelv im~ortant fiat & drving & run &y 
ninht to take advantage of cooler nighttime temperature and to reduce the 
time required for the drying front to reach the last grain to be dried, 
If the nighttime drop is 20 F (and this applies about half of each 24 
hours), average temperature of the grain will be reduced 10 F. This should 
cut the rate of mold activity roughly one-fourth. 

FAN 0 PERAT I ON 

Fans on unheated air wheat drying systems should run continuously day and 
night, rain or shine, unti 1 the grain is down to about 15% moisture. Un- 
til this 15% level is reached, more total drying is done by day-night 
operation than by day operation alone. The reason is that the grain dried 
in the lower layers during the day absorbs some moisture from the I.~ul.nId 
nighttime air. This has the effect of "drying the air out" and rendering 
It capable of doing drying in the upper layers. The result is more total 
drying for the 24-hour period, a faster-moving drying front, and a more 
uniform top-to-bottom moisture content. 

Farmers frequently are too conservative when it comes to fan control on 
very low-heat or no-heat drying systems, worrying that they will' undo what 
they have already accomplished in drying. The emphasis must be on keeying 
the fan running to keep the grain cool, until the moisture content is 
about 15%. 

When wheat moisture content reaches about 15%, the gain in moisture during 
the night generally offsets the drying done during the day, Additional 
drying may then be accomplished by opcratit~g the fan only during the day- 
time when relative humidities are low. This should require no more than a 
week of daytime-only operation to dry the grain to 13.5% moisture. 

Table 5 presents equilibrium moisture contents of wheat for selected air 
humidities. These data can be used as a partial guide for fan operation. 
For instance, 90% relative humidity air is capable of drying wheat only to 
19.7% moisture (wb). Wi th 60% RH ai r, however, wheat can theoretical 1 y be 
dried on down to 11.9% moisture. 

INFLUEIJCE OF HEAT ON MOLD GRO\\ITI-I 

For in-storage and deep-bed drying processes, the proper use of heat needs 
to be approached with an understanding of what is involved. The in- 
discriminate use of heat can create more problems than it solves! 

As the drying air temperature is successively increased in a deep bed of 
grain, the rate of mold activity, as noted earlier, will probably increase 
more rapidl y than the rate of drying. This means that the time for the 
drying front to reach the upper surface before serious mold deterioration 
occurs wi 1 1  rapidl y diminish. Either the drying rate must be increased or 
the drying depth decreased. 

For a given fan size and grain depth, the only way to increase drying rate 
is to turn up the heat. But in deep beds of grain ( 4 '  to 16' deep) this 
will cause seri,ous overdrying in the lower layers. The only practical 
solution then, if air temperatures are to be increased, is to reduce grain 
depth or stir. Either of these for a given installation, will cause total 
air flow and the d.rying rate to increase. 

Fuel efficiency is usually good in any grain bed depth 2-3 feet or 
greater. Thus, these suggested changes in drying procedure will leave 
fuel efficiency relatively unchanged. 



A I R  FLOVJ, STAT1 C PRESSURE AND FAii HORSEPOWER 

S p e c i f i c a t i o n s  f o r  an unheated a i r ,  i n - s t o r a g e  wheat d r y i n g  system a r e  
p resen ted  i n  Tab le  2 .  The t a b l e  can be used e i t h e r  i n  s e l e c t i n g  a  fan f o r  
a  new d r y i n g  i n s t a l l a t i o n ,  o r  i n ' d e t e r m i n i n g  how much smal l  g r a i n  o f  a  
g i v e n  m o i s t u r e  c o n t e n t  and depth can be d r i e d  w i t h  e x i s t i n g  c o r n  d r y i n g  
equi  pment. 

FLOOR1 NG AND DUCT SYSTEMS 

I n  a d a p t i n g  e x i s t i n g  overhead and ground l e v e l  bins, f u l l  f a l s e  f l o o r s  a r e  
recommended. The channel l o c k  p e r f o r a t e d  f l o o r s  and co r ruga ted  p e r f o r a t e d  
f l o o r s  commonly used i n  round meta l  b i n s  a r e  a v a i l a b l e  f rom most b i n  
d e a l e r s  i n  uncut  lengths .  The f i n i s h e d  f l o o r  shou ld  have a t  l e a s t  7 %  
opening. 

Conirrrercial duc t  systems a r e  avai  l a b l e  f o r  use i n  a e r a t i o n  systems i n  ex- 
i s t i n g  and new b ins .  Duct systenls a r e  n o t  g e n e r a l l y  used i n  new b i n s  
where s i g n i f i c a n t  d r y i n g  i.s t o  be done. Simple d u c t  systems f o r  e x i s t i n g  
smal l  b i n s  may be p laced  on the  f l o o r  sur face.  

HEAT SOURCES, SOLAR, LP, ETC. 

~ h e d t  can be success fu l  1 y  d r i e d  u s i n g  a i r  heated f rom any one o f  a  number 
o f  hear sources. Most conlmonl y  used a r e  1 i qu i  d  p e t r o l  euni, n a t u r a l  gas and 
e l e c t r  i c i  t y .  Other p o t e n t i  a1 heat  sources a r e  so la r ,  coal,  waste heat, 
c r o p  res idues,  e t c .  No one source i s  n e c e s s a r i l y  b e t t e r  than another.  
Choice i s  a  m a t t e r  o f  a v a i l a b i l i t y ,  e x i s t i n g  f a c i l i t i e s  and economics. 

I n  general,  wheat d r y i n g  w i t h  s o l a r  heat  o r  o t h e r  sources i s  n o t  recom- 
mended un less  the  F a c i l i t i e s  a r e  a l r e a d y  a v a i l a b l e  and c a p i t a l  cos ts  a re  
a1 ready j u s t i f i e d  f o r  some o t h e r  d r y i n g  and s to rage  purpose. An exan~ple 
i s  f o r  c o r n  i n  t he  Midwest. O f  course, t h i s  i s  n o t  n e c e s s a r i l y  so f o r  
s p e c i a l  cases such as h i g h  q u a l i t y  seed product ion,  o r  a t  l o c a t i o n s  where 
wet weather p e r s i s t s  throughout  t he  t ime o f  ha rves t .  

Research a t  Purdue, sponsored by ERDA and conducted by ARS, USDA, has 
shown t h a t  wheat can be s a f e l y  and s a t i s f a c t o r i l y  d r i e d  i n  a  b i n  w i t h  
s o l a r  heated a i r  i n  f rom 12 t o  14 days i n  l a t e  June and e a r l y  Ju l y .  Th is  
assumes a maximum ter i lperature o f  i n p u t  a i  r o f  about 120 F, between 2 and 3 
cfm/bu a i r  f low, and i n i t i a l  m o i s t u r e  con ten t  2 5 4  o r  l e s s .  S t i r r i n g  the  
g r a i n  he lps  sho r ten  the  t ime requ i  r e d  t o  e f f e c t i v e 1  y  reduce t h e  m o i s t u r e  
c o n t e n t  o f  t he  c r i t i c a l  t op  layer ,  o r  any o t h e r  concen t ra ted  p a r t  o f  t he  
g r a i n  ~uass, t o  below 204;: and thereby  s low mold growth t o  a  p o i n t  t h a t  d r y -  
i n g  can be accomplished b e f o r e  s p o i l a g e  occurs.  Remember t h a t  t h e r e  a r e  
o n l y  7  t o  10  days t o  g e t  ae ra ted  wheat below 19% i n  mid-summer i n  t he  
Midwest. E q u a l l y  impor tan t  i s  t h e  f a c t  t h a t  t h e r e  a r e  o n l y  a  v e r y  few 
hours t o  g e t  a i r  on the  wet te r - than-20% mass o f  wheat b e f o r e  i t  begins t o  
spoi  1. 

The t ime r e q u i r e d  t o  i n - b i n  d r y  wheat v a r i e s  acco rd ing  t o  management p rac-  
t i c e s .  F i  r s t ,  you shou ld  n o t  d r y  wheat w i t h  unheated a i r  a t  n ~ o i s t u r e  con- 
t e n t s  above 19-202. Otherwise i n - b i n  d r y i n g  f rom 19-20% on down t o  about 
13% can be accompl i shed w i t h  2-3 cfm/bu a i  r f low.  T h i s  w i l l  t ake  2 t o  4 
weeks o f  cont inuous aera t ion ,  acco rd ing  t o  weather c o n d i t i o n s .  I n  I977 i t  
took  30 hours t o  i n - b i n  d r y  25% wheat down t o  19%, u s i n g  2.5 cfm/bu, w i t h  
s t i r r i n g ,  u s i n g  LP heated a i r  t o  p r o v i d e  a  3 5  t o  40 F temperature r i s e .  
D r y i n g  was then f i n i s h e d  t o  13.5% w i t h  unheated a i r .  Es t imated t ime t o  
f i n i s h  w i t h  con t i nued  use o f  LP hea t  would have been about 24 more hours 
i n  a d d i t i o n  t o  t h e  30. I f  t h i s  l e v e l  o f  hea t  had been used w i t h o u t  s t i r -  
r i n g ,  Care would have t o  have been taken t o  a v o l d  o v e r - d r y i n g  t h e  g r a i n  I n  
the  bo t tom o f  the  b i n .  



To summarize t h r e e  o r  f o u r  impor tan t  p o i n t s :  

1. Wheat can be i n - b i n  d r i e d  w i t h  s o l a r  heated a i r  a l t hough  a  s o l a r  d r y -  
i n g  system cannot be economica l ly  j u s t i f i e d  t o  d r y  o n l y  wheat, 

2. H igh  temperature i n - b i n  dry ing,  40 F r i s e ,  i s  q u i c k  and s a t i s f a c t o r y ,  
e s p e c i a l l y  i f  the  g r a i n  i s  s t i r r e d ,  

3. Unheated a i r  d r y i n g  cannot be depended on w i t h  i n i t i a l  m o i s t u r e  con- 
t e n t s  above 19-20%, and 

4. Most important ,  d o n ' t  o v e r f i l l  your b i n  t h a t  was designed f o r  c o r n  
d r y i n g  and storage.  The r e s i s t a n c e  t o  a i r  f l o w  th rough wheat i s  much 
g r e a t e r  than through corn. For example, about 6.5 t o  7 f t  i s  as deep 
as wheat shou ld  be d r i e d  i n  a  b i n  designed f o r  corn. I f  you p u t  one 
more l oad  i n  t o  f i n i s h  a  f i e l d  you s imp ly  a r e  t a k i n g  too g r e a t  a  
chance on spo i l age !  

ECONOMICS OF D R Y I N G  WHEAT FOR DOUBLE-CROP SOYBEANS 3 

Once a  d e c i s i o n  t o  t r y  t o  double c r o p  wheat and soybeans has been made, 
d r y i n g  shou ld  be g i v e n  s e r i o u s  c o n s i d e r a t i o n  as t h i s  can add about $15-820 
per acre  t o  income p o t e n t i a l  f rom double cropping.  E a r l y  ha rves t  o f  t h e  
wheat c rop  1 i k e l  y  means about a  2 %  r e d u c t i o n  i n  f i e l d  losses.  But more 
impor tan t l y ,  y i e l d  p o t e n t i a l  o f  t he  soybean c r o p  increases by about 3/4 
bushel per  acre  per  day f o r  each day p l a n t i n g  is.adadanced d u r i n g  l a t e  June 
and e a r l y  Ju l y .  

The h i g h  m o i s t u r e  wheat h a r v e s t  and d r y i n g  d e c i s i o n  can be made s e p a r a t e l y  
f rom the  d e c i s i o n  t o  double crop. Table 6 c o n t a i n s  a p a r t i a l  budget de- 
t a i l i n g  the  added c o s t s  and r e t u r n s  f o r  e a r l y  h igh-mois ture  wheat h a r v e s t  
and dry ing,  assuming t h a t  double c rop  soybeans w i l l  be p lan ted .  The t a b l e  
i s  based on an average 21% ha rves t  mo is tu re .  f o r ,  wheat and assumes t h a t  
p l a n t i n g  da te  can be moved up G days as a  r e s u l t  o f  t h i s  p r a c t i c e .  Th i s  
O-day advantage i n  p l a n t i n g  da te  increases t h e  expected soybean y i e l d  b y  
about 4.5 bushels per  acre.  Wi th a  soybean p r i c e  o f  $5.00 per bushel, 
t h i s  means $22.50 per  ac re  added soybean r e t u r n - - s u b s t a n t i a l l y  h ighe r  than 
t h e  added costs, even when custom d r y i n g  charges f o r  wheat a r e  f i g u r e d  a t  
12 cents  per  bushel.  On-farm d r y i n g  i n  an e x i s t i n g  f a c i l i t y '  may f u r t h e r  
inc rease t h e  $17.10 per  acre  advantage c a l c u l a t e d .  The economic p a y o f f  i s  
so g r e a t  t h a t  d r y i n g  should be cons idered as a  s tandard  p r a c t i c e  i n  double 
c ropp ing  programs i f  d r y i n g  f a c i l  i t i e s  a r e  avai  l a b l e .  

MANAGl NG G R A I N  IN  STORAGE 

A smal l  b i n  o f  t o p  qua1 i t y  d r y  wheat can e a s i l y  b'e wor th  $5,000. So i t ' s  
wo r th  l o o k i n g  a f t e r  r e g u l a r l y !  Keep remind ing  y o u r s e l f  t h a t  the  g r a i n  i s  
a  va luab le  l i v i n g  product,  b e i n g  ma in ta ined  i n  a  God given, u n c o n t r o l l e d  
env i ronment. 

Form a  r e g u l a r  hab i  t o f  check ing  on the  gra in ,  da i 1  y  wh i 1 e  dry i .ng and 
weekly t h e r e a f t e r .  Th i s  i s  e s p e c i a l l y  impor tan t  when t h e  temperatures 
o u t s i d e  the  b i n  a r e  changing r e l a t i v e  t o  t h a t  o f  t he  g r a i n .  The b e s t  ad- 
v i s e  i s  t o  smel l ,  poke, f e e l ,  & look, r e g u l a r l y .  Wheat d r i e d  t o  13.5% 
w i t h  f i n e s  e i t h e r  c leaned o r  even ly  d i s t r i b u t e d ,  and w i t h  a  .we l l -des igned 
a e r a t i o n  system, managed c o r r e c t 1  y, shou ld  s t o r e  s a t  i ' s f a c t o r i  1 y  on a  y.e,ar 
around basis .  

3 Prepared by D r .  P.R. Robbins, Pro fessor  i n  t h e  A g r i c u l t u r a l  Economics 
Department, Purdue U n i v e r s i  ty, West Lafayette, I N  47907. 



Tab le  1.. F i e l d  losses  f o r  wheat harves ted  a t  d i f f e r e n t  m o i s t u r e  contents.  ............................................................................. 
Moi s t u r e  Pre-harves t Harvest  losses*  (bu/a)  

con ten t  l osses  ....................................... 
(%I (bu/a)  Header Rack ti Shoe T o t a l  ............................................................................. 

J9 76 (S ta  I ks green? 
2 3 0.3 2.0 0.2 2.2 
18 0.2 2.6 0.2 2.8 
13 0.3 3.7 0.2 3.9 

A917 ( S t a l k s  d r v )  
2 8 0.1 - - - --- 1.6 
2 5 0.1 - - ,= - --  0.8 
2 0 0.1 --- ---  1.7 ............................................................................. 

*Data were taken f r o m  seve ra l  f i e l d s .  Wheat was ha rves ted  w i t h  a  John 
Oeere 660 combine, 925 RPM c y l l n d e r  speed, 800 RPM f a n  speed. Y i e l d s  were 
app rox ima te l y  50 bu/a. 

l a b l e  2. S p e c i f i c a t i o n s  j n d  equipment performances f o r  d r y i n g  wheat 
w i  t h  unheated a i  r. 

l n i  t i a l  Inches o f  water  s t a t i c  p ressure  r e q u i r e d  t o  fu rce  n i  r 
m o i s t u r e  A i  r f  low th rough a  wheat depth o f :  
c o n t e n t  requ i  red  ..................................................... 
(%I (cfm/bu) 0.5' 1 ' 2 ' 4 ' 6 ' 8 ' 10 ' 

Bushels o f  wheat eRaL can bc d r i e d  per  f a n  hp a t  
v a r i o u s  depths: ..................................................... 

< 16 1 --- --- - - - - - - ---  2 3 0 0 1500 
16-18 2 --- --- ---  18 8 0 9 4 0 600 350 
18-20 3 --- - - - --- 8 3 0 440 2 3 0 --a 

* Heat i s  adv ised u n t i l  t h e  t o p  s u r f a c e  o r  s t i r r e d  mass reaches 198. 
**Heat i s  r e q u i r e d  u n t i  1 t he  t o p  s u r f a c e  o r  s t i r r e d  mass reaches 19%. 

Tab le  3. Maximurn a l l o w a b l e  k e r n e l  temperatures o f  wheat used f o r  seed 
and bak ing  i n  a  r o t a r y  d rye r  as a  f u n c t i o n  o f  m o i s t u r e  content .  
L i  ndberg and Sorenson. ............................................................................ 

Mol s t u r e  . c o n t e n t  Seed Baki ng 
( %  wb) (C/F) (C/F 1 

q-------_---_-___-------------------------------d--------------------------- 

27 50/120 50/120 
2 5 51/124 52/126 
2 3 53/127 55/131 
2 1 55/131 57/135 
19 58/136 60/140 
17 60/140 64/146 
,15 63/145 67/153 

- - - - - - - - i - l - - - . . . - - - 'Cb---- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  



Table 4. Temperatures and some t e s t e d  qual i t i e s  o f  s o f t  wheat d r i e d  i n  a  
one-stage concur ren t  f l o w  dryer ,  1 4 2  MC basis, Bakker.* ............................................................................ 

Temperature (F) M o i s t u r e  Germinat ion Tes t  w t  Cookie 
con ten t  d iameter  

D r y i n g  bJhea t 
a i  r ke rne l  ( 2  wb) ( % I  (I b/bu) (cm) ............................................................................ 

Cont ro l  14 .0  9 3 6 0 18.2 
250  9 8 16 .4  7 1 5 9 18.2 
300  1 0 4  15.9 7 1 5 9 17 .4  
350  1 1 2  14 .3  - - - - - - 
4 00 11 5 14 .0  5 1 5 8 17 .4  
4 5 0 ---  12 .8  2 8 5 6  17 .1  ............................................................................ 

* G r a i n  f l o w  r a t e  4.4 f t / h r ,  i n i t i a l  m o i s t u r e  con ten t  1 8 %  wb, i n i t i a l  
wheat t e~ l i pe ra tu re  85  F, a i r  f l o w  65  c fm/sq ft, bed depth 2.0 f t .  
Table 5. Equi 1 i br ium m o i s t u r e  con ten ts  f o r  wheat a t  v a r i o u s  h l r ~ ~ ~ i d l  t i e s  

a t  roam te~ l lpera ture .  ........................................................................... 
E q u i l i b r i u m  mo is tu re  con ten ts  a t  v a r i o u s  r e l a t i v e  
h u m i d i t i e s  .................................................... 

Wheat type 1 5  % 3  0  % 4 5  % 6 0 %  75% 90% 1 0 0 %  ........................................................................... 
S o f t  r e d  w i  n t e r  6 .3  8.6 10.6 11 .9  14.6. 19 .7  25.6 
White 6.7 8.6 9.9 11.8 15.0 19.7 26.3 

Table 6. Est i l l ia ted p r o f i t  f r om wheat d r y i n g  and double cropping, based on  
6 0  bu/a  wheat y i e l d  ha rves ted  a t  2 1 %  MC. ............................................................................ 

Added c o s t s  Added r e t u r n s  ............................... ..................................... 
l ten1 $ /a  l tem $ / a  ............................................................................ 

idheat d r y i n g *  
( 6 0  bu 3 8 .12 )  

$7.20 Reduced wheat losses**  $ 3.00 
( 1 . 2  bu @ $2 .50)  

E x t r a  haul  i ng, hand1 i n g  1.20 Increased soybean y i e l d * * *  22.50 
shr inkage ( 6 0  bu @ 9 . 02 )  (4 .5  bu @ $5 .00)  

TOTAL $8.40 $25.50 
Net advantage: $17.10 

*Based on custom d r y i n g  charges o f  $ . 1 2 / b u  t o  d r y  wheat f rom 2 1  t o  13%.  
Farms w i t h  e x i s t i n g  d r y i n g  f a c i l i t i e s  would have ou t -o f -pocke t  c o s t s  o f  
about $ .05/bu. 
**Based on a  2 %  r e d u c t i o n  i n  f i e l d  losses.  There may a l s o  be an added r e -  
t u r n  f rom improved g r a i n  qual  i ty .  
***Assume p l a n t i n g  soybeans 6 days e a r l i e r  w i t h  a  y i e l d  i nc rease  o f  3 / 4  
bu/a/day. The break-even l e v e l  f o r  n o - t i l l  double c ropp ing  f o r  1978  i s  
expected t o  be about 1 2  bu/a i f  the  p r i c e  o f  soybeans i s  $5 .00 /bu .  
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SfiLAR GRAIN DRYING UNDER HOT AND HUMID CONDITIONS 

by 
K. V.  Chau, C. D. Ba i rd ,  L. 0. Bagnal l  
Department o f  A g r i c u l t u r a l  Engineering 

U n i v e r s i t y  o f  F l o r i d a  
Gai nesv i  11 e, FL 

INTRODUCTION 

Each year ,  t h e  U.S. produces approximately 200 m i l l i o n  tons o f  feed g ra ins ,  70 m i l l i o n  
tons o f  food  g ra i ns  and over  1.5 b i l l i o n  bushels o f  soybeans (4) .  Practically, a l l  o f  
these g ra i ns  have t o  be d r i e d  f o r  sa fe  storage. The amount o f  energy used i n  g r a i n  d ry -  
i n g  .represents a  ve r y  l a r g e  p o r t i o n  o f  t he  energy used i n  a g r i c u l t u r e .  I t  has been 
es t imated  ( 4 )  t h a t  t he  energy requirement f o r  d r y i ng  corn a re  56 x  1012 Btu (59.1 x  1012 
KJ), and f o r  r i c e ,  3 x  10a2 Btu (3.2 x  l o T 2  KJ). The f u e l  equ iva len t  i s  about 640 
m i l l i o n  ga l l ons  (2.4 x  10 l i t e r s )  o f  LP gas. 

~ t i e r e ' a r e  severa l  reasons why t he re  i s  a  need t o  harves t  t he  g ra i ns  e a r l y  when t h e i r  
mo is tu re  contents  a r e  s t i l l  h i gh  i ns tead  o f  l e t t i n g  them d r y  i n  t he  f i e l d .  Whi le i n  t he  
f i e l d ,  t he  g ra i ns  a re  subjected t o  s t resses due t o  the  d r y i n g  and r ewe t t i ng  by dew and 
r a i n ;  they can a l s o  be contaminated by molds. A t  lower  mo is tu re  contents,  ha rves t  losses 
a r e  h igher  due t o  g r a i n  sha t t e r i ng .  F i n a l l y ,  by harves t ing  t he  co rn  crop ea r l y ,  a  second 
c rop  i s  poss i b l e  on the  same f i e l d .  

L i q u i f i e d  pe1;ruleum gas and na tu ra l  gas a re  . the two main f u e l s  used f o r  g r a i n  d r y i ng .  
Since t h e  energy c r i s i s  o f  1973, s o l a r  energy has rece ived  renewed i n t e r e s t  as an energy 
source f o r  g r a i n  d ry ing .  Th is  p a r t i c u l a r  use o f  s o l a r  energy, a  renewable energy source, 
has g r e a t  p o t e n t i a l  s i nce  g r a i n  d r y i ng  r equ i r es  low temperatures and can t o l e r a t e  d i u r n a l  
v a r i a t i o n  t h a t  i s  c h a r a c t e r i s t i c  o f  s o l a r  energy. Also, space f o r  s o l a r  c o l l e c t o r s  i s  
n o t  u s u a l l y  a -p rob lem on t he  farm. 

Several i n v e s t i  a t i o n s  on s o l a r  g r a i n  d ry ing ,  mos t l y  i n  t he  Midwest, have been conducted 
(2,8,9,10,12,13~. The i n v e s t i g a t i o n s  were concentrated on what i s  u s u a l l y  r e f e r r e d  t o  as 
1 ow-temperature d r y i ng  i n v o l v i n g  a temperature r i s e  o f  a  few degrees across t h e  c o l l e c t o r  
and d r y i n g  takes p l ace  over an extended pe r i od  o f  severa l  weeks o r  months w h i l e  t h e  g r a i n  
i s  i n  t h e  b ins .  

I n  t h e  South, t h e  humid i t y  and ambient temperature a re  h igher  than those i n  o t he r  p a r t s  
o f  t h e  country .  .These cond i t i ons  make the  g ra i ns  ve ry  suscep t i b l e  t o  spo i lage  i f  steps 
a r e  n o t  taken t o  reduce the  g r a i n  mo is tu re  qu i ck l y .  

, Also, due t o  t he  spec ia l  c l i m a t i c  cond i t i ons  o f  t h e  South, a f l a t o x i n  contaminat ion o f  
feed  g r a i n  i s  o f  grave concern. A f l a t o x i n  i s  a  t o x i c  mycotoxin produced by t he  
Asperg i lus  f l a v u s  fungus. The t o x i c i t y  o f  a f l a t o x i n  i s  w e l l  documented i n  the  l i t e r a -  
t u r e .  It has been shown t o  be t he  cause o f  s tun ted  growth, reduced m i l k  product ion,  
l i v e r  i n j u r y ,  a b o r t i o n  o f  fe tuses,  b i r t h  o f  weak animals and even deaths t o  t he  animals 
a t  h igher  doses (1,5,6,11). 

Under condi t l o n s  o f  h i g h  suscept i  b i  1  i t y  t o  a f l a t o x i n  contaminat ion i n  t he  Southeast, 
spec ia l  cons idera t ions  have t o  be g iven  t o  g r a i n  dry ing.  I f  t he  sun i s  used as an energy 
source, t he  temperature r i s e  across t h e  c o l l e c t o r  and t he  r a t e  o f  a i r  f l o w  through the  
g r a i n  most l i k e l y  have t o  be much h igher  than t he  values norma l l y  used w i t h  s o l a r  d ryers  
i n  t he  Midwest. 



COLLECTOR DESIGN AND EVALUATION 

One o f  t h e  ob j ec t i ves  o f  t h i s  work i s  t o  develop a low-cost  s o l a r  a i r  heater  capable of 
moderate a i r  temperature r i s e s  t h a t  can be used f o r  crop d r y i ng  and o the r  app l i ca t i ons  
r e q u i r i n g  heated a i r .  The c o l l e c t o r  under i n v e s t i g a t i o n  i s  b a s i c a l l y  a  p l a s t i c  f l a t  
p l a t e  c o l l e c t o r ,  w i t h  a  b lack  p l a s t i c  screen suspended between t he  c l e a r  p l a s t i c  g l az i ng  
m a t e r i a l  and the  b lack  p l a s t i c  absorber. Behind the b lack  p l a s t i c ,  t he re  i s  a  l a y e r  o f  
i n s u l a t i o n  boards t o  reduce hea t  losses.  The p l a s t i c  screen and t he  b lack  p l a s t i c  serve 
a s  t h e  absorbing, hea t  t r a n s f e r  sur face.  The a d d i t i o n  o f  t h e , p l a s t i c  screen increases 
t h e  hea t  t r a n s f e r  area and the  convect ive hea t  t r a r~sFe r  c o e f f i c i e n t  bctwccn t he  absorber 
and t h e  a i r .  Since the  hea t  t r a n s f e r  area i s  increased, the  temperature o f  t he  absorber 
i s  reduced and hea t  losses t o  t he  surroundings a re  consequent ly l e ss .  Also, by opera t ing  
a t  l ower  temperature, t h e  use fu l  l i f e  o f  t he  p l a s t i c  absorber i s  extended. Th is  type o f  
p l a s t i c  c o l l e c t o r  should be more e f f i c i e n t  than the  convent ional  p l a s t i c  a i r  heaters,  
espec i  a1 l y  when re1  a t i  v e l y  h i gh  temperature r i s e s  a re  needed. 

The experimental  s o l a r  c o l l e c t o r  was 12 f t  by 96 f t  (F igure  1) .  I t  was cons t ruc ted  
p r i m a r i l y  f rom p l a s t i c  m a t e r i a l s  and wood. The c o l l e c t o r  f l o o r  was made o f  urethane 
i n s u l a t i o n  bodrds, 1.25 i n  t h i c k ,  w i t h  aluminum f o i l  on both s ides.  The i n s u l a t i o n  
boards were supported by 2 x  4 ' s  spaced 4 ft. apar t ,  and l a i d  on t he  ground. The c o l l e c -  
t o r  was covered w i t h  a  c l e a r  po lye thy lene  and t he  f l o o r  was covered w i t h  a  b lack  po lye th -  
y l e n e  sheet. Betwecn t h e  b lack  plasr'ic and t h e  cltrdr. p l a s t i c ,  t he re  was a l a y e r  o f  black. 
po lyp ropy lene  screen (gr-eer~t~olcse shade c l o t h )  w i t h  15  percent  open a r ea .  The s ides  of 
t h e  c o l l e c t o r  cons is ted  o f  1  i n  x  8  i n  boards w i t h  po ly - lock  s t r i p s  f o r  mounting t he  
c l e a r  p l a s t i c .  A t  each end o f  the c o l l e c t o r ,  t he re  was a metal  plenum t o  gu ide the  a i r  
f l o w .  

The range o f  a i r  f l o w  r a t e s  t es ted  was from 1 c fm / f t 2  t o  3.4 c fm / f t 2  o f  c o l l e c t o r  surface. 
Dur ing  a l l  t e s t s ,  t h e  c o l l e c t o r  was f l a t  on t he  ground, w i t h  an East-West o r i e n t a t i o n .  

F i gu re  2 shows t h a t  t h e  e f f i c i e n c y  d e f i n i t e l y  va r i es  w i t h  a i r  f l o w  ra tes .  As t h e  a i r  
f l o w  r a t e  i s  increased, f i r s t ,  t he  opera t ing  temperature o f  the  c o l l e c t o r  i s  decreased 
and hea t  losses a re  thus reduced; secondly, t h e  convec t i ve  heat  t r a n s f e r  c o e f f i c i e n t  
between t h e  a i r  and t he  p l a s t i c  screen i s  increased, making the  hea t  t r a n s f e r  more 
e f f i c i e n t .  Because t he  back o f  t he  c o l l e c t o r  i s  insu la ted ,  most o f  t he  heat  losses a re  
r a d i a t i v e  losses from t he  absorber and some convect ive losses through t he  c l e a r  p l a s t i c .  
S ince r a d i a t i v e  losses a re  r e l a t e d  t o  t he  4 t h  power o f  t he  absolute temperature o f  t he  
absorber,  the  r educ t i on  o f  t he  absorber temperature i s  very  s i g n i f i c a n t .  

F u l l  d e t a i l s  on the  performance o f  t h i s  c o l l e c t o r  has been presented i n  re fe rence  ( 3 ) .  

Economics 

The c o s t  o f  t he  c o l l e c t o r ,  exc lud ing  labor ,  i n s t r umen ta t i on  and fans was $1 .00 / f t2 .  The 
i n s u l a t i o n  boards accounted f o r  32% o f  t h e  t o t a l  ma te r i a l  c o s t  and the  two metal  plenums 
a t  bo th  ends o f  t he  c o l l e c t o r  accounted f o r  another 30%. The plenums were custom-made 
and were r a t h e r  expensive compared t o  t he  r e s t  o f  t he  c o l l e c t o r .  The p l a s t i c  screen c o s t  
o n l y  8 . 7 t / f t 2  o r  about 9% o f  t h e  t o t a l  c o s t  o f  mate r ia l s .  

I f  i n s u l a t i o n  were n o t  used and l e s s  ex ens ive  plenums were used, i t  would be poss i b l e  t o  9 b r i n g  t h e  cos t  down t o  l e s s  than 5 0 & / f t  . For  c o l l e c t o r s  l y i n g  f l a t  on t he  ground (most 
p r a c t i c a l  o r i e n t a t i o n  o f  c o l l e c t o r  f o r  g r a i n  d r y i ng  i n  the  south)  t he  removal o f  i n s u l a -  
t i o n  i s  expected t o  have l i t t l e  o v e r a l l  e f f e c t  on the  c o l l e c t o r  performance, s ince  the  
ground prov ides some i n s u l a t i o n  and thermal storage. The nex t  phase o f  t h i s  p r o j e c t  w i l l  
i n v e s t i g a t e  such a c o l l e c t o r ,  w i t h  much s imp le r  plenums and no i n s u l a t i o n .  

For  t h e  c o l  l e c t o r  under i n v e s t i g a t i o n ,  assuming a r a d i a t i o n  r a t e  o f  1300 ~ t u / f t ~ - d a ~  dur-  
t h e  Fa1 1 when g r a i n  crops need t o  be d r i e d  i n  F l o r i da ,  o  e  can expect an average daytime 9 temperature r i s e  o f  18°F a t  an a i r  f l o w  r a t e  o f  3  c f m / f t  o f  c o l l e c t o r  area o r  a  heat  
g a i n  o f  455 B tu l f t2 -day .  On t h e  bas is  o f  6 0 t l g a l l o n  o f  propane gas, t h i s  represents  a  
f u e l  sav ing o f  0 .38$/ f t2  day. Duriny t he  Summer months, the  hea t  ga i n  i s  n a t u r a l l y  
h igher .  
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FIG. 1 Schematic diagrams o f  the  p l a s t i c  a i r  heater.  



AIR FLOW RATE, CFM/FT* 
Figure 2 .  Collector efficiency v s  a i r  flow ra t e  



GRAIN DRYING TESTS 

1 . Experimental Faci 1  i t i e s  

The 12 f t  x 96 f t  suspended screen c o l l e c t o r  was connected t o  two 100-bushel b i ns  by two 
12" ducts.  The g r a i n  b i n s  were corrugated sheet metal  b ins,  6  f t  i n  diameter and 5 f t  
deep a long t h e i r  c y l i n d i c a l  sect ion,  w i t h  pe r f o ra ted  metal  f l o o r s .  A smal l  s l i d i n g  ga te  
was i n s t a l l e d  on t he  s i d e  o f  each b i n  j u s t  above the  pe r f o ra ted  f l o o r  t o  unload the  b i ns .  
A thermopi le  was placed i n  t he  plenum below t he  f l o o r  o f  each b i n  t o  measure t he  tempera- 
t u r e  o f  t he  a i r  before en te r i ng  t h e  g ra in .  I n  each b in ,  thermocouples spaced 6 inches 
a p a r t  were p laced v e r t i c a l l y  i n  t he  g r a i n  bed t o  measure t he  v e r t i c a l  temperature p r o f i l e  
i n s i d e  t h e  b ins.  

The b i ns  a re  r e f e r r e d  t o  e i t h e r  as, the  West b i n  o r  t he  East b i n  i n  t h i s  r e p o r t .  A 
weather s h e l t e r  housed probes f o r  measuring ambient, d r y  bu lb  and dew p o i n t  temperature. 
A l l  i n p u t  data were recorded on magnetic and paper tapes by a data a c q u i s i t i o n  system 
t h a t  scanned every 5 min'utes. 

2. Experimental P r o c e d y r -  

Known weights o f  g r a i n  were brought  i n  by t r u c k  and loaded. i n  t he  b i ns  w i t h  an auger 
conveyor. 

Gra in  mo is tu re  samples were taken tw ice  a day w i t h  a  sampling tube t h a t  had sample com- 
partments 6" apar t .  Samples were taken i n  t he  morning a t  t he  s t a r t  o f  t he  day r un  and i n  
t h e  l a t e  a f te rnoon  a t  t he  .end o f  the  day run. Mo is tu re  determinat ions were made by t he  
oven method. 

Samples f o r  a f l a t o x i n  de te rmina t ion  were taken when t he  g r a i n  was f i r s t  brought i n  from 
t h e  f i e l d ,  a t  t he  s t a r t  o f  t he  d r y i ng  t e s t  ( t h e  f o l l o w i n g  morning),  and a t  t he  end o f  t h e  
d r y i n g  t e s t s .  Samples were taken a t  two l e v e l s ,  one j u s t  above t h e  b i n  f l o o r  and the 
o t h e r  a few inches Gelow lilt! top  l e v e l  o f  g r a i n  i n  the  b in .  

A i r  f l o w  r a t e s  through t he  c o l l e c t o r  and through the  g r a i n  b i ns  were measured a t  l e a s t  
tw i ce  a day and a l l  t he  temperatures and weather data, i n c l u d i n g  i n s o l a t i o n ,  were 
recorded every 5 minutes. 

Heated a i r  f rom t he  c o l l e c t o r  was l e t  i n t o  t he  g r a i n  b i ns  a f t e r  9 a.m. t o  g i v e  t he  
c o l l e c t o r  an oppo r t un i t y  t o  evaporate most o f  t he  mo is tu re  condensed on t he  underside o f  
t h e  c l e a r  p l a s t i c  du r i ng  t h e  prev ious n i g h t .  The t op  o f  the  t r a n s i t i o n  box was opened a t  
n i g h t  t o  d i r e c t  a i r  away from t he  g r a i n  b ins.  The c o l l e c t o r  was kep t  i n f l a t e d  con t inu -  
ous l y  t o  avo id  damage due t o  trapped r a i n  water.  

A t  n igh t ,  t h e  g r a i n  b i n s  were subjected t o  one o f  the  f o l l o w i n g  th ree  modes o f  opera t ion :  

a)  no a i r  f l o w  through the  g r a i n  
b)  cont inuous a i r  f l o w  through t he  g r a i n  
c)  t h e  b i n  blower was c o n t r o l l e d  by a hum id i s t a t  

I f  one o f  t h e  blowers connected t o  the  b i ns  was c o n t r o l l e d  by t he  hum id i s t a t  i n  t he  ,eve- 
n ing,  an event  recorder  was a l s o  used t o  i n d i c a t e  the  t ime when t he  blower was shu t  o f f .  

3. Resul ts  and Discuss ion 

a)  Dry ing t es t s .  

A l l  t h e  t e s t s  were conducted w i t h  s o l a r  energy as the  o n l y  source o f  heat; t he re  was no 
a u x i l i a r y  hea t  source. 

O r i g i n a l l y ,  i t  was planned t o  t e s t  two d r y i ng  regimes, a  f a s t  d r y i n g  regime i n v o l v i n g  
h i g h  temperature r i s e s  across the  c o l l e c t o r  and h i gh  a i r  f l o w  r a t e s  through t he  g r a i n  and 
a s low d r y i ng  regime w i t h  low temperatures and low a i r  f l o w  and r e q u i r i n g  about two weeks 
o r  more t o  complete t he  d ry ing .  However, due t o  the  h i gh  ambient temperature and humid- 
i t y ,  mold growth du r i ng  d r y i n g  was a problem and p r a c t i c a l  l y  a1 1 of t he  t e s t s  were com- 
p l e t e d  i n  a  few days. The longes t  t e s t  was 8 days t o  b r i n g  t he  g r a i n  t o  around 13% (db).  



Table 1 shows a summary o f  t he  1977 d r y i n g  t es t s .  

The da ta  f rom Table 1 i n d i c a t e  t h a t  s o l a r  energy can remove an apprec iab le  amount o f  
mo i s t u re  from t he  g r a i n  and t he  d r y i n g  t ime can be shor t .  However, because o f  t he  d i f -  
ferences between t e s t s  i n  terms o f  g r a i n  weights,  mo is tu re  removed and t he  r e l a t i v e  per -  
centage o f  t he  a i r  f rom t h e  c o l l e c t o r  t h a t  was a c t u a l l y  c i r c u l a t e d  i n  t he  b i ns  ( i n  many 
cases, p a r t  o f  t h e  a i r  f rom t h e  c o l l e c t o r  was dumped ou t )  i t  i s  r a t h e r  d i f f i c u l t  t o  eva l -  
u a t e  d r y i n g  performances from t h e  data presented i n  Table 1. The data were there fo re  
normal ized on the  bas is  o f  one f t 2  o f  c o l l e c t o r  area and an average mo is tu re  content  r e -  
d u c t i o n  o f  one percent  pe r  day. I n  o t h e r  words, f o r  each square f o o t  o f  c o l l e c t o r  area, 
how many bushels can be expected t o  be d r i e d  a t  an average r a t e  o f  one percent  mo is tu re  
l o s s  pe r  day, under t he  same cond i t i ons  o f  g r a i n  depth, i n i . t i a 1  mo is tu re  content,  a i r  
f l o w  r a t e ,  c o l l e c t o r  e f f i c i e n c y ,  e tc .  as i n  t he  t es t s .  Table 2 presents  the  r e s u l t s  o f  
t h i s  no rma l i za t i on  process f o r  t he  co rn  t e s t s  o f  1977 and t h e  corn  and soybean t e s t s  o f  
1976. 

Table 2 shows t h a t  under t he  cond i t i ons  tested,  a  ma imum o f  1.82 bushels can be reduced !! one percentage p o i n t  o f  mo i s t u re  per  day f o r  each f .L o f  t he  c o l l e c t o r ,  i f  t he  g r a i n  
depth i s  4.9 ft, t he  a i r  f l o w  r a t e  i s  4.4 cfm/bu and a temperature r i s e  across the  
c o l l e c t o r  o f  23.3"F. The minimum i s  0.32 bu w i t h  a  g r a i n  depth o f  2.5', an a i r  f l o w  r a t e  
o f  8.3 cfm/bu and a temperature r i s e  across t he  c o l l e c t o r  o f  40.1 degrees. 

b )  Gra in  depth. 

As expected, d r y i ng  e f f i c i e n c y  increases w i t h  increased bed depth. Table 3 shows t he  
amounts o f  water removed from . the  bottom h a l f  o f  t he  g r a i n  bed and from the  e n t i r e  bed. 
I n  o rde r  t o  have a f a i r  comparison, t h e  data were c u t  o f f  when t he  average mo is tu re  
con ten t  o f  the  bottoi i l  h a l f  o f  t h e  g r a i n  bed was c lose  t o  13% (db).  

Table 3 
- T e s t N o . 1  Bottom H a l f  E n t i r e  Bed 

E a s t B i n  W e s t B i n  East B i n  West B i n  
Gra in  depth, f t  2.45 2.45 4.9 4.9 
Mo is tu re  removed, 1  bs 615.7 617.6 831.1 788.8 
F i n a l  MC % (db) 12.52 11.69 20.14 20.49 
Dry ing  t ime 5 days 5 days 5 days 5 days 

It can be seen t h a t  irlure i l io is ture i s  removed from a deep l a y e r  than from a t h i n n e r  l a ye r .  

Also, w h i l e  i t  took 5 days and n i y h t s  t o  b r i n g  t he  g r a i n  t o  12.52 and 11.69% mo is tu re  
con ten ts  (db) f o r  t he  bottom h a l f  o f  the  East  and West b i ns  r espec t i ve l y ,  i t  took o n l y  an 
e x t r a  3  days t o  b r i n g  t h e  e n t i r e  two b ins  t o  10.43% (db) and 11.34% (db) r espec t i v c l y .  

However, w h i l e  a  deeper l a y e r  i s  more e f f i c i e n t  f rom an o v e r a l l  water removal s tandpoint ,  
i t  a l s o  produces a very  l a r g e  mo is tu re  con ten t  g rad i en t  i n  t he  g r a i n  bed (F ig .  3 ) ,  w i t h  
t h e  bot tom l a y e r  ove rd r i ed  and the t op  l a y e r  remaining a t  h i g h  mo is tu re  con ten t  f o r  a  
l o n g  time. Th is  cou ld  induce mold growth and g r a i n  spo i lage  i n  the  upper l a y e r .  

c )  N igh t  mode. 

C i r c u l a t i o n  o f  a i r  through t h e  g r a i n  a t  n i g h t  may add mo is tu re  t o  the  g r a i n  b u t  i t  w i l l  
reduce t h e  mo is tu re  g rad i en t  across the  g r a i n  bed as i l l u s t r a t e d  by F igure  3. Also, the 
n i g h t  a i r  coo ls  t he  g ra in .  These two f a c t o r s  may have a poss i b l e  e f f e c t  on t he  c o n t r o l  
o f  a f l a t o x i n  product ion,  e s p e c i a l l y  i n  t he  top  l a y e r  o f  the  g r a i n  bed. 

Several  t e s t s  were conducted w i t h  one o f  t he  b i ns  r e c e i v i n g  ambient a i r  con t inuous ly  a t  
n i g h t  and the o t h e r  b i n  on a humid is ta t  s e t t i n g .  The hum id i s t a t  was s e t  t o  shu t  o f f  the  
b lower  a t  r e l a t i v e  hurllidi t y  beyond 808, bu t  t he  ac tua l  shu t  o f f  l e v e l  was 87%. Table 4 
on t h e  nex t  page shows a summary o f  t he  r e s u l t s .  

As seen i n  Table 4, l e s s  water  was removed when a i r  was blown con t inuous ly  through the  
g r a i n  a t  n i g h t  as compared t o  the  case where t he  a i r  was stopped when the  r e l a t i v e  humid- 
i t y  reached 87% du r i ng  t h e  n i g h t .  The 1996 t e s t s  gave t he  same r e s u l t s .  Table 4 a l s o  
shows t h a t  t he  r e l a t i v e  humid i l i e s  a t  n i g h t  were ve ry  h igh,  except dur ing  Test  No. 4 when 
'1 t dverdyed 0ii1y 63%. 



TABLE 1. SUMMARY 0: THE 1977 TESTS 
T e s t  No. 1 Corn T e s t  No. 2 Corn T e s t  No. 3 Corn T e s t  No. 4 Corn 

Date  S t a r t e d  7/22/77 8/4/77 811 0177 911 5/77 
E a s t B i n  W e s t B i n  East  B i n  West B i n  East  B i n  West B i n  Eas t  B i n  West B i n  

Ba tch  Size,  bu 
G r a i n  Depth, f t  
A i r  Flow Rate, cfm/bu 
N i g h t  Mode 

I n i t i a l  MC ( %  db) 
F i n a l  MC ( %  db) 
Avg. D a i l y  I n s o l a t i o n  

( ~ t u / f t 2 )  
Avg. Temp. Rise,  OF 
Avg. Dayt ime RH, % 
Avg. N i g h t t i m e  RH, % 
D r y i n g  Time, days 

111.2 111.2 
4.9 4.9 
4.4 4.4 

Humidi- Con t i  nu- 
s t a t  ous A i r  

36.19 35.67 
10.43 11.34 

56.5 56.5 
2.5 2.5 

12.7 13.1 
Humi d i  - Cont inu-  

s t a t  ous A i r  
27.94 27.84 
12.55 12.81 

1724.2 
24.5 
60.1 
96.1 

2 

56.5 56.5 
2.5 2.5 

14.2 14.1 
No A i r  Nc A i r  

Flow Flow 
24.25 25.11 
14.48 14.47 

79.2 79.2 
3.5 3.5 
8.3 8.4 

Humi d i  - Cont inu-  
s t a t  ous A i r  

16.90 16.75. 
11.85 12.51 

l e s t  No. 5 .Soybeans T e s t  No. 6 Soybeans T e s t  No. 7 So:~beans 
Date S t a r t e d  11/2/77 11/15/77 12/9/77 

East  B i n  West B i n  East  B i n  West B i n  East  B i n  West B i n  

Ba tch  Size,  bu 41.2 
G r a i n  Depth, f t  2.0 
A i r  Flow Rate, cfm/bu 9.3 
N i g h t  Mode Humidi - 

s t a t  
I n i t i a l  MC (% db) 18.55 
F i n a l  MC ( %  db) 16.65 
D r y i n g  Time, days 5 .  

41.2 
2.0 
9.3 

Con t i  nu- 
ous A i r  

18.58 
16.62 

5 

98.3 
5.2 
7.5 

Humidi- 
s t a t  

22.32 
16.25 
4 

98.3 
5.2 
7.5 

Cont inu-  
ous A i r  

18.03 
13.49 
4 

91.9 
4.6 
4.6 

Humidi - 
s t a t  

18.46 
15.57 

6 

91.9 
4.6 
4.6 

Con t i  nu- 
OLS A i r  

19.33 
1'5.23 

6 



TABLE 2 
Gra i  n I n i t i a l  Avg. D a i l y  Temp. Number o f  bushe ls  t h a t  can be d r i e d  

Type o f  Depth Flow Rate i\lC R a d i a t i o n  Rise a t  an average ra:e o f  1% MC (db )  
T e s t  No. G r a i n  ft. cfm/ bu . 5 (db)  ~ t u l f t 2  " F pe r  day by 1 f t 2  o f  c o l  l e c t o r  

Bu. N i g h t M o d e  Bu. N i g h t M o d e  

1 (1976) Corn 4.5 6.3 15.5 1529.6 27.7 0.55 S* 0.54 S* 

Corn 

Soybeans 

Soybeans 

Soybeans 

Corn 

Corn 

Corn 

Corn 

* S :  A i r  f l o w  stopped a t  n i g h t  
C: Cont inuous a i r  f l o w  a t  n i g h t  
H: Blower o n . h u m i d i s t a t  



Figure 3, Typical 

NO AIR FLOW AT 
NIGHT 
AL'G. F INAL M.C. : 
10.4 '10 

----- CONT. AIR FLOW 
AT NIGHT 
AVG. FINAL M.C.: 
11.3 O/o . 

10 12 14 16 18 . 2 0  

MOISTURE CONTENT, Oh (DB) 

moisture profiles at the end of a test. 



- Table 4  .- - 
Total  Water Removed, 1  bs 

Continuous a i r -  Humid is ta t  Average n i g h t  
f l o w  a t  n i g h t  c o n t r o l  r e 1  a  t i  ve hum. 

Tes t  No. 1  - 1264.2 1385.4 93.5 
Tes t  No. 2  422.1 431 .8 99.8 
Tes't No. 4  178.1 216.8 63.1 

Also, t h e  data showed t h a t  a i r  c i r c u l a t i o n  a t  n i g h t  does have some advantages i n  terms 
o f  d r y i n g  e f f i c i e n c y .  E a r l y  i n  the  d r y i n g  cyc le ,  when the  g r a i n  mo is tu re  was s t i l l  h igh, 
t h e  da ta  i n d i c a t e  t h a t  even a t  h i gh  r e l a t i v e  humid i ty ,  t he  n i g h t  a i r  s t i l l  removes mois- 
t u r e  f rom t he  g r a i n  and i t  adds mo is tu re  t o  g r a i n  on l y  towards the  end o f  t he  d r y i n g  
cyc le ,  when the  average mo is tu re  content  o f  the  g r a i n  i s  low. 

d )  Af  l a t o x i n  contalni n a t i  on. 

A l l  o f  t h e  corn used i n  t h e  d r y i n g  t e s t s  was contaminated w i t h  a f l a t o x i n  due t o  t he  d i f -  
f i c u l  ty i n  g e t t i n g  a f l a t o x i n - f r e e  corn. 

The a f l a t o x i n  l e v e l s  i n  t he  d i f f e r e n t  t e s t s  i n  1977 a re  presented i n  Tables 5  and 6. 

TABLE 5. 5I.IMMARY OF A F N X J , N ,  -LEV,ELS IN  CORN 

Tes t  No. 1. I n i t i a l  MC 35.9% N igh t  Mode 
Continuous A i r  Humid is ta t  

Bottom ' Too Bottom TOD 

S t a r t  o,f d r v i  na 
1  ayer  .... 1  ayer l a y e r  1  ayer 
no data no data no data no data " - 

4  days a f t e r ,  ppb 115 5591 no data 10094 
10 days a f t e r  s t a r t ,  ppb 133 7554 no data 11 994 

Tes t  No. 2. I n i t i a l  MC 27.9% N igh t  Mode 
2.5 f t  deep; 12.9 cfm/bu Continuous A i r  Humid is ta t  

Bottom TOP Bottom TOP 
F i e l d  sample: 46 ppb 
S t a r t  o f  d ry ing ,  ppb 

1  ayer l,ay_er 1  ayer 1  ayer 
6  2 205 1  U2 31 1  - . .  

(one day a f t e r  ha rves t )  
4 days a f t e r  s t a r t ,  ppb 61 569 36 6 7 

Tes t  No. 3. I n i t i a l  MC 24.7% N igh t  Mode 
2.5 f t  deep; 14.2 cfm/bu No A i r  Flow No A i r  Flow 

Bottom Too Bottom TOP 
F i e l d  sample: 166 ppb 
S t a r t  d ry ing ,  ppb 

1  ayer 1  ayer 1  ayer 1  ayer 
676 400 118 460 

(one day a f t e r  ha rves t )  
2  days a f t e r  s t a r t ,  ppb 139 140 81 220 

Tes t  No. 4. I n i t i a l  MC 16.8% N igh t  Mode 
3.5 f t  deep; 8.3 cfm/bu Continuous A i r  Humid is ta t  

Bottom TOD Bottom TOP 
F i e l d  Sample: 506 ppb 1  ayer 1  ayer 1  ayer 1  ayer 
S t a r t  o f  d ry ing ,  ppb 742 263 87 7  642 
(one day a f t e r  ha rves t )  
4  days a f t e r ,  s t a r t  ppb 406 989 1048 1089 



TABLE 6. SUMMARY OF AFLATOXIN LEVELS I N  SOYBEANS 

Tes t  No. 5. I n i t i a l  MC 18.6% N igh t  Mode 
Continuous A i r  Humidis t a t  

Bottom TOP Bottom To P 
F i e l d  sample: n e g l i g i b l e  1 ayer 1 ayer 1 ayer 1 ayer 

S t a r t  o f  d ry ing ,  ppb neg.* neg . neg . neg . 
(one day a f t e r  ha rves t )  
5 days a f t e r  s t a r t ,  ppb neg . neg . neg . neg . 
Tes t  No. 6. I n i t i a l  MC 20.2% N igh t  Mode 

Continuous A i r  Humi d i  s t a  t 
Bottom Top Bottom TOD 

F i e l d  sample: n e g l i g i b l e  1 ayer 1 ayer 1 ayer 1 dyer 

S t a r t  o f  d ry ing ,  ppb neg . neg . neQ neg . 
(one day a f t c r  harvest )  
4 days a f t e r  s t a r t ,  ppb neg . neg . neg . neg . 
Test  No. 7. I n i t i a l  MC 18.9% N igh t  Mode 

Continuous A i r  Humidi s t a t  
Bottom TOO Bottom Too 

F i e l d  sample: negl i g i  b l e  1 ayer  1 ayer 1 ayer 1 ayer 

S t a r t  o f  d ry ing ,  ppb neg . neg . neg . neg . 
(one day a f t e r  s t a r t )  
6 days a f t e r  s t a r t ,  ppb neg . neg . neg . 17 

" n e g l i g i b l e  

Several  general  remarks can be made from these r e s u l t s .  When the  g r a i n  i s  a l ready  con- 
taminated, d r y i n g  has t o  be completed w i t h i n  a ve ry  s h o r t  t ime o r  the  a f l a t o x i n  l e v e l  
w i l l  increase r a p i d l y .  The t op  l a y e r  o f  t he  g r a i n  bed usua l l y  has a h i ghe r  l e v e l  o f  
a f l a t o x i n  due t o  the  slower d r y i n g  r a t e  i n  t he  t op  l aye r .  Continuous a i r  f l o w  through 
t h e  g r a i n  a t  n i g h t  appears t o  decrease t he  r a t e  o f  a f l a t o x i n  accumulation. Th is  i s  
probably  due t o  the  f a c t  t h a t  n i g h t  a i r  coo ls  the  g r a i n  and a l so  reduces t he  mois ture 
g r a d i e n t  across t he  g r a i n  bed. 

Soybeans which were f r e e  from a f l a t o x i n  coming i n  from the  f i e l d  showed a n e g l i g i b l e  
amount o f  a f l a t o x i n  accumulat ion dur ing  s o l a r  d ry ing .  I t  should be noted t h a t  soybeans 
were harvested i n  November and December when the  ambient temperatures were m i l d  and the  
mo is tu re  contents  a t  harvest  were f a i r l y  low (18-20% d r y  bas is ) .  

These r e s u l t s  a re  ve ry  p re l im ina r y ;  f u r t h e r  t e s t s  a re  needed t o  be conc lus ive.  Sampling 
techniques f o r  a f l a t o x i n  de te rmina t ion  need t o  be r e f i n e d  a lso .  Since on l y  minute 
amounts o f  a f l a t o x i n  a re  present  i n  the  g ra in ,  sampling e r r o r s  cou ld  be s i g n i f i c a n t  
un less ve ry  l a r g e  samples a re  taken. 

SUMMARY AND CONCLUSION 

The p l a s t i c  c o l l e c t o r  w i t h  a suspended screen performed we l l  and compared very  f avo rab l y  
w i t h  o t he r  types o f  p l a s t i c  c o l l e c t o r s .  I t  was capable o f  r a i s i n g  the  a i r  temperature by 
an average o f  over 40°F dur ing  t he  day. I t s  c o s t  o f  $1 . 00 / f t 2  (ma te r i a l  c o s t )  can be 
f u r t h e r  reduced. 

One thousand square f e e t  o f  t h i s  c o l l e c t o r  can be expected t o  reduce up t o  1800 bushels 
of co rn  by an average o f  1% mo is tu re  con ten t  (db) per  day. However, a t  t h i s  r a t e ,  
a f l a t o x i n  contaminat ion may be a s i g n i f i c a n t  problem. 

Hot and humid ambient cond i t i ons  add new cons t r a i n t s  on s o l a r  g r a i n  d ry ing .  The g r a i n  
has t o  be d r i e d  immediately a f t e r  harvest ,  and the  d r y i ng  t ime has t o  be reduced t o  a 
minimum, a few days o r  even less .  Th is  means t h a t  a h i gh  temperature r i s e  across t he  
c o l l e c t o r ,  a .  h i g h  a i r  f l o w  r a t e  through t h e  g ra in ,  and a r e l a t i v e l y  low i n i t i a l  g r a i n  



m o i s t u r e  c o n t e n t  a r e  requ i red .  

S o l a r  c o l l e c t o r s  a r e  more e f f i c i e n t  when t h e  temperature  r i s e  a c r o s s  t h e  c o l l e c t o r  i s  
Sow. B u t  wi th  low temperature  r i s e s ,  t h e  drying t ime i s  inc reased  and s o  i s  t h e  suscep- 
t i b i l i t y  t o  a f l a t o x i n  contamination by t h e  g r a i n .  Drying is  more e f f i c i e n t  when t h e  
g r a i n  ,bed i s  deep bu t  a f l a t o x i n  product ion dur ing drying i s  a l s o  high because of t h e  high 
mois tu re  c o n t e n t  of  t h e  t o p  l a y e r  of t h e  g r a i n  mass. C i r c u l a t i n g  cool n i g h t  a i r  through 
t h e . g r a i n  mass adds mois tu re  t o  t h e  g r a i n  but  seems t o  reduce a f l a t o x i n  product ion,  
probably because o f  t h e  lowering of t h e  g r a i n  temperature  and t h e  reduc t ion  of  t h e  mois- 
t u r e  g r a d i e n t  i n  t h e  g r a i n  bed. When t h e  g r a i n  i s  a l r e a d y  contaminated with  a f l a t o x i n ,  
t h e  o v e r n i g h t  w a i t  between t h e  loading of t h e  b in  and t h e  s t a r t  o f  s o l a r  drying t h e  
fo l lowing  morning dues add an a p p r e c i a b l e  amount of a f l a t o x i n  t o  t h e  g r a i n .  

T e s t s  wi th  soybeans i n d i c a t e  t h a t  when t h e  g r a i n  is  f r e e  of a f l a t o x i n ,  a f l a t o x i n  produc- 
t i o n  dur ing  d ry ing  is  minimal i f  t h e  d ry ing  t ime i s  l e s s  than 6 days. I t  should be 
no ted ,  however, t h a t  t h e  soybean tests were done i n  November and December when ambient 
t empera tu res  a r e  r e l a t i v e l y  mild.  

More informat ion i s  needed on t h e  r a t e  of  a f l a t o x i n  product ion a s  a f u n c t i o n  of ambient 
c o n d i t i o n s  and g r a i n  mois tu re  i n  o r d e r  t o  design a s o l a r  drying system t h a t  w i l l  perform 
we1 1.  Without t h i s  Inforination, t h e  des igner  does no t  know the ~llilxirnum allowable drying 

, t ime,  and consequent ly  cannot  determine w h e t l ~ e r  or- not  s o l a r  drying i s  f e a s b i l e  nr 
economical.  
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INTRODUCTION 

Solar  energy co l l ec to r s  of  various types were inves t iga ted  f o r  use i n  drying gra in .  The 
performance of 12  d i f f e r e n t  s o l a r  co l l ec to r s  i s  reported f o r  t h i s  c n n f ~ r e n c e .  

SOLAR COLLECTOR TESTS 

P i l o t  s c a l e  co l l ec to r s  s u i t a b l e  f o r  low temperature g ra in  drying were designed and 
constructed.  The co l l ec to r s ,  except f o r  one, were of t h e  f l a t - p l a t e  type with a i r  a s  
t h e  hea t  exchange medium. The co l l ec to r s  were 30 f e e t  i n  length  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 ea  of 90 square f e e t .  During t h e  t e s t s ,  t h e  ' 

co l l ec to r s  were i n  f i xed  pos i t i on ,  south facing,  and elevated t o  t he  optimum angle,,  
except t h e  semi-circular shaped. co l l ec to r  which had a hor izonta l  absorber sur face .  One 
of t h e  co l l ec to r s  was of t h e  concentrat ing type with a i r  a s  t h e  heat  exchange medii~m. 

Tes ts  were conducted during t h e  f a l l  and spr ing  gra in  drying seasons t o  measure t h e  
amount of energy t h a t  could be co l lec ted  by t h e  d i f f e r e n t  typesof c o l l e c t o r s .  For t he  
comparative t e s t s ,  t h e  s o l a r  c ~ l l e s t , n r s  were operatcd s in iu l . la~~ruus ly  and a i r f low r a t e s  
tiere i d e n t i c a l .  The temperature r i s e  of a known quant i ty  of a i r  was measured t o  deter-  
mine the  energy co l l ec t ed  and t h e  e f f i c i ency  of t h e  co l l ec to r s .  Incoming s o l a r  in- 

. so l a t i on  was measured by pyranometer. Wind speed and d i r ec t ion  and o ther  weather 
f ac to r s  were recorded. A da t a  acquis i t ion  system, including microprocessor cont ro l ,  
recorded da t a  a t  six-minute i n t e r v a l s .  

SOLAR COLLECTORS 

The s o l a r  co l l ec to r  configurat ions and types a r e  shown i n  Figure 1. The mater ia l s  used 
f o r  cover p l a tx s ,  absorber sur faces ,  arld back and s ide  p l a t e s  a r e  l i s t e d .  

Two of t h e  s o l a r  co l l ec to r s  were of t h e  air-supported type using polyethylene f i lm.  
For t e s t  purposes, t h e  air-supported type co l l ec to r s  were modified so t he  polyethylene 
f i lm was supported by welded wire mesh. A i r  was pul led  through these  co l l ec to r s  
r a the r  than using a i r  under pressure so  t h a t  accurate  measurement of t h e  a i r  tempera- 
t u r e  r i s e  could be obtained. One of t h e  polyethylene f i lm co l l ec to r s  was semi-circular  
i n  shape w i t h  c l e a r  polyethylene a s  t h e  cover p l a t e  and a hor izonta l  absorber of black 
p l y e t h y l e r e o n  t h e  ground. The o ther  co l l ec to r  was a c i r c u l a r  tube of  c l e a r  polye- 
thylene with black polyethylene across t h e  diameter of t h e  tube a s  t h e  absorber surface.  

Two o the r  s o l a r  co l l ec to r s  were of r i g i d  frame construct ion and t r i a n g u l a r  i n  shape. 
One was a bare  p l a t e  co l l ec to r  u t i l i z i n g  corrugated metal roofing as  t h e  absorber 
sur face  and simulat ing t h e  use of t h e  roof of a bu i ld ing  a s  a s o l a r  co l l ec to r .  The 
o the r  t r i a n g u l a r  shaped c o l l e c t o r  used plywood painted black as t h e  absorber sur face  
The cover p l a t e  was corrugated f i be rg l a s s  s imi l a r  t o  t h a t  used i n  greenhouses. 

One co l l ec to r  incorporated chipboard f o r  both t h e  absorber and t h e  back p l a t e  with t h e  
suspended absorber p l a t e  painted black.  The cover p l a t e  was corrugated f i be rg l a s s  
supported i n  an arch shape using hardboard r i b s .  Another c o l l e c t o r  was of t h e  concen- 
t r a t i n g  type.  The parabolic  r e f l e c t o r  sur face  was formed with hardboard and covered 
with aluminum f o i l .  The absorber surface was a 1 3  inch diameter pipe pa in ted  black.  

The remaining s i x  s o l a r  co l l ec to r s  were of t h e . f l a t - p l a t e  type and rectangular  i n  shape. 
Two of t h e  co l l ec to r s  incorporated a s ing l e  a i r  channel under t h e  absorber p l a t e .  The 



o t h e r  four  co l l ec to r s  had suspended absorber p l a t e s  with a i r  moving above and below t h e  
absorber p l a t e .  

One of  t h e  s ing l e  a i r  channel co l l ec to r s  was a  bare  p l a t e  c o l l e c t o r  using corrugated 
metal  roof ing  as  t h e  absorber sur face .  The a i r  channel was s i zed  t o  provide t e s t i n g  
with a  wide range of  a i r f l ow  r a t e s .  The o ther  s i n g l e  a i r  channel c o l l e c t o r  had f i be r -  
g l a s s  a s  t h e  cover p l a t e ,  corrugated metal roofing a s  t h e  absorber ,  and chipboard a s  t h e  
back p l a t e .  

The remaining four rectangular  shaped co l l ec to r s  had suspended absorber p l a t e s .  One 
c o l l e c t o r  incorporated c l e a r  polyethylene film as  t h e  cover p l a t e ,  black polyethylene 
fi1.m a s  t h e  absorber, and plywood as  t h e  back p l a t e  and s ides .  Another co l l ec to r  had 
a  g l a s s  cover p l a t e ,  corrugated metal roofing as  t h e  absorber, and in s i~ l - a t i on  and plywood 
f o r  t h e  back p l a t e  and s i d e s .  Thc t h i r d  collect.or incorporated corrugated f i be rg l a s s  as  
t h e  cover p l a t e ,  deep grooved formed metal as  t h e  absorber ,  and in su l a t i on  and plywood 
f o r  t.he back p l a t e  and s i d e s .  The remaining c o l l e c l o r  had two cover p1a.t .e~. The top  
cover was corrugated f i be rg l a s s  ana t h e  lower cover was rr~ylar f i lm.  The absorher p l a t e  
was deep grooved formed metal and the  back p l a t e  and s ides  were i n su l a t i on  and plywood. 

COLLECTOR EFFICIENCY 

S o l m  r o l l ~ c t m -  e f f i c i ency  i s  defined as  t h e  ac tua l  u se fu l  energy co l l ec t ed  divided by 
t,he s o l a r  energy inclder~L upon t h c  sur face  oi' t.ne cu l l ec lo r .  I n  tho  t e s t s  +.he inconing 
s o l a r  r ad i a t i on  was measured by a py ra~lull~c ttr dioplayed at. +.he f i.xed angle and ad j  acerll 
t u  t h e  co l l ec to r  sur face  t o  measure t h e  amount of  energy in te rcepted  by t h e  co l l ec to r .  

The inc iden t  s o l a r  energy recorded was an in t eg ra t ed  value taken a t  six-minule i n t e r v a l s .  
Col lec tor  e f f ic iency  obtained during noon hour runs may a l s o  be r e f e r r ed  t o  a s  " ins tan t -  
aneous" e f f ic iency .  

For f u l l  day runs,  an o v e r a l l  co l l ec to r  eff icency yas obtained.  The ove ra l l  co l l ec to r  
e f f i c i ency  i s  defined a s  t h e  ac tua l  usefu l  energy co l lec ted  during a  day divided by t h e  
s o l a r  energy inc ident  upon a  f u l l y  t racking  sur face  during t h e  day. The ove ra l l  col lec-  
t o r  e f f i c i ency  denotes t h e  amount of energy co l lec ted  i n  comparison t o  t h e  t o t a l  amount 
of  energy ava i l ab l e  a t  a  l oca t ion .  The ove ra l l  e f f ic iency  i s  usefu l  i n  comparing f l a t  
p l a t e  co l l ec to r  performance with t racking  and concentrat ing type co l l ec to r s .  

COLLECTOR PERFORMANCE 

The p i l o t  s ca l e  c o l l e c t o r  t e s t  r e s u l t s  a r e  sul~unal-izcd f o r  noon h m i r  operat ion,  Figure 1, 
and f o r  f u l l  day operat ion,  Figure 2. Noon-hour c o l l ~ r t . o r  e f f i c i e n c i e s  ranged from 1 4  
t o  89%. Tdowest e f f i c i e n c i e s  were obscrved f o r  ha re  co l l ec to r s  , (wi thout  cover p l a t e ) .  
Highest ef i ' ic iencies  were obscrved f o r  si.~spended p l a t e  co l l eo to r s  wit.h insu la ted  back 
p l a l e s .  The o v e r a l l  c o l l e c t o r  e f f i c i ency  f o r  f u l l  days of operat ion ranged from 11 t o  
57%. 

So la r  co l l ec to r  performance a t  d i f f e r e n t  a i r f low r a t e s  i s  shown i n  Figure 3. The col lec-  
t o r  e f f i c i e n c i e s  f o r  t h e  rectangular  shaped co l l ec to r s  were observed during noon hour 
runs.  The a i r f low r a t e  ranged from 2 t o  16  cubic f e e t  per  minute pe r  square foot  of 
c o l l e c t o r  suface a rea .  Col lec tor  e f f i c i ency  increased with an increase  i n  a i r f low r a t e .  

Col lec tor  performance enhancement using planar  r e f l e c t o r s  i s  shown i n  Figure h .  The 
f l a t  r e f l e c t o r  sur faces  were mounted on each s i d e  of  t h e  co l l ec to r s .  The r e f l e c t o r s  were 
plywood o r  chipboard covered with aluminum f o i l .  The r e s u l t s  shown a re  with each 
r e f l e c t o r  sur face  a t  an angle ofo112 112' from t h e  co l l .~ .c tor  sur face  o r  an included angle 
between r e f l e c t o r  sur faces  of 45 . The r e s u l t s  with r e f l e c t o r s  show a  l a r g e r  boost i n  
performance f o r  t h e  lower e f f ic iency  co l l ec to r s .  

RESULTS AND DISCUSSlON 

For t h e  high perfonnancc c o l l e c t o r s ,  energy co l l ec t ed  f o r  g ra in  drying on sulllly days 
approximated 1500 BTU pe r  day per  square foot uf co l l ec to r  sur face  a rea .  A t y p i c a l  
f a l l  drying period i n  t h e  Western Corn Bel t  has sky condit ions made up of 35% c l e a r ,  25% 
pa r t l y  cloudy, and '10% clol.~dy sk i e s .  For such a  f a l l  drying per iod ,  enerey co l lec ted  f o r  
g ra in  drying by t h e  high perforrna~ice co l l cc to r s  approximated 950 BTU per  day per  square 
foot  of co1lec;eOr sul.lacc aisa; 
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INFLATED PLASTIC STRUCTURES FOR SOLAR DRYING OF GRAIN 

Rober t  J. Buker, Ph.D. 
4124 Eas t  S t a t e  Road 225 

West L a f a y e t t e ,  I n d i a n a  47906 

Each f a l l  co rn  growers a t t e m p t  t o  ba lance t h e  eve r  i n c r e a s i n g  f i e l d  l o s s  a g a i n s t  t h e  h i g h  
c o s t  of  d r y ,  e a r l y  ha rves ted .co rn .  Cost and a v a i l a b i l i t y  o f  g r a i n  t r a n s p o r t a t i o n  and 
s to rage  mus t ,en te r  t h i s  d e c i s i o n ,  as does f l u c t u a t i n g  weather and g r a i n  p r i c e .  As energy 
and c a p i t a l  cos ts  i ~ ~ o ' e d s e ,  we need t o  l o o k  a t  c r e a t i v e  s o l u t i o n s  t o  t h i s  problem. 

P l a s t i c  f i l m  has been used t o  p r o t e c t  ha rves ted  g r a i n  f rom r a i n  and snow. I t  has a l s o  
been used as a  s o l a r  c o l l e c t o r  t o  hea t  a i r  t o  d r y  g r a i n  i n  conven t iona l  b i n s .  T h i s  paper  
r e p o r t s  an on-farm a t t e m p t  t o  combine these uses i n t o  an i n f l a t e d  s o l a r  g r a i n  d r y e r  and 
s to rage  s t r u c t u r e .  

S t a r t i n g  on September 24, 1977 I c o n s t r u c t e d  a  l ow-cos t  s o l a r  g r a i n  d r y e r .  F i r s t ,  a  l a y e r  
o f  6  m i l  b l a c k  p l a s t i c  was p laced  on t h e  ground a t  t h e  edge o f  my c o r n  f i e l d .  The ground 
was s l o p i n g  t o  p r o v i d e  wa te r  dra inage.  Recycled s h i p p i n g  p a l l e t s ,  some i n  poor c o n d i t i o n ,  
were p laced  on t h e  p l a s t i c  about 4" a p a r t .  Next ,  l i g h t - w e i g h t  p l a s t i c  n e t t i n g  resemb l ing  
one -quar te r  inch-  hardware c l o t h  was p laced  ove r  t h e  p a l  l e t s .  Used power po les  were p l a c e d  
on t h e  edge of t h e  p a l l e t s  t o  fo rm a r e c t a n g l e  25'  x  9 4 ' .  A t  one end t h e  power p o l e  was 
suppor ted by pos ts  2 '  h i g h  and a plywnnd w a l l  was c o n s t r u c t e d  undcr i t. A 2 '  x 2 '  access 
doo r  and t h e  d i scha rge  duc ts  f rom t h e  s q u i r r e l  cage fans  were i n s t a l l e d  i n  t h i s  w a l l .  

The g r a i n  was dumped d i r e c t l y  f rom t h e  combine t o  fo rm a f r e e  s t a n d i n g  s tack .  The s t a c k  
was a lmos t  5 '  deep a t  t h e  c e n t e r  and f i l l e d  an a rea  25 '  x 8 4 '  and con ta ined  about  3,400 
bushel  s. 

To f o r m  an a i r  c o n t r o l  v a l v e  a  6 '  wide sheet  o f  b l a c k  p l a s t i c  was cen te red  ove r  t h e  p o l e  
which l a i d  on t h e  p a l l e t s .  By s e a l i n g  t h e  o u t s i d e  edge o f  t h i s  v a l v e  t o  t h e  ground a i r  
escape c o u l d  be s e l e c t i v e l y  stopped. T h i s  p l a s t i c  v a l v e  extended under t h e  g r a i n  about  2 '  
around t h e  edge where t h e  g r a i n  was n o t  deep. 

Re in fo rced  c l e a r  p l a s t i c  was then  a t t a c h e d  t o  t h e  power po les  u s i n g  2" x 2" n a i l i n g  
s t r i p s .  The p l a s t i c  was puckered a t  t h e  co rne rs  t o  a v o i d  s t r e s s  p o i n t s .  When t h e  fans,  
wh ich were powered by a  gas01 i n e  m o t o ~  were s t a r t e d ,  t h e  house was i n f l a t e d  t o  f o r m  a 
pa rabo la  10 '  h i g h  i n  t h e  c e n t e r .  

The fans produced about  o n e - f o u r t h  i n c h  o f  wa te r  p ressu re  which h e l d  t h e  p l a s t i c  r o o f  up 
and a t  t h e  same t i m e  f o r c e d  a i r  t h rough  t h e  g r a i n .  The s u n ' s  rays  passed th rough  t h e  
p l a s t i c  and warmed a i r  as i t  was f o r c e d  down th rough  t h e  g r a i n ,  i n t o  t h e  d u c t  formed by 
t h e  p a l l e t s ,  and was d i scha rged  t o  t h e  o u t s i d e .  The motor  and fans  were s h e l t e r e d  by c l e a r  
p l a s t i c  suppor ted by a  s imp le  frame. T h i s  she1 t e r  caused t h e  i n t a k e  a i r  t o  be drawn ove r  
t h e  g a s o l i n e  eng ine the reby  c o l l e c t i n g  t h e  waste h e a t  o f  t h e  eng ine.  

Ten f e e t  o f  t h e  house which was n o t  f i l l e d  w i t h  g r a i n  added t o  t h e  s o l a r  c o l l e c t i o n  area.  
The t o t a l  s o l a r  c o l l e c t i o n  area was 25 '  x 94 '  o r  2,350 square f e e t .  One researche r  i n  
Kansas c a l c u l a t e d  t h a t  a  square f o o t  c o u l d  be equal  t o  . I 8 6  k i l o w a t t s .  A t  2.6 cen ts  p e r  
k i l o w a t t  t h i s  amounts t o  $11.12 p e r  day. 

The f a n  was on f o r  32 days between October 10 and November 19, 1977. Based on t h e  fans  
r a t i n g s  I e s t i m a t e d  4,000 cu. ft. p e r  m inu te  o f  a i r  passed th rough  t h e  g r a i n .  The 
m o i s t u r e  c o n t e n t  o f  t h e  g r a i n  was 22.5% when t h e  fans  were s t a r t e d  and dropped t o  17.5% by  
November 19, 1977. The g r a i n  d r i e d  i n  t h e  s h a l l o w  areas f i r s t .  Therefore,  these areas 
were covered w i t h  b l a c k  p l a s t i c  t o  p r e v e n t  a i r  f r o m  moving th rough  these  d r y  areas, 



On October 1 the f i r s t  load o f  co rn  dumped i n t o  t he  d r ye r  was covered w i t h  p l a s t i c  w i t h -  
o u t  a i r  f o r  t en  days. Condensation o f  the  underside o f  t he  p l a s t i c  caused t h e  kernels  on 
t he  sur face  t o  sp rou t  and mold t o  form. Four bushels o f  moldy and sprouted corn were r e -  
moved and used as c a t t l e  feed. The r e s t  o f  the  molded corn  was d i s t r i b u t e d  across t he  
su r face  o f  the  s tack  where i t  q u i c k l y  d r i e d  w i t hou t  f u r t h e r  d e t e r i o r a t i o n .  

The gaso l ine  engines used have proved u n r e l i a b l e  and t h e  a i r s u ~ p o r t e d s t r u c t u r e  has de- 
f l a t e d  over  20 t imes. Wind p u l l e d  t h e  p l a s t i c  f r e e  from t he  power po les and r i pped  i t  on 
two occasions. Repairs were made. Wind never damaged the  s t r u c t u r e  w h i l e  t he  fans were 
opera t ing .  E l e c t r i c  power would decrease engine f a i l u r e  which was the  most ser ious prob- 
lem encountered. 

The cos ts  o f  t h i s  d r ye r  a re  as f o l l ows .  The p l a s t i c  r o o f ,  made o f  a r e i n f o r c e d  c l e a r  
sheet,  32' x l o o ' ,  cos t  $170.95. The p l a s t i c  one- four th  i n c h  hardware c l o t h  cos t  j u s t  
over  one cen t  per  square f o o t  o r  $36.64. Other p l a s t i c  came t o  $59.30. Na i l s ,  tape, r a t  
b a i t  and s t a r t e r  f l u i d  added $15.73. Gas and o i l  f o r  t he  engine powering t he  fans cos t  
$117.73. These expendable and s h o r t - l i v e d  i tems t o t a l  $400.35 o r  12.4 cents per  bushel. 
The power po les cos t  30 cents  p e r  f o o t  o r  $72.80. The 9 hp engine was $202.49. The 
t h ree  fans,  one new and two used, c o s t  $52.00. Pul leys,  be1 t s  and hose clamps and lumber 
added $28.58. The t o t a l  f o r  c a p i t a l  i tems was $355.87 o r  10.5 cents  per  bushel. To ta l  
c o s t  f o r  d r y i ng  and s torage was 22.9 cents  per bushel.  Gas and o i l  con t r i bu ted  l ess  than 
3 cents  per  bushel, i n d f c a t l n g  drl eriergy e f f i c i e n t  system. 

My p lans  c a l l e d  f o r  t h e  g r a i n  t o  be s o l d  around January 1, bu t  snow d r i f t s  l i m i t e d  access 
t o  t he  d r ye r  which was one- four th  m i l e  from t he  road. As mentioned e a r l i e r ,  when the  f an  
f a i l e d  du r i ng  a storm, two r i p s  developed i n  t he  p l a s t i c  cover. These were patched, b u t  
snow l a t e r  blew i n  these ho les.  A f t e r  t he  fans were turned o f f  and t he  p l a s t i c  weighted 
down w i t h  o l d  t i r e s ,  snow may have a l s o  blown under the  d ryer ,  w e t t i n g  t h e  s t o red  corn 
a long  the  edge o f  t he  d ryer .  The snow was so deep t h a t  a c a l f  walked across the d r ye r  
( w i t h o u t  causing damage). However, w i l d  r a b b i t s  tunneled i n t o  t he  snow d r i f t s  and c u t  
the  p l a s t i c .  A few mice were noted, b u t  r a t s  were n o t  a problem, suggest ing t he  r a t  b a i t  
was e f f e c t i v e .  

When t he  d r ye r  was unloaded on A p r i l  1, 1978, smal l  al l~ounts o f  moldy g r a i n  werediscov-  
e red  i n  t he  two p laces where t h e  p l a s t i c  had been r i pped  by h i g h  winds. Mold was a l s o  
found where w i l d  r a b b i t s  had c u t  through t he  p l a s t i c  cover, a l l o w i n g  sollie mo is tu re  t o  
en' ter.  However, by f a r  t he  l a r g e s t  amount o f  spo i lage  and h igh  mo is tu re  g r a i n  was found 
on t op  o f  t he  p l a s t i c  sheet used as an a i r  c o n t r o l  va lve t h a t  extended about 2 '  over t he  
p l a s t i c  n e t t i n g  a l l  t he  way around t h e  edge o f  t he  s t r u c t u r e .  

The one area where mold was never found was a t  the  cen te r  under the  deepest p a r t  o f  t he  
s tack,  j u s t  over t h e  n e t t i n g  where t he  mo is t  a i r  e x i t e d .  Therefore, most g r a i n  damage 
occurred near t h e  edges where the  g r a i n  d r i e d  f a s t e s t ,  dropping t o  14% soon a f t e r  t he  
fans were s t a r t ed .  Therefore, t h i s  damage was from rewe t t i ng  by snow d r i f t i n g  under the  
d ryer ,  o r  poss i b l y  by condensation c o l l e c t i n g  on t h i s  p l a s t i c .  The p l a s t i c  n e t t i n g  
func t ioned  we l l  i n  t h a t  i t  supported the  g r a i n  and d i d  n o t  t r a p  me l t i ng  snow o r  condensa- 
t i o n .  

The d r ye r  was unloaded w i t h  a l i g h t  weight  auger. The auger was s e t  i n t o  t he  g r a i n  where 
i t  worked i t s e l f  down t o  the  p a l l e t s .  The e l e v a t o r  was moved f r equen t l y  and g r a i n  was 
shoveled t o  i t  by hand. Three men loaded a l l  t he  g r a i n  i n  l e ss  than 10 hours. Gra in  
t h a t  cou ld  no t  e a s i l y  be shoveled o f f  the  p a l l e t s  was l e f t  t o  feed my c a t t l e .  The p las -  
t i c  sheet ing under t he  p a l l e t s  enabled me t o  r e t r i e v e  every l a s t  g r a i n  by l i f t i n g  one 
edge o f  t h e  p l a s t i c  t o  r o l l  t h e  g r a i n  i n t o  p i l e s .  

It c o s t  23 cents per  bushel t o  cons t r uc t  and operate t h i s  d r ye r  which reduced t hemo i s t u re  
i n t h e  corn  from 22.5% t o  17.5% by mid-November. On A p r i l  1, 1978, when i t  was so ld ,  i t  
t e s t e d  18.3% mois ture,  i n d i c a t i n g  some rewe t t i ng  had occurred. 

Was t h e  d r ye r  an economic success? The l o c a l  g r a i n  p r i c e  when t he  d r ye r  was f i l l e d  was 
$1.48 p e r  bushel. The same e l e v a t o r  was o f f e r i n g  $1.88 per  bushel i f  d e l i v e r y  was de- 
layed  u n t i l  a f t e r  January 1 o r  40 cents  per  bushel f o r  s torage alone. Using t he  eleva- 
t o r ' s  standard shr inkage va lue  o f  1.3% f o r  each 1% of mois ture,  I had 3,231 bushels of 
g r a i n  a t  22.5% mo is tu re  a t  ha rves t  and s o l d  3,131 bushels o f  18.3% mo is tu re  on A p r i l  1. 
The p r i c e  on A p r i l  1 ranged from $2.31 t o  $2.33 per  bushel.  



A t  harvest, my 3,397 bushels of corn a t  22.5% moisture, with a base price of $1.48 per 
bushel would have netted $1.20 per bushel o r  $4,077. On April 1, I sold 3,231 bushels of 
corn a t  18.3% moisture containing 12.19% damage on a $2.31 t o  $2.33 per bushel market f o r  
$6,832., o r  $2.11 net  per bushel. My gross improved by $2,755 o r  85 cents per bushel 
sold. Had I sold a t  harvest f o r  delivery a f t e r  January 1 and delivered corn a t  17.5% 
moisture w i t h  no damage, I would have received 60 cents per bushel more than I would have 
obtained fo r  my corn a t  harvest. This value of 60 cents per bushel i s  probably a be t t e r  
value t o  s e t  on the gross earning of the structure.  

The labor required t o  build, operate and fnspect t h i s  s t ructure  has not been recorded fo r  
much of i t  has been i n  design and sampling. Keeping the gas01 ine engine operating re- 
quired substantial  labor also. 

This dryer aided harvest as no labor was used t o  transport  grain a t  harvest time. I own 
a corn combine, but f ind grain trucks hard t o  rent  a t  harvest. 

SUMMARY AND CONCLUSIONS 

I designed a solar  grain dryer tha t  required $756.22 t o  build and operate. The grain 
dried i n  i t  suffered some damage, but sold f o r  $2,755.00 more than i t  would have a t  har- 
vest f o r  a return t o  design, labor and management of almost $2,000.00. Had it  been sold 
in  January before the damage occurred, i t  would have sold f o r  about $800.00 less .  The 
labor required t o  load the grain out of the dryer is par t ly  o f f s e t  by not having t o  re- 
handle grain from the combine a t  harvest time when labor and trucks a re  in short  supply. 

RECOMMENDATIONS 

1. The design should be modified t o  provjde f o r  vert ical  s ide  walls 3' t o  6'  high and 
the grain should be piled t o  a nearly unifom~ depth t o  promote uniform drying. 

2. P las t i c  should never be placed d i rec t ly  under the grain. 

3. Use electrical ly powered fans, as small gasoline engines a re  unreliable. 



, 

Pi1 ing grain directly 
from the combine by 

alt~ut~trrg a trough to 
the smin auger. 

Pal 1 st3 mv5red with 
plastic netting support* 
the grain and provide 

an air duct to exhaust 
air that has been forced 
dawn through the grain. 

Plastic netting wi th  1/4 
inch holes supporting 

grain on pallets. 



I A i r  pressure supports 
the reinforced p l a s t i c  
and forces the a i r  down 

through the grain.  
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DRYING GRAIN WITH A I R  FROM A SOLAR HEATER 

DESIGNED FOR ANIMAL SHELTERS 

Ralph L ipper ,  John Anschutz, and C. K. Spi l lman* 
A g r i c u l t u r a l  Engineering Dept., Kansas S ta te  U n i v e r s i t y  

Manhattan, Kansas 

The U.S. Department o f  Energy's research program on d i r e c t  use o f  s o l a r  energy inc ludes  
app l i ca t i ons  r e l a t e d  t o  animal product ion.  A t  Kansas S ta te  U n i v e r s i t y ,  D r .  Charles 
Spi l lman i s  domonstrat ing a successFu1 des lgn o f  a  s o l a r  cof l e c t o r - s t o rage  w a l l  t o  pre- 
warm v e n t i l a t i o n  a i r  f o r  animal she l t e r s .  A p p l i c a t i o n  o f  t h e  research u n i t  a t  Manhattan 
i s  t o  a  swine fa r row ing  house. The des ign i s  i d e a l l y  s u i t e d  f o r  dual use i n  g r a i n  d ry ing .  

We have long  known t h a t  d r y  t ime  and e l e c t r i c a l  energy use cou ld  be reduced by supplemen- 
t i n g  na tu ra l  a i r  d r y i n g  p o t e n t i a l  w i t h  s o l a r  energy. But, c o s t  e f f ec t i veness  has been 
d i f f i c u l t  t o  demonstrate where c o l l e c t o r s  a re  used o n l y  f o r  shor t - t ime  a p p l i c a t i o n  t o  
g r a i n  d ry ing .  

I n  two and one-hal f  years  o f  observat ions,  t h e  research s o l a r  c o l l e c t o r - s t o r a g e  w a l l  on 
t he  far rowing house has demonstrated t h a t  i t  can be j u s t i f i e d  economica l ly  when used f o r  
t h a t  purpose alone. F i ve  such u n i t s  now have been incorpora ted  i n t o  new swine p roduc t ion  
b u i l d i n g s  on commercial farms. Data have been taken on two o f  them through two w in te r s  
and two were used du r i ng  t he  w i n t e r  o f  1978. They a re  per forming very  w e l l .  

DESCRIPTION OF THE KSU FARROWING HOUSE SOLAR COLLECTOR-STORAGE WALL 

A w a l l  ( 8 '  x 5 0 ' )  w i t h  n e t  c o l l e c t o r  area of 380 sq. ft., 16" t h i c k ,  cons t ruc ted  of s o l i d  
concrete b locks w i t h  t he  south s i de  pa in ted  b lack  serves as t he  co l l e c t o r - s t o rage  u n i t .  
The w a l l  i s  s e t  16" ou t  f rom and p a r a l l e l  t o  t h e  e x i s t i n g ,  l i g h t l y  i n s u l a t e d  south w a l l  
of t he  far rowing house. The b locks were l a i d  up w i t hou t  mor tar ,  b u t  mor ta r  i n  h o r i z o n t a l  
j o i n t s  f o r  g rea te r  ease o f  cons t r uc t i on  i s  be ing  recommended f o r  f u t u r e  plans. Gaps i n  
v e r t i c a l  j o i n t s  p rov ide  an opening f o r  a i r  t o  move through t he  w a l l .  The w a l l  con ta ins  
about 31 tons o f  blocks. They were de l i ve red  t o  t h e  s i t e  f o r  l e s s  than $18.00 per  ton.  
Random s ized  f i e l d  stone had been quoted a t  $32.00 per  ton. 

A double t ransparen t  c o l l e c t o r  cover on a frame i s  cons t ruc ted  t o  a l l o w  a i r  t o  en te r  a t  
top  and bottom between t he  covers, pass through a 1" wide ho r i zon ta l  s l o t  a t  mid-he ight  
i n  t he  i nne r  cover and then d i f f u s e  over t h e  c o l l e c t o r  w a l l  su r face  and through t h e  
b locks (F igure  1 ). Space between covers, and between i nne r  cover and w a l l ,  i s  about 
1  1/2". The i n n e r  cover and h a l f  t he  ou te r  cover  i s  4-mi l  TEDLAR f i l m .  The o the r  h a l f  
of t h e  ou te r  cover i s  r i g i d ,  g lass - re in fo rced  r e s i n  sheets. 

A c e n t r i f u g a l  fan  moves a i r  through a duc t  f rom t h e  16" x 8 '  x 50'  plenum formed by t h e  
space between t h e  b u i l d i n g  w a l l  and t he  co3 lec to r -s to rage  w a l l  t o  a  furnace i n s i d e  t h e  
b u i l d i n g .  The p rope l l a r - t ype  fan  shown i n  F igures 1 and 2 i s  o n l y  f o r  i l l u s t r a t i o n .  
As const ructed,  t h e  b u i l d i n g  can be v e n t i l a t e d  w i t h o u t  drawing.any a i r  f rom t h e  c o l l e c t o r .  

The KSU f a c i l i t y  has been f u l l y  instrumented w i t h  two pyranometers, d i g i t a l  data logger ,  
s t r i p - c h a r t  recorder  w i t h  i n t e g r a t o r ,  many thermocouples, 5" ASME long  r ad i us  nozz le ,  
and micro-manometer f o r  determin ing c o l l e c t o r  e f f i c i e n c y ,  hou r l y  a i r  temperatures, 
ambient r a d i a t i o n  and o the r  data necessary f o r  modeling performance o f  t h e  system. The 

*L ipper ,  R. I., Professor, Ag. Engg. Dept., Kansas S ta te  U n i v e r s i t y ,  J. A. Anschutz, Res- 
earch Ass is tan t ,  Ag. Engg. Dept., Kansas S ta te  Un i ve r s i t y ,  and C. K. Spi l lman, Assoc. 
Professor ,  Ag. Engg. Dept., Kansas S ta te  Un i ve r s i t y ,  Manhattan, KS 66506. 



u n i t  has been t e s t e d  w i t h  a i r  f l ows  rang ing  from 0.75 t o  6 cfm per  sq. ft. c o l l e c t o r  
area. Pressure drop through t h e  wa l l  a t  t h e  h ighes t  r a t e  was 0.225 i n .  o f  water. To 
date,  complete data have been taken on a i r  f l o w  r a t e s  up t o  1.75 cfm per  sq. ft. (700 
cfm t o t a l ) .  A t  &ha t  r a t e ,  i n  October 1977 t he  24-hour average temperature r i s e  on a 
c l e a r  day was 20 F w i t h  t o t a l  usable heat  p roduc t ion  of 15,120 Btu per h r .  and o v e r a l l  
c o l l e c t o r  e f f i - c i ency  of 65%. C o l l e c t o r  e f f i c i e n c y  was o n l y  42% w i t h  0.75 cfm per  sq. ft. 

COLLECTORS ON COMMERCIAL SWINE HOUSING 

I n  t h e  newly b u i l t  commercial houses, t h e  concrete b lock  c o l  lec lur - -s torage w a l l s  serve 
as t h e  load-bear ing b u i l d i n g  w a l l s  w i t h  s o l i d  plywood panels behind them f o r  i n t e r i o r  
wa l l s .  I n  c o n t r a s t  t o  t h e  KSU research u n i t  i n  which t h e  c o l l e c t o r  runs o n l y  h a l f  t h e  
l e n g t h  of t h e  south w a l l ,  the c o l l e c t o r s  r un  f u l l  l eng th .  Space between w a l l s  va r i es  
f rom 4" t o  6 " .  The b locks a re  cooled du r i ng  summer n i g h t s  us ing  motor-operated shu t te rs ,  
fans, and t imers  t o  f o r c e  ou t s i de  a i r  through them i n  t he  reverse  d i r e c t i o n .  With p l y -  
wood covers over t h e  c o l l e c t o r  faces, dayt ime v e n t i l a t i o n  a i r  i s  then p u l l e d  through t h e  
b locks  f o r  coo l i ng .  

ADAPTATION OF THE COLLECTOR-STORAGE WALL FOR GRAIN DRYING 

No changes wpre needed i n  t h e  f a r r ow ing  house system t o  supply s o l a r  warmed a i r  f o r  
g r a i n  d ry ing .  A duct ,  10 f e e t  long,was connected t o  t h e  eds t  end o f  t hc  KSU c o l l e c t n r  
so t h a t  a g r a i n  d r y i n g  f a n  can p u l l  air- 1tli.ough t h e  c o l l e c t o r  and t h e  w a l l .  then leng th -  
wise a long  t he  space between wa l l s  as i l l u s t r a t e d  i n  F igure  2. That duc t  i s  i n su l a t ed .  
P a r a l l e l  t o  t h a t  duc t  i s  an ambient a i r  duc t  equipped w i t h  a damper so t h a t  a i r  from t he  
c o l l e c t o r  and ambient a i r  can be mixed t o  g i v e  t he  des i red  temperature r i s e  t o  a i r  used 
f o r  d r y i ng .  The b i n  i s  an 18 ' ,  17'-diameter,  5,000-bushel b i n  w i t h  f u l l  pe r f o ra ted  f l o o r  
and bot tom un load ing- rec i  r x u l a t i n g  auger. 

Delays i n  d e l i v e r y  o f  g r a i n  b i n  and accessor ies prevented complet ion o f  t h e  d r y i n g  f a c i l -  
i t y  i n  t ime  t o  d r y  g r a i n  i n  t he  f a1  1 o f  1978. However, performance o f  t h e  KSU research 
c o l l e c t o r  i s  w e l l  documented and i s  be ing modeled f o r  computer s imu la t i on  of t h e  system. 

PLAN OF OPERATION 

Based upon average weekly data on d r y  bu l b  telr lperature and wct bu lb  depression f o r  22 
years  a t  Manhattan, computat ions based upon t h e  standard hea 1 halance equat ion i n d i c a t e  
t h a t  we should have been ab le  t o  d r y  co rn  from 24% t o  15% wh i n  t h e  a l lowab le  t ime  (0.5% 
d r y  ma t t e r  l o s s )  w i t h  n a t u r a l  a i r  us i ng  2 cfl~l/bu i n  a l l  b u t  onc o f  those ypars. We w i l l  
use a 2,000-bu charge i n  t he  b i n  and 4,000 cfm. We es t imate  t h a t  t h e  a o l a r  s t o r a g e  o n  
t h e  fahrowing house w i l l  sus l ;a ina r laverage  temperature r i s e  of 3 t o  4 F ( i n  a a d i t i o n  
t o  1.5 F from t h e  Pan m o t o r ) f o r  a pe r i od  o f  24 hours o r  more f o r  each sunny day. A t  t h e  
end o f  t h e  d r y i ng  season, we w i l l  l a y e r  d r y  t o  f i l l  t h e  b i n  t o  capac t ty  f o r  storage. 

Ra t iona le  f o r  s e l e c t i n g  opera t ion  parameters i s :  The heat  prov ided by t h e  380 sq. ft. 
s o l a r  c o l l e c t o r - s t o r a g e  w a l l ,  even w i t h  i t s  r e l a t i v e l y  good e f f i c i e n c y  and w i t h  ground 
l e v e l  r e f l e c t o r  panels i n  place, w i l l  p rov ide  o n l y  enough heat i n  October t o  evaporate 
t h e  mo is tu re  i n  about 60 bushels o f  co rn  ( a t  9 p o i n t  mo is tu re  reduchion)  f o r  each sunny 
day. Therefore, we propose t o  use t he  heat  t o  a t t a i n  on l y  a 3 t o  4 F temperature r i s e  
on ambient a i r  t o  speed n a t u r a l  a i r  d r y i ng  and p rov ide  a margin o f  safety  on years l e s s  
f avo rab le  f o r  n a t u r a l  a i r  d r y i ng .  That a l lows  us t o  use t h e  heat a v a i l a b l e  on t h e  g rea t -  
e s t  poss i b l e  volume o f  corn. For example, us i ng  data f o r  t h e  median year  i n  t h e  22 f o r  
which we compiled data, a p p l i c a t i o n  o f  t h e  bea t  balance equat ion shows t h a t  we cou ld  d r y  
1,000 bu us ing  2 cfm/bu w i t h  an average 8.5 F temperature r i s e  (7.0 f rom c o l l e c t o r ,  1.5' 
F f rom m o t o r i  i n  7.9 days f o r  127 bu/day. We cou ld  d r y  2,000 bushels us i ng  2 cfm/bu w i t h  
an average 5 F temperature r i s e  (3.5 f rom c o l l e c t o r ,  1.5 from motor)  i n  10.3 days f o r  
193 bu/day. 

CONCLUSION 

The combinat i  on use o f  t h i s  s o l a r  c o l  l ec to r -s to rage ,  heat ing-cool  i n g  w a l l  should prove 
t o  be nea r l y  i d e a l .  Corn harves t  i n  Kansas o f ten  can s t a r t  as e a r l y  as t h e  m idd le  of 
September. By then, need o f  t he  s torage w a l l  f o r  swine cool. ing should be nea r l y  over.  
The new swine conf inement b u i l d i n g s  b u i l t  w i t h  t h i s  co l l e c t o r - s t o rage  w a l l  a r e  w e l l  
i n s u l a t e d  and requ l r-e u r ~ l j l  moderate v c n t i  1 a t i o n  r a t e $ .  Hea t inq  o f  v e n t i l a t i o n  a i r  w i  11 



n o t  be r e q u i r e d  a t  t h e  h e i g h t  of  c o r n  h a r v e s t  season. By t h e  t i m e  swine house h e a t i n g  
i s  r e q u i r e d ,  temperatures  w i l l  be low enough f o r  s a f e  n a t u r a l  a i r  c o o l i n g  and d r y i n g  o f  
t h e  g r a i n .  
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F i g u r e  1. Arrows show t h e  p a t h  ' a i r  t akes  as i t  moves th rough  t h e  covers  
and b l o c k s  on i t s  way t o  t h e  fan .  



F igure  2. D e t a i l s  o f  cons t r uc t i on  o f  t he  s o l a r  co l l e c t o r - s t o rage  u n i t .  V e n t i l a t - n g  a i r  moving 
through t he  system en te rs  a t  p o i n t  1, moves between t i e  covers t o  poin; 2, then through 
t he  v e r t i c a l  gaps tetween b locks,  p o i n t  3, and t o  t he  f an  where i t  i s  n o v e d ' i n t o  t he  
environmental  space. Blocks used t o  l a y  up t he  w a l l  3re 6 x 8 x 16 s o l i d  concrete. 



Figure 3. Kansas State Universi ty  Farrowing house, 
solar  c a l l  ector-storage wal l ,  gra in  drying 
system and an experimental greenhouse warmed 
by exhaust a i r  from the farmwing house. 

Figure 4. The solar  gra in  drying system. 
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SOLAR COLLECTORS INCORPORATED INTO AGRICULTURAL 
BUILDINGS TO COLLECT ENERGY FOR CROP DRYING 

Gene C. Shove 
P r o f e s s o r  of A g r i c u l t u r a l  Engineer ing 

U n i v e r s i t y  o f  I l l i n o i s ,  Urbana-Champaign 

SUMMARY 

A g r i c u l t u r a l  b u i l d i n g s  p rov ide  l a r g e  a r e a s  o f  f l a t  s u r f a c e s  i n t o  which s o l a r  energy c o l -  
l e c t o r s  can  b e  incorpora ted .  Wal ls  and r o o f s  c o n s t r u c t e d  a s  f l a t  p l a t e  c o l l e c t o r s  w i t h  
o n l y  minor m o d i f i c a t i o n  i n  b u i l d i n g  des ign  h e l p s  r educe  c o l l e c t o r  c o s t s .  A i r  i s  u t i l i -  
zed a s  t h e  h e a t  t r a n s f e r  medium s i n c e  a g r i c u l t u r a l  c r o p  d r y i n g  i s  accomplished by moving 
a i r  through wet g r a i n s  and f o r a g e s .  S o l a r  c o l l e c t o r s  o n  b u i l d i n g s  a r e  e f f i c i e n t ,  even 
though v a r i o u s  a i r  c a v i t i e s  a r e  u t i l i z e d ,  because  t h e  h i g h  a i r f l o w s  used i n  c rop  d r y i n g  
r e s u l t  i n  r e l a t i v e l y  h igh  a i r  v e l o c i t i e s  and s m a l l  t empera tu re  d i f f e r e n t i a l s .  I n  some 
s i t u a t i o n s  t h e  c o l l e c t o r s  c a n  have a  m u l t i p l e  u s e  such  a s  h e a t i n g  a  r e p a i r  shop o r  l i v e -  
s t o c k  s h e l t e r  a f t e r  t h e  c r o p  d r y i n g  season .  There fo re ,  t h e  i n c l u s i o n  of c o l l e c t o r s  t o  
c o l l e c t  s o l a r  energy f o r  farmstcad o p e r a t i o n s  should be given s e r i o u s  c o n s i d e r a t i o n  a s  
e x i s t i n g  b u i l d i n g s  a r e  remodeled o r  new b u i l d i n g s  planned.  

SOLAR BUILDINGS 

Sheet me ta l  r o o f i n g  and s i d i n g  commonly used i n  farm b u i l d i n g  c o n s t r u c t i o n  become b a r e  
p l a t e  s o l a r  energy a b s o r b e r s  when some means is  provided t o  move a i r  a long  t h e  back s i d e .  
Dark co lo red  s h e e t s  a r e  p r e f e r r e d  a l though  galvanized m e t a l  h a s  been u t i l i z e d .  A i r  cav i -  
t i e s  a r e  c r e a t e d  under r o o f s  o r  behind w a l l s  by a t t a c h i n g  a  l i n i n g  m a t e r i a l  t o  t h e  s t r u c -  
t u r a l  suppor t ing  roof  and w a l l  members. The u s e  o f  t h e  b u i l d i n g  de te rmines  whether o r  
n o t  t h e r e  i s  a  need f o r  l i n i n g  m a t e r i a l  which o f f e r s  r e s i s t a n c e  t o  h e a t  t r a n s f e r .  I f  t h e  
b u i l d i n g  i s  t o  s e r v e  a s  a  cold  machinery s t o r a g e  shed ,  any l o s s  of s o l a r  h e a t  through t h e  
l i n i n g  m a t e r i a l  can  be  recap tu red  by a l lowing  a i r  t o  move through t h e  b u i l d i n g  b e f o r e  i t  
e n t e r s  t h e  c o l l e c t o r .  However, i f  t h e  b u i l d i n g  is  t o  b e  used a s  a  heated r e p a i r  shop o r  
a s  a  l i v e s t o c k  s h e l t e r ,  i n s u l a t i o n  should  be  used i n  c o n j u n c t i o n  w i t h  t h e  l i n i n g  t o  mini-  
mize h e a t  l o s s e s .  

Bu i ld ing  s u r f a c e s  become covered p l a t e  s o l a r  c o l l e c t o r s  when c l e a r  f i b e r g l a s s  i s  s u b s t i -  
t u t e d  f o r  t h e  o u t c r  me ta l  cover ing .  Black-surfaced pane l ing  p rov ides  t h e  energy absor-  
b ing  s u r f a c e  and c r e a t e s  t h e  a i r  c a v i t y .  Even e n t i r e  a t t i c s  of b u i l d i n g s  c a n  b e  used a s  
s o l a r  h e a t  c o l l e c t i n g  chambers f o r  g r a i n  d r y i n g  systems. S ince  g r a i n  d r y i n g  i n v o l v e s  
l a r g e  volumes of a i r ,  r e l a t i v e l y  h i g h  a i r  v e l o c i t i e s  c a n  be  mainta ined i n  t h e  a t t i c  
spaces ;  t h e r e f o r e ,  an  a t t i c  space  c a n  be  a  r easonab ly  e f f i c i e n t  s o l a r  c o l l e c t o r .  The 
o r i e n t a t i o n  of b u i l d i n g s  w i t h  a t t i c  c o l l e c t o r s  i s  not  c r i t i c a l  s i n c e  t h e  s o l a r  absorb ing  
s u r f a c e  i s  i n  a  h o r i z o n t a l  p o s i t i o n .  I f  t h e  l e n g t h  of a  g a b l e  roof  b u i l d i n g  i s  o r i e n t e d  
nor th-south ,  both  t h e  e a s t  and west roof s l o p e s  should have a  cover  of c l e a r  f i b e r g l a s s .  
However, i f  t h e  b u i l d i n g  i s  o r i e n t e d  eas t -west ,  i t  is o n l y  necessa ry  t o  i n s t a l l  c l e a r  f i -  
b e r g l a s s  on t h e  s o u t h  roof s lope .  During t h e  g r a i n  d r y i n g  season  i n  t h e  major c o r n  pro- 
ducing a r e a s  surrounding t h e  40  d e g r e e  l a t i t u d . e ,  t h e  a n g l e  of t h e  sun w i l l  b e  such t h a t  
most of t h e  h o r i z o n t a l  energy absorb ing  s u r f a c e  w i l l  be  exposed t o  t h e  s u n ' s  r a d i a t i o n  
through t h e  c l e a r  s o u t h  roof  s lope .  Conventional me ta l  r o o f i n g  can be  i n s t a l l e d  on t h e  
n o r t h  ro.of s l o p e .  

COLLECTOR OPERATION 

S i n c e  keeping s o l a r  c o l l e c t o r  t empera tu re  d i f f e r e n t i a l s  a t  a  minimum i s  b e n e f i c i a l  t o  t h e  
e f f i c i e n c y  of o p e r a t i o n  of c o l l e c t o r s ,  i t  i s  d e s i r a b l e  t o  move a s  much a i r  a s  p o s s i b l e  



through c o l l e c t o r s  a p p l i e d  t o  c r o p  d r y i n g .  However, f r i c t i o n a l  l o s s e s  i n  moving a i r  
through c o l l e c t o r s  and d u c t s  connec t ing  s o l a r  b u i l d i n g s  t o  c r o p  d r y i n g  sys tems must bc  
cons ide red .  The a i r  volume ou tpu t  o f  most c r o p  d r y i n g  f a n s  beg ins  t o  d imin i sh  r a p i d l y  
a s  t h e  s t a t i c  p r e s s u r e  a g a i n s t  which t h e  f a n  must o p e r a t e  exceeds  f o u r  inches  of water  
column. I f  t h e  s o l a r  c o l l e c t o r  system consumes more than  approximately  20% of t h e  pres-  
s u r e  c a p a b i l i t y  of t h e  f a n ,  t h e  s o l a r  d r y i n g  system may no t  have s u f f i c i e n t  a i r f l o w  f o r  
s a t i s f a c t o r y  d r y i n g .  However, because  of t h e  h i g h  a i r f l o w  used i n  c r o p  d r y i n g ,  s o l a r  
c o l l e c t o r  e f f i c i e n c y  c a n  b e  mainta ined wi thou t  moving a l l  t h e  a i r  through t h e  c o l l e c t o r .  
F r i c t i o n a l  l o s s e s  i n  t h e  s o l a r  c o l l e c t i o n  syst'em can  be  a d j u s t e d  t o  l e s s  t h a n  one i n c h  
of wa te r  column by i n s t a l l i n g  a  s l i d i n g  door  nea r  t h e  f a n  t o  d i v e r t  a  p o r t i o n  of t h e  a i r  
d i r e c t l y  t o  t h e  f a n ,  bypass ing  t h e  c o l l e c t o r  and t h e  connec t ing  d u c t .  While t h e  system 
is i n  o p e r a t i o n ,  an  ad jus tmen t  i s  made t o  keep t h e  f a n  w i t h i n  .a s a t i s f a c t o r y  o p e r a t i n g  
range  and y e t  ma in ta in  a s  h igh  an  a i r f l o w  a s  p o s s i b l e  through t h e  c o l l e c t o r .  

SOLAK I3UILDINGS DRY GRAIN 

Addi t ional  i n f o r m a t i o n  on t h e  a p p l i c a t i o n  of s o l a r  energy t o  g r a i n  d r y i n g  i s  a v a i l a b l e  
i n  t h e  proceedings  of a 1.977 confe rence  (1)  and recommendations f o r  low tempera tu re  corrl 
d r y i n g  appear  i n  a Food and Energy Corincil p u b l i c a t i o n  ( 2 ) .  Some d a t a  ob ta ined  on s o l a r  
farm b u i l d i n g s  supp ly ing  energy f o r  c r o p  d r y i n g  is l i s t e d  i n  Tab le  I .  

Tab le  I. A i r  TempeYature R i s e s  arld P u w e ~  Prom S o l a r  C o l l e c t o r s  Incorporated In to  
Far111 Dui ld ings  f o r  Drying Crain i n  Octnher and November 

C o l l e c t o r  Area Drying A i r  Temperature R i se ,  F  Approx. Ave. 
C o n f i g u r a t i o n  sq .  f t .  Fan kW Max. Approx. 24-hr Ave. . Power, kW 

Baye-PLate - 
South and n o r t h  
g a l v .  met 1 r o o f ,  

a? 3O slope- 1 ,500  1 0  

Cnv<e.1 plate - 
V e r t i c a l  w a l l  
and cgrpplete 
a t t i c -  4 ,500 

V e r t i c a l  w a l l  
and s o u t h  o o f ,  

cli 200slope - 1,400 2 0  16 4 

Horiz n t a l  
c P roof- 6 ,000 1 0  3 0 7 

Wall a t  
600angle C/  288 5 14 4  

a /  Located i n  Wisconsin a t  about  43v n o r t h  l a t i t u d e  - 
b/ Located i n  I l l i n o i s  a t  about  41' n o r t h  l a t i t u d e  - 
c /  Located i n  I l l i n o i s  a t  about  40' n o r t h  l a t i t u d e  - 

Maximum a i r  t empera tu re  r i s e  achieved i n  a  c r o p  d r y i n g  s o l a r  c o l l e c t o r  is an  i n t e r e s t i n g  
v a l u e ;  however, i t  i s  t h e  t o t a l  energy c o l l e c t e d  t h a t  must evapora te  mois tu re  from t h e  
wet c r o p s .  There fo re ,  t h e  energy (or  a i r  t empera tu re  r i s e )  o b t a i n e d ' d u r i n g  t h e  d a y l i g h t  
hours  must be averaged over  t h e  e n t i r e  24-hour day.  The d a i l y  s o l a r  energy c o l l e c t e d  can  
a l s o  be  cons ide red  i n  terms of e l e c t r i c  r e s i s t a n c e  h e a t e r  wa t t age  necessa ry  t o  p rov ide  
t h e  same energy over  a  24 hour pe r iod .  S ince  c r o p  d r y i n g  g e n e r a l l y  c o n t i n u e s  f o r  s e v e r a l  
days  o r  a  few weeks, i t  is  even more a p p r o p r i a t e  t o  ave rage  t h e  energy c o l l e c t e d  over  t h e  
e n t i r e  d r y i n g  pe r iod .  Thus, s o l a r  energy i s  w e l l  s u i t e d  t o  low tempera tu re  g r a i n  d r y i n g  
which does  t a k e  p l a c e  over  a n  extended pe r iod  oK time w i t h  smal l  a i r  t empera tu re  r i s e s .  
The l o n g e r  t h e  pe r iod  over  which s o l a r  energy can be  a p p l i e d  t o  a  p r o c e s s ,  t h e  more l i k e -  
l y  s u f f i c i e n t  s o l a r  energy w i l l  be  a v a i l a b l e .  T h i s  is  p a r t i c u l a r l y  t r u e  i n  a n  a g r i c u l -  



t u r a l  p r o c e s s ,  such a s  c r o p  d r y i n g ,  which is t o l e r a n t  of v a r i a b l e  h e a t  energy i n p u t .  

S ince  c r o p  d r y i n g  can b e  f u n c t i o n a l  w i t h  a  v a r i a b l e  h e a t  energy i n p u t ,  i t  i s  no t  neces- 
s a r y  t o  p rov ide  h e a t  s t o r a g e  a s  a  p a r t  of a  s o l a r  d r y i n g  system. There fo re ,  s imple  f l a t  
s o l a r  c o l l e c t o r s  incorpo.rated i n t o  b u i l d i n g  s u r f a c e s  wi thou t  p r o v i s i o n  f o r  h e a t  s t o r a g e  
can be  c o s t  e f f e c t i v e  f o r  supp ly ing  h e a t  energy f o r  t h e  d r y i n g  of a g r i c u l t u r a l  c rops .  

J u s t i f i c a t i o n  of a n  investment  i n  a  s o l a r  b u i l d i n g  is even more f e a s i b l e  i f  m u l t i p l e  u s e  
can b e  made of t h e  c o l l e c t o r .  Farm b u i l d i n g s  p rov ide  t h i s  o p p o r t u n i t y ,  i . e . ,  a  s o l a r  
c o l l e c t o r  incorpora ted  i n t o  a  l i v e s t o c k  b u i l d i n g  f o r  g r a i n  d ry ing  purposes  can  p rov ide  
h e a t  f o r  t h e  b u i l d i n g  i t s e l f  dllr ing w i n t e r  months fo l lowing  t h e  g r a i n  d r y i n g  season.  
Machinery s t o r a g e  s o l a r  b u i l d i n g s  c o n s t r u c t e d  p r i m a r i l y  t o  c o l l e c t  h e a t  f o r  d r y i n g  g r a i n  
can  a l s o  p rov ide  h e a t  i n  w i n t e r  f o r  r e p a i r  shops  i n ,  o r  a d j a c e n t  t o ,  t h e  machine shop 
b u i l d i n g  . 
SOLAR BUILDINGS I N  ILLINOIS 

A swine b u i l d i n g ,  42 f t .  wide by 184 f t .  l o n g ,  w i t h  a  d a r k  g reen  m e t a l  g a b l e  roof  i s  user! 
a s  a  b a r e  p l a t e  s o l a r  c o l l e c t o r  t o  p rov ide  h e a t  f o r  d r y i n g  g r a i n  i n  Marsha l l  County, I1- 
l i n o i s .  A i r  i s  channeled a long  t h e  underneath  s i d e  of t h e  dark-colored roof and then  
moved through a  3  f t .  d i amete r  underground c u l v e r t  t o  two 15,000 bu. g r a i n  d r y i n g  b i n s .  
A t  each b i n  a  20 kW c e n t r i f u g a l  f a n  p u l l s  a i r  o u t  of t h e  c u l v e r t  and f o r c e s  i t  through 
s h e l l e d  corn .  A s l i d i n g  door i n  t h e  s i d e  of each f a n  e n c l o s u r e  p rov ides  a  means of 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 b u i l d i n g .  With bo th  s l i d i n g  doors  
c l o s e d ,  approximately  36,000 cfm of a i r  would be  moved through t h e  s o l a r  r o o f .  The s l i -  
d ing  d o o r s  a r e  a d j u s t e d  w i t h  t h e  f a n s  i n  o p e r a t i o n  t o  l i m i t  t h e  s t a t i c  p r e s s u r e  d rop  
through t h e  s o l a r  roof  and d u c t  system t o  not more than  about  0.8 i n c h  of wa te r  column. 
The doors  a l s o  p rov ide  a  maintenance a c c e s s  t o  t h e  f a n s .  During t h e  w i n t e r  s e p a r a t e  f a n s  
move v e n t i l a t i o n  a i r  through t h e  roof  c o l l e c t o r  b e f o r e  i t  i s  hlown i n t o  t h e  b u i l d i n g .  
The s o l a r  a i r  c a v i t y  on t h i s  swine b u i l d i n g  was c r e a t e d  by l a y i n g  314 i n c h  t h i c k  u r e t h a n e  
foam i n s u l a t i o n  boards  on t h e  t o p  o f  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 .  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 suppor t  t h e  dark-colo- 
red  mecal roof  s h e e t s .  

I n  Vermil ion County, I l l i n o i s ,  t h e  n e a r l y  h o r i z o n t a l  roof  of a  r i g i d  s t e e l  frame 70 x  90 
f t .  machinery s t o r a g e  b u i l d i n g  was conver ted t o  a  covered p l a t e  s o l a r  c o l l e c t o r  by i n -  
s t a l l i n g  c l e a r  f i b e r g l a s s  over  b l a c k  pa in ted  plywood. The + i n c h  plywood i s  suppor ted 
on t h e  lower  l e d g e  of 5 .5 i n c h  s t e e l  p u r l i n s ,  c r e a t i n g  a  s o l a r  c a v i t y  w i t h  a  dep th  of 5.5 
inches .  A i r  is  ducted from t h e  6,000 sq .  . f t .  roof  c o l l e c t o r  through a  48 f t . l o n g  tri-  
a n g u l a r  s o l a r  c o l l e c t o r  d u c t  which p rov ides  an a d d i t i o n a l  300 s q .  f t .  of c o l l e c t o r  su r -  
f a c e .  A i r  i s  moved through t h e  s o l a r  system by a  1 0  kW ax ia l - f low f a n  i n s t a l l e d  on a  
g r a i n  d r y i n g  b i n  equipped w i t h  a  g a s  h e a t e r  and a  g r a i n  s t i r r i n g  machine. The system 
is opera ted  a s  a  s o l a r  energy g r a i n  d r y i n g  f a c i l i t y  o r  a s  a  combinat ion s o l a r  energy-gas 
energy f a c i l i t y .  The s o l a r  roof is a l s o  used f o r  w i n t e r  h e a t i n g  a  smal l  shop l o c a t e d  i n -  
s i d e  t h e  b u i l d i n g .  I n  1976 t h e  a d d i t i o n a l  c o s t  of c o n s t r u c t i n g  t h e  b u i l d i n g  w i t h  a  s o l a r  
roof  i n s t e a d  of a  conven t iona l  s t e e l  roof  was between $6,000 and $7,000. 

A machinery s t o r a g e  b u i l d i n g  u t i l i z i n g  t h e  s o u t h  w a l l  and t h e  a t t i c  space  a s  a  covered 
p l a t e  s o l a r  c o l l e c t o r  f o r  d r y i n g  g r a i n  i,s i n  o p e r a t i o n  i n  L iv ings ton  County, I l l i n o i s .  
A i r  i s  moved up t h e  f ibe rg lass -covered  w a l l  and i n t o  t h e  a t t i c .  The g a b l e  roof  b u i l d i n g  
i s  o r i e n t e d  eas t -west  w i t h  a  f i b e r g l a s s  cover ing  on t h e  s o u t h  roof  s l o p e  and a  me ta l  roof  
cover ing  on t h e  n o r t h  roof s l o p e .  During t h e  October-November c o r n  d r y i n g  season ,  r a d i a -  
t i o n  from t h e  sun e n t e r i n g  through t h e  c l e a r  s o u t h  roof s l o p e  s t r i k e s  a  l a r g e  p o r t i o n  of 
t h e  h o r i z o n t a l  b lack  a t t i c  f l o o r .  A g r a i n  d r y i n g  f a n  l o c a t e d  99 f t .  f romthe b u i l d i n g  
draws a i r  through t h i s  s o l a r  b u i l d i n g .  A 99 f t .  d u c t  w i l l  o f f e r  c o n s i d e r a b l e  r e s i s t a n c e  
t o  a i r f l o w  u n l e s s  j.t h a s  a  r e l a t i v e l y  l a r g e  c r o s s  s e c t i o n a l  a r e a .  Adjustment of a i r f l o w  
through t h e  s o l a r  system can  r e l i e v e  t h e  p r e s s u r e  l o s s  but  may lower a i r f l o w  below t h a t  
r e q u i r e d  f o r  maximum s o l a r  energy c o l l e c t i o n .  T h i s  s i t u a t i o n  s u g g e s t s  t h a t  whenever pos- 
s i b l e  advance p lann ing  should  be  made r e g a r d i n g  t h e  l o c a t i o n  of s o l a r  b u i l d i n g s  i n  r e l a -  
t i o n  t o  g r a i n  d r y i n g  f a c i l i t i e s .  A shop i n  t h e  west end of t h i s  machine shed h a s  a  con- 
c r e t e  f l o o r  p laced over  crushed rock .  During t h e  w i n t e r  a  smal l  f a n  c i r c u l a t e s  s o l a r  
heated a i r  from t h e  a t t i c  c o l l e c t o r  through t h e  rock  t o  warm t h e  shop f l o o r .  S o l a r  hea t -  
ed a i r  can  a l s o  b e  c i r c u l a t e d  through t h e  shop space .  

I n  Macon County, I l l i n o i s ,  a  suspended p l a t e  s o l a r  c o l l e c t o r  g r a i n  d r y i n g  b u i l d i n g  h a s  a  



g r a i n  s t o r a g e  c a p a c i t y  of abou t  40,000 bu. Metal  s h e e t s  a t t a c h e d  t o  t h e  s o u t h  c u r v a t u r e  
of a  40 x 100 f t .  s e l f - s u p p o r t i n g  s t e e l  a r c h  b u i l d i n g  were paint.ed b l a c k  t o  form t h e  so: 
l a r  ene rgy  absorbing p l a t e .  A  cover  o f  c l e a r ,  co r ruga ted  f i b e r g l a s s  completes  t h e  c o l -  
l e c t o r .  A i r  e n t e r s  t h e  c o l l e c t o r  a long  t h e  e n t i r e  t o p  l e n g t h  of t h e  b u i l d i n g  and moves 
down thro.ugh t h e  c u r v e d ' c o l l e c t o r  on b o t h  s i d e s  of t h e  energy absorb ing  p l a t e .  The cur-  
ved s u r f a c e  p rov ides  approximately  3 ,000 sq .  f t .  of suspended p l a t e  c o l l e c t o r  s u r f a c e .  
An a d d i t i o n a l  1 ,000  sq .  f t .  of c l e a r  f i b e r g l a s s  forms a n  e n c l o s u r e  a long  t h e  l e n g t h  of 
t h e  b u i l d i n g  housing t h r e e  20 kW c e n t r i f u g a l  f a n s .  The s o l a r  heated a i r  i s  d i s t r i b u t e d  
t o  wet c o r n  by removable,  on- the-f loor  d u c t s  a c r o s s  t h e  width  o f  t h e  b u i l d i n g .  T h i s  
a l l o w s  t h e  b u i l d i n g  t o  be  used f o r  o t h e r  purposes  when no t  be ing  used t o  d r y  o r  s t o r e  
g r a i n .  

A s o l a r  hay d r y i n g  b u i l d i n g  i s  o p e r a t i n g  i n  C l i n t o n  County, I l l i n o i s .  A  45 x  145 f t .  hay 
s t o r a g e  b u i l d i n g  h a s  approximately  10,000 sq .  f t .  u1 s o l a r  c o l l e c t o r  surEace b u i l t  i n t o  
i t s  roof  and sou th  w a l l .  Both t h e  s o u t h  auld n o r t h  roof s l o p e  is u t i l i z e d  a s  s o l a r  co l -  
l e c t o r  s u r f a c e  s i n c e  much o f  t h e  hay d r y i n g  i s  done d u r i n g  Llue t ime when t h e  sun  i s  more 
d i r e c t l y  overhead. Nine 5  kW f a n s ,  each connected t o  s e p a r a t e  d u c t s  formed i n  t h e  con- 
c r e t e  f l o o r ,  p u l l  a i r  through t h e  roof  and w a l l  c a v i t y .  The s o l a r  heated a i r  is t h e n  
fo rced  through l a r g e  round  bale^ of hay placed on g r a t e s  huil . t  i n t o  t h e  a i r  d u c t s .  Each 
5  kW f a n  and i ts accompany d u c t  i s  a  s e p a r a t e  system s e r v i n g  f o u r  b a l e s  of h a y , p r o v i d i n g  
f l e x i b i l i t y  i n  t h e  number of b a l e s  t h a t  need b e  d r i e d  a t  any one  t ime .  

ECONOMIC DATA AND PLANS AVAILABLE 

A r e c e n t  economic s t u d y  by Heid (3) s u g g e s t s  t h a t  s o l a r  d r y i n g  of co rn  may b e  econol~lical-  
l y  f e a s i b l e .  Given c u r r e n t  c o s t  comparisons,  a  s o l a r  d r y i n g  system might b e  considered 
i f  a n  a d d i t i o n a l  d r y e r  i s  needed, i f  a  conven t iona l  d r y e r  needs  r e p l a c i n g ,  o r  i f  f o s s i l  
f u e l s  a r e  no l o n g e r  a v a i l a b l e .  Heid a l s o  s t a t e d  l i t t l e  i s  known about  whether a  t o t a l  
s o l a r  d r y i n g  system o r  a  combinat ion s o l a r - a e r a t i o n ,  s o l a r - e l e c t r i c  o r  s o l a r - f o s s i l  f u e l  
d r y e r  i s  b e s t  f o r  a  p a r t i c u l a r  c l i m a t e .  Regard less  of t h e  u n c e r t a i n t i e s  t h a t  s t i l l  e x i s t  
and l a c k  of complete d e c i s i o n  making in fo rmat ion  i n  r e l a t i o n  t o  s o l a r  g r a i n  d r y i n g  f a c i -  
l i t i e s ,  g r a i n  p roducers  a r e  c o n s t r u c t i n g  s o l a r  b u i l d i n g s .  A s  a n  a i d  t o  s o l a r  b u i l d i n g  
c o n s t r u c t i o n  t h e  U n i v e r s i t y  of I l l i n o i s  h a s  made a v a i l a b l e  t h e  fo l lowing  p lans :  

I l l i n o i s  P lan  No. SP 543 4  pages  
50'  MACHINE STORAGE AND SHOP WITH ATTIC SOLAR COLLECTOR 

T h i s  50' by 96' p o l e  machine shed h a s  a  50'  by 32'  shop and o f f i c e  s e c t i o n .  A  c l e a r  f i -  
b e r g l a s s  roof  a l l o w s  f o r  t h e  e n t i r e  a t t i c  space  t o  s e r v e  a s  a  s o l a r  c o l l e c t o r .  Heat 
s t o r a g e  i s  accomplished w i t h  2  f e e t  o f  rock  under t h e  shop and o f f i c e .  Spec i f i ca t io .ns  
f o r  u s e  i n  g r a i n  d r y i n g  a r e  inc luded .  

I l l i n o i s  P lan  No. SP 544 4  pages $2.00 
50'  MACHINE STORAGE AND SHOP WITH WALL AND ATTIC SOLAR COLLECTOR 

T h i s  50'  by 120'  p o l e  machine shed h a s  a  50'  by 32 '  shop a r e a .  The s o u t h  w a l l  and t h e  
a t t i c  s e r v e  a s  a  s o l a r  c o l l e c t o r .  Heat s t o r a g e  i s  accomplished w i t h  1 f o o t  of rock  under 
t h e  shop and o f f i c e .  I n s u l a t i o n  i s  used t o  reduce h e a t  s t o r a g e  l o s s e s .  S p e c i f i c a t i o n s  
f o r  u s e  i n  g r a i n  d r y i n g  a r e  inc luded .  

I l l i n o i s  P lan  No. SP 545 4  pages  
. 50'  MACHINE STORAGE AND SHOP 

T h i s  50'  by 96' p o l c  machine shed h a s  a  50' by 32' shop and o f f i c e .  The roof p u r l i n  
space  a c t s  a s  t h e  s o l a r  c o l l e c t o r .  E i t h e r  me ta l  o r  c l e a r  f i b e r g l a s s  r o o f i n g  may b e  used. 
S p e c i f i c a t i o n s  f o r  u s e  i n  shop h e a t i n g ,  h e a t  s t o r a g e ,  and g r a i n  d r y i n g  a r e  inc luded .  

I l l i n o i s  'Plan No. SP 546 
PORTABLE SOLAR COLLECTOR 

2 pages $1.00 

0 
T h i s  12 '  h igh  by 24' lo.ng c o l l e c t o r  i s  des igned a t  a  60 s l o p e .  A i r  i s  t h e  energy t r a n s -  
f e r  medium a l though  water  could  be hea ted  w i t h  t h e  a d d i t i o n  of plumbing. A rock  s t o r a g e  
a r e a  i s  provided.  T h i s  s o l a r  c o l l e c t o r  can  b e  muvrd. 



I l l i n o i s  P l a n  No. 562 (Revised) 2  pages  
26 SOW SOLAR VENTILATED FARROWING HOUSE 

T h i s  26' by 80 '  far rowing house c o n t a i n s  26 fa r rowing  c r a t e s ,  a n  i s o l a t i o n  pen and a n  
o f f i c e .  The e n t i r e  roof  s e r v e s  a s  a  s o l a r  c o l l e c t o r  t o  warm t h e  incoming v e n t i l a t i o n  a i r  
when t h e  sun i s  s h i n i n g .  During ho t  weather  t h e  s o l a r  c o l l e c t i o n  d u c t  i s  c losed  o f f  and 
a i r  is pu l l ed  d i r e c t l y  from t h e  o u t s i d e .  Any t y p e  of s l o t t e d  f l o o r s  can  be  used over  t h e  
p i t .  

I l l i n o i s  P lan  .No. SP 547 11 pages  
32'  SOLAR HEATED FARROW-TO-FINISH HOG UNIT 

T h i s  32'  by 226' f a r row- to - f in i sh  hog u n i t  w i t h  an 8  f t . f u l 1  p i t  h a s  a  56 f t . f a r r o w i n g  
s e c t i o n  w i t h  30 fa r rowing  c r a t e s ,  a  50 f t .  n u r s e r y  s e c t i o n  w i t h  1 5  pens (5 '  by' 7 ' )  and a  
120 f t .  growing-f in ishing s e c t i o n  w i t h  1 5  pens (13'  by 8 ' )  and 13 pens (17'  by 8  I ) .  The 
e n t i r e  roof  s e r v e s  a s  a  s o l a r  c o l l e t o r  t o  warm t h e  incoming v e n t i l a t i o n  a i r  when t h e  sun 
i s  s h i n i n g .  S ide  d o o r s  a r e  provided f o r  n a c u r a l  v e n t i l a t i o n  d u r i n g  h o t  weather .  

I l l i n o i s  P l a n  No. SP 548 9  pages 
48 ' SOLAR HEATED FINISHING BUILDING 

T h i s  48'  by 80 '  f i n i s h i n g  b u i l d i n g  can  b e  expanded by adding a d d i t i o n a l  80 f t .  s e c t i o n s .  
A c l e a r  f i b e r g l a s s  r o o f i n g  a l l o w s  t h e  sun t o  warm t h e  e n t i r e  a t t i c  space  which s u p p l i e s  
a l l  t h e  v e n t i l a t i n g  a i r .  S i d e  d o o r s  a r e  provided f o r  n a t u r a l  v e n t i l a t i o n  d u r i n g  warm 
weather .  Each 8 0  f t .  s e c t i o n  h a s  a n  o f f  c e n t e r  a i s l e  r e s u l t i n g  i n  two rows of 1 0  pens 8  
f t . w i d e  which a r e  1 9  and 25 112 f t . l o n g .  The f l o o r  h a s  f u l l  c o n c r e t e  s l a t s .  

I l l i n o i s  P l a n  No. SP 549 11 pages . 
44 '  SOLAR HEATED FARROW-TO-FINISH HOG UNIT 

T h i s  44 '  by 272' f a r row- to - f in i sh  hog u n i t  h a s  an 88 f t .  p s t a t i c l n  s e c t i o n ,  a 48 f t. f d ~ -  
~ u w l n g  s e c t l o n  ('32 f a r rowing  c r a t e s ) ,  a  4 0  f t .  n u r s e r y  s e c t i o n  and a  96 f t .  f i n i s h i n g  sec- 
t i o n .  A f u l l  p i t ,  8  f t .  deep i s  provided f o r  manure s t o r a g e .  Colored s t e e l  r o o f i n g  s e r -  
v e s  a s  a  s o l a r  c o l l e c t o r .  S i d e  d o o r s  a r e  i n d i c a t e d  f o r  n a t u r a l  summer v e n t i l a t i o n  i n  
t h e  g e s t a t i o n ,  n u r s e r y ,  and f i n i s h i n g  s e c t i o n .  The fa r rowing  s e c t i o n  h a s  a  summer v e n t i -  
l a t f o n  duc t  w i t h  a i r  piped t o  each  sow. 

Order p l a n s  from: 

Department of A g r i c u l t u r a l  Engineer ing 
U n i v e r s i t y  of I l l i n o i s  
Urbana, IL 61801 

Make checks  payable  t o  : " A g r i c u l t u r a l  Engineer ing"  
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LOW TEMPERATURE, LOW A I R  FLOW SOLAR DRYING OF CORN 
WITH AND WITHOUT STIRRING 

~ e v i n  D. Baker and George H. Fos te r  
Agr icu l tura l  Engineering Department 

Purdue Universi ty,  W. Lafayet te  , Indiana 

INTRODUCTION 

Results from a s imulat ion study by Morey, e t  a l .  (1977) i nd i ca t e  t h a t  i n  most cases ,  it 
is  not  f e a s i b l e  t o  use s t r i c t l y  low temperature drying methods f o r  corn a t  moisture con- 
t e n t s  above 22-24 percent .  They a l s o  show t h a t  using supplemental s o l a r  hea t  general ly 
reduces the  a i r  flow r a t e  10 t o  15 percent  from t h a t  required f o r  ambient a i r  drying, es-  
pec i a l l y  f o r  c e n t r a l  Indiana. I n  t he  same study,  an economic ana lys is  shows t h a t  condi- 
t i o n s  a r e  most favorable f o r  s o l a r  drying with i n i t i a l  moisture contents  of 20-22 percent.  
In  l a t e  f a l l  i n  Indiana, the  weather condit ions a r e  o f t en  such t h a t  complete drying of a  
b i n  of corn with ambient a i r  i s  no t  poss ib le  and drying must be completed i n  the  spring.  

. Supplemental s o l a r  hea t  increases  t he  p robab i l i t y  of f i n i sh ing  t h e  drying operat ion i n  
the  f a l l .  Based on t h i s  information, a  system using a  high temperature dryer  t o  reduce 
the moisture content  of corn t o  20-22 percent  combined with a  b in  dryer  with supplemental 
s o l a r  hea t  and minimal a i r  flow r a t e  t o  f i n i s h  the  drying operat ion appears f ea s ib l e .  

Use of supp lemnta l  s o l a r  hea t  may lead  t o  increased overdrying of gra in  a t  t h e  bottom of 
the  b in  before t h e  drying f r o n t  moves through the top  layers  of grain.  Use of a  v e r t i c a l  
s t i r r i n g  auger helps maintain a  uniform moisture content  throughout the  b in  (Pea r t ,  1977) 
and reduces overdrying. S t i r r i n g  a l s o  reduces t he  moisture of  t he  t op  layers  of gra in  
more quickly and extends allowable drying time before c r i t i c a l  microbial de t e r io ra t i on  
OCCUL'S . 

OBJECTIVES 

One objec t ive  of the s o l a r  gra in  drying t e s t s  a t  the  Purdue Agronomy Farm i n  t he  f a l l  of 
1977, was t o  determine f e a s i b i l i t y  of u t i l i z i n g  s o l a r  energy f o r  t he  low temperature 
phase of a  combination high temperature-low temperature drying system. In  t h i s  system, 
corn i s  pu t  i n t o  the  s o l a r  b in  from the  high temperature dryer  a t  a  moisture content  of 
20-22 percent .  The lowered, moisture content allows a longer drying time before microbial  
de t e r io ra t i on  occurs and permits  t he  a i r  flow t o  be reduced i n  t h e  low-temperature drying 
phase. This reduction i n  a i r  flow decreases fan and c o l l e c t o r  s i z e  required t o  maintain 
the ,same temperature r i s e .  Thus, investment cos t s  a r e  s i g n i f i c a n t l y  reduced. 

A second objec t ive  of these  t e s t s  was t o  evaluate use of v e r t i c a l  s t i r r i n g  augers i n  b in  
drying systems using s o l a r  energy. S t i r r i n g  prevents  overdrying of bottom layers  of 
gra in ,  provides more uniform drying throughout t he  b in  and reduces moisture content  i n  
t h e  t op  layers  of gra in  more quickly. However, the r a t e  of drying may be reduced when 
s t i r r i n g  i s  used because moisture content  of the top layers  of gra in  i s  reduced, thereby 
reducing the ex t en t  of s a tu ra t i on  of drying a i r  leaving t h e  gra in  and the  enerqy u t i l i z a -  
t i on  e f f ic iency .  This e f f e c t  was a l s o  evaluated. 

EQUIPMENT AND LAYOUT 

A f l a t  p l a t e  c o l l e c t o r  was designed f o r  the  t e s t s .  The c o l l e c t o r  was mounted on sk ids  t o  
make it po r t ab l e ,  s o  t h a t  it could be used f o r  o the r  purposes. The c o l l e c t o r  pane l  was 
hinged on one s ide  and supported by ad jus tab le  s t e e l  pipes s o  t h a t  t he  tilt angle of the 
c o l l e c t o r  was ad jus tab le  from 30° t o  50°. The cover p l a t e  was greenhouse grade corre- 
gated f i be rg l a s s  and t h e  absorber p l a t e  was corregated shee t  metal painted f l a t  black. 
The absorber p l a t e  was suspended and a i r  moved across  both s ides .  An inch of styrofoam 
insu l a t i on  was glued t o  t he  plywood backing. The c o l l e c t o r  was b u i l t  i n  12 f t .  by 16 f t .  
sec t ions .  'I'wo o r  more s ec t ions  could be joined toge ther  i f  a  l a r g e r  c o l l e c t o r  a rea  was 
desired.  Comerc ia l ly  ava i lab le  mater ia l s  were used and the  design was such t h a t  it 



could be b u i l t  b y  l oca l  carpenters ,  lumbcr supp l i e r s ,  o r  farmers. Cost of t he  mater ia l s  
was $2.25 pe r  f t 2  of  c o l l e c t o r  area. Figure 1 shows one sec t ion  of the  co l l ec to r .  . 

Two sec t ions  of c o l l e c t o r  were joined together  and used with each of two 18 f t .  diameter 
drying b ins .  One b in  was equipped with a v e r t i c a l  s t i r r i n g  auger powered by a 1% hp nwbr 
t o  t u rn  t h e  s t i r r i n g  auger and a % hp, 1 rpm motor t o  move the  s t i r r i n g  auger around and 
across  t he  bin. The o the r  b i n  had no provision f o r  s t i r r i n g .  Each b i n  had a per fora ted  
f a l s e  f l oo r .  

To avoid shading from t h e  drying b ins  and a nearby t r e e  the  co l lec torswere  loca ted  qprox-  
imately 65 f t .  from the b ins  and connected with 18 in .  square shee t  metal duct  with 1 in.  
of f i b e r g l a s s  i n su l a t i on  fastened t o  the i n t e r i o r  perimeter.  Figure 2 shows t h e  l ayou to f  
t h e  system. 

A 1-hp fan  was mounted i n  each duct t o  p u l l  a i r  through t h e  c o l l e c t o r  and duct  and force 
if throuqh the  grain.  A door was i n s t a l l e d  i n  the duct  ahead of  t h c  fan  t o  bypass t h e  
c o l l e c t o r  a t  n ight  and prevent  cooling of the  a i r  Erom back ii.aaraeion co b~t! ~ k y .  

Each h i n  was f i l l e d  on October 17-18 with approximately 2060 bu .  of she l l ed  corn with m 
average moisture content  of 20.8 percent  i n  the  s t i r r e d  b in  and 20.4 percent  I n  t he  un- 
s t i r r e d  b in .  Moisture content  of the  corn coming from the  f i e l d  was a t  t he  des i red  l e v e l  
f o r  t he  low temperature s o l a r  t e s t s ,  s o  the  high temperature drying phase was omitted. 
Continuous operat ion of the  1-hp fan  on each b i n  was s t a r t e d  a t  5 p.m. on October 18. Con- 
t inuous operat ion of  t he  s t i r r i n g  auger was a l s o  s t a r t e d  a t  t h i s  time. 

Hourly temperatures f o r  t h e  ambient a i r  and f o r  the  heated a i r  i n  t he  duct f o r  both b ins  
a t  loca t ions  immediately a f t e r  the  c o l l e c t o r  and ahead and a f t e r  t he  fan were recorded 
throughout the  drying per iod  t o  enable the sens ib le  hea t  inputs  t o  be colculatcd.  Hourly 
da t a  f o r  dew po in t  temperature, ambient a i r  temperature, and in so l a t i on  on a hor izonta l  
sur face  were obtained from t h e  Purdue Agronomy Farm MICROS weather s t a t i o n  loca ted  600 f t .  
e a s t  of t he  drying b ins .  

E l e c t r i c  meters recorded energy usage of t he  fans. Power used by the  s t i r r i n g  auger was 
measured pe r iod i ca l ly  with a wattmeter and an average of the  readings used t o  ca l cu l a t e  
energy i.isage. 

Air flow was determined by measuring t h e  ve loc i ty  of a i r  e x i t i n g  t h e  g ra in  through a 25 Lu 
1 reducing cone. The a i r  flow r a t e  i n  each b i n  was about 0.9 cfm/bu. While measuring a i r  
flow i n  t h e  s t i r r e d  b i n ,  t he  s t i r r i n g  auger was stopped arid t he  gra in  leveled to reduce 
any l a rge  va r i a t i ons  i n  readings thaL would have been caused by t h e  g ra in  depth var ia t ions  

I n  order  t o  avoid cooling of the  drying a i r  a t  night  by negative r ad i a t i on  from t h e  col- 
l e c t o r ,  bypass doors on the ducts  were opened manually a t  5 p.m. on a l l  b u t  12 n ights  
during the  t e s t  and closed a t  t )  a.m. t he  following ~ n u r ~ ~ i n g .  Data from thcsc  12 n ights  
were examined t o  see the  e f f e c t  of n ight  cool i r~y  by t he  co l l ec to r .  

Samples were co l l ec t ed  weekly throughout the depth of corn a t  two v e r t i c a l  loca t ions  i n  
t he  b in  using a vacuum probe. These samples were t e s t ed  f o r  moisture content  and mold 
in fec t ion .  Moisture contents  were determined by t h e  ASAE standard oven drying method. 

TESTS RESULTS 

The drying t e s t s  were terminated on November 29 a f t e r  42 days. F ina l  moisture contents  
averaged 16.8 percent  f o r  the s t i r r e d  b in  and 15.5 percent  f o r  t he  uns t i r r ed  bin.  

Adverse weather condit ions preva i led  throughout t he  drying period.  So la r  r ad i a t i on  was 83 
percent  of t he  previous 10-year average and r e l a t i v e  humidit ies  were above average. 

Table 1 gives a summary of t e s t  condit ions,  energy inputs ,  and c o l l e c t o r  performance. The 
moisture removed during the t e s t s  was 16 percent  l e s s  from the  s t i r r e d  corn than  f ro~n  the 
u n s t i r r e d  corn. This d i f fe rence  was determined frwa 111u1sLu~t: ~ ~ ~ c a s u r t n ~ n t ~  and oonfirmod 



by weight changes during drying. 

There was no d i f fe rence  i n  a i r  flow i n  t he  s t i r r e d  and uns t i r r ed  corn; however, energy 
requirements f o r  the same fan producing the  same a i r  flow were 12 percent  l e s s  i n  t he  
s t i r r e d  corn. The energy required f o r  the  s t i r r i n g  auger was nearly t h e  same a s  t h a t  f o r  
the  fans;  therefore ,  t he  e l e c t r i c a l  energy required f o r  each pound of moisture removed i n  
the s t i r r e d  b i n  was nearly twice t h a t  i n  the uns t i r r ed  bin. 

Grain moisture p r o f i l e s  were p l o t t e d  a f t e r  each successive two-week drying per iod  (Fig. 3). 
The moisture p r o f i l e s  i nd i ca t e  t h a t  s t i r r i n g  t h e  gra in  was e f f e c t i v e  i n  maintaining a  uni- 
form moisture content  throughout t h e  depth of t h e  b in  except f o r  t h e  bottom two f e e t .  
Af te r  two weeks of drying, the  uns t i r r ed  b i n  contained gra in  a t  20.2 percent  moisture, 
while the  we t t e s t  g ra in  i n  the  s t i r r e d  b i n  was 19.4 percent  moisture. After  four  weeks 
of drying,  the  we t t e s t  g ra in  i n  t h e  uns t i r r ed  and s t i r r e d  b ins  were a t  19.0 and 18.1 per- 
cent  moisture respect ively.  While these  d i f fe rences  i n  maximum moistures a r e  small ,  
s t i r r i n g  reduced the  moisture content  of top  l aye r s  of con] sooner and thereby increased 
allowable drying time. 

The longex holding L l i n e  <it: h ighe r  moisture contents  of t he  uns t i r r ed  corn r e su l t ed  i n  
some increased mold a c t i v i t y .  During t h e  t h i r d  week of drying, seed in fec t ed  by Asper- 
g i l l u s  glaucus increased from below 10 t o  20-30 percent  and remained a t  t h i s  l e v e l  
throughout t he  remainder of t he  t e s t .  Infec t ion  by Penici l l ium fungi behaved s imi la r ly .  
In t he  s t i r r e d  b in ,  the percentage of seed infec ted  by these  fungi remained below 10 
throughout the e n t i r e  t e s t .  F i e ld  fungi  were p re sen t  i n  both b ins  a t  about t h e  following 
l eve l s :  Cephalosporium (20%),  Fusarium monilifonne (40-SO%), and Gibberel la  zeae (6%) .  
Presence of f i e l d  fungi a r e  not  normally considered a  f a c t o r  i n  gra in  q u a l i t y  maintenance 
i n  s torage.  

ASHRAE equat.i.ons were applied t o  i r ~ s o l a t i o n  da ta  obtained from t h e  MICROS weather s t a t i o n  
t o  obta in  t he  r ad i a t i on  f a l l i n g  on the  t i l t e d  f l a t - p l a t e  co l l ec to r .  The c o l l e c t o r  serving 
the  uns t i r r ed  b in  was shaded more than the  c o l l e c t o r  on the  o the r  b i n  and t h i s  may account 
f o r  i t s  s l i g h t l y  lower e f f ic iency .  System ef f io icncy  reporLeil i r i  Table 1 considered hea t  
l o s s  from ducts  as  we l l  a s  s ens ib l e  hea t  from radia t ion  f a l l i n g  on t h e  c o l l e c t o r  t h a t  was 
l o s t  while they were being bypassed i n  e a r l y  morning and l a t e  evening. 

The hourly average of t o t a l  s ens ib l e  hea t  i n  the  drying a i r ,  a s  measured by temperature 
r i s e  above dewpoint, is  shown i n  f igure  4. Also shown is  the  r e l a t i v e  amount of t he  t o t a l  
hea t  supplied by s o l a r  energy. 

The amount of r ad i a t i on  cooling when the  a i r  was pul led  through the c o l l e c t o r  a t  n ight  w a s  
i n s i g n i f i c a n t  except  on 2 of 12 nights .  However, the  c o l l e c t o r  was not  bypassed soma of  
the 12 n ights  because it was cloudy or ra in ing  and negative r ad i a t i on  was not  expected. 

The drop i n  a i r  tempergture i n  t h e  duct between t h e  co l l ec to r s  and the  drying fan ranged 
from 0 a t  n ight  t o  1 . 0 " ~  a t  noon. The average temperature r i s e  from t h e  co l l ec to r s  a t  

0 
noon was about 17 F. 

CONCLUSIONS 

Solar  drying f o r  the  low temperature phase of a  combination high temperature-low tempera- 
t u r e  drying system appears f e a s i b l e  with reduced a i r  flow r a t e s .  Since t h e  a i r  flow is 
reduced, continuous s t i r r i n g  of  t h e  g ra in  i s  undesirable;  however, with proper management, 
a  s t i r r i n g  auger may be bene f i c i a l .  
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Table 1. Summary Tah1.a f o r  1977 So la r  Drying Tests  

Test Conditions 

Drying pe r iod  
Length 
Lot s i z e ,  bu. 
I n i t i a l  moisture contcnt ,  % 

Fina l  moisture content ,  % 

Moisture removed, lb. 
A i  r f l  nw ra te ,  c fmpu  
Col lec tor  a rea ,  f t  / b u  

Energy Inputs  

6 
E lec t r i ca l  energy, 10 ~ t u  

Fan 
S t i r r i n g  auger 

& l e c t r i c d l  LuLal 
Electrical energy u t i l i z a t i o n  

Btu/lb moisture removed 

6 
Sensible  Heat, 10 Btu 

Amhient 
Solar  
Fan 
Total  s ens ib l e  

Sensible  IIeat U t i l i z a t i o n  . 
R t i ~ .  /lb moisture removed 

Sensible  Heat, % of Tota l  
Ambient 
Solar  
Fan 

Col lec tor  Performan e 
Inso la t ion ,  10 Btu 

6 
Col lec tor  ou tput ,  10 Btu 
Col lec tor  e f f i c i ency ,  % 

System e f f i c i ency ,  % 
0 

Max. temperature r i s e ,  F 
Ave. temperature r i s e  ( 8  a m 5  pm) OF 

TEST LOT 
S t i r r e d  Unst irred 

Oct. 18-Nov. 29 
42 days 

2061 2064 
20.8 20.4 
16.8 15.5 
5929 712 3 
0.9 0.9 

U. 1 Y  0; 13 



BACKSIDE INSUUITION 7 

FIBERGLASS GLAZING 

FIGURE I. A SECTION OF SOLAR COLLECTOR 
WITH ITS SUPPORTING FRAME 
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FIGURE 2. LAYOUT OF COLLECTOR, DRYING BIN AND AIR HANDLNG 
SYSTEM FOR SOL4R DRYING -TESTS 
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FIGURE 3 .  GRAIN MOISTURE W I L E S  AT THREE DATES DURING 
THE 1977 SOLAR DRYING TESTS 
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SOLAR AND NATURAL AIR GRAIN DRYER PERFORMANCE I N  THE 
CORN PRODUCING AREAS OF THE U.S. - SIMULATION RESULTS 

T.L. Thompson and R.O. P i e r c e  

Univers i ty  of Nebraska 

Lincoln 

The a p p l i c a t i o n  of s o l a r  energy t o  g r a i n  d ry ing  seems b e s t  s u i t e d  f o r  low temperature 
systems and most of t h c  s o l a r  g r a i n  dryiilg research  has  been done i n  t h i s  a rea .  One 
major problem i n  a s s e s s i n g  t h e  e f f e c t  of s o l a r  supplementation is t h e  u n p r e d i c t a b i l i t y  o f  
t h e  performance of low temperature drying systems. A thorough imderstanding of low 
temperature o r  n a t u r a l  a i r  d ry ing  is  necessa ry  t o  p roper ly  e v a l u a t e  the  advantages of 
us ing  s o l a r  energy f o r  g r a i n  drying. 

A d e t a i l e d  computer s imula t ion  s tudy  by P i e r c e  and Thompson (1976) eva lua ted  t h e  e f f e c t  
of s o l a r  g r a i n  drying f o r  t h e  North C e n t r a l  Region of t h e  United S t a t e s .  The dry ing  
r e s u l t s  presented h e r e  r e p r e s e n t  an expansion of t h i s  s imula t ion  s tudy  t o  some of t h e  
warmer, more humid corn producing a r e a s  o f  t h e  United S t a t e s  and a more d e t a i l e d  eval-  
ua t ion  of va r ious  management s t r a t e g i e s  f o r  d i f f e r e n t  c l i m a t i c  reg ions .  This paper i s  
a . con t inua t ion  of t h e  North C e n t r a l  Region s tudy,  thus  the  fol lowing i s  a summarization 
of t h a t  p r o j e c t .  

MINIMUM AIRFLOWS 

North C e n t r a l  Region Study 

A computer s imula t ion  model by Thompson (1972) was used t o  p r e d i c t  drying r e s u l t s  f o r  
s o l a r  supplemented dry ing  systems. Drying r e s u l t s  were a l s o  p r e d i c t e d  f o r  systems using 
ambient a i r  and s e g e r a l  l e v e l s  of continuous hea t .  These r e s u l t s  se rved  a s  a b a s i s  f o r  
comparison when e v a l u a t i n g  p o s s i b l e  advantages of s o l a r  energy i n  g r a i n  drying.  Actual  
r a d i a t i o n  and weather d a t a ,  from one l o c a t i o n  i n  each of t h e  twelve North Cent ra l  region 
s t a t e s ,  were used a s  i n p u t s  t o  t h e  s imula t ion  model. 

Airf low r a t e ,  i n i t i a l  mois ture  con ten t ,  h a r v e s t  da te  (with  corresponding changes i n  
ambient temperature) and year-to-year weather condi t ions  g r e a t l y  i n f l u e n c e  the  per for -  
mance of low h e a t  o r  n a t u r a l  a i r  g r a i n  d ry ing  systems ( Thompson, 1972). A s e r i e s  of 
s imula t ion  runs  were made t o  i l l u s t r a t e  t h e  e f f e c t  of t h e s e  f a c t o r s  over  t h e  North 
Cent ra l  region.  The e f f e c t  of us ing v a r i o u s  l e v e l s  of continuous h e a t  o r  s o l a r  supple- 
per i ta t ion £-or the  d i f f e r e n t  l o c a t i o n s  was a l s o  s t u d i e d .  Minimum y e a r l y  a i r f l o w  requ i re -  
ments f o r  each l o c a t i o n  were determined f o r  s e l e c t e d  combinations of the  fol lowing condi- 
t i o n s  : 

1) Harvest Date (Oct. 1,  Oct. 15 and Nov. 1) 

2) I n i t i a l  Moisture Content (20,22, 24 and 26% w.b.) 

3) Continuous Heat (Fan & Supplemental - 0, 2 ,  5 and 8OF temperature  r i s e )  

4) 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  (Supplemental - 8, 10, 20, 30, 4 0 ~ ~ / 1 0 0 0  
lang leys lday)  

Minimum a i r f l o w  r a t e s  were determined f o r  a l l  combinations of h a r v e s t  d a t e ,  continuous 
h e a t ,  and 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  wi th  an  i n i t i a l  mois ture  con ten t  of 24%. The 
e f f e c t  of i n i t i a l  mois ture  con ten t  on a i r f l o w  requirements was determined f o r  an October 
15 h a r v e s t  d a t e ,  w i t h  no continuous o r  s o l a r  h e a t .  

The c r i t e r i a  f o r  determining t h e  minimum a i r f l o w  requirements f o r  each run was t h a t  a l l  
t h e  g r a i n  i n  t h e  b i n  was d r i e d  to  a mois ture  con ten t  below 15% w.b. wi th  less than one- 
h a l f  pe rcen t  dry mat te r  decomposition. Continuous fan  o p e r a t i o n  and a f u l l  p e r f o r a t e d  



f l o o r  were assumed f o r  t h e s e  minimum a i r f l o w  r a t e  s imula t ions .  I n  cases  where a i r  was 
0 p u l l e d  over  the  f a n  motor, a 2 F temperature r i s e  was assumed. 

The r e s u l t s  from these  ' s imula t ion  runs  i n d i c a t e d  t h a t :  

1) Airflow r a t e  i s  t h e  most important  f a c t o r  i n  t h e  design and opera t ion  o f  10.w 
temperature  g r a i n  d ry ing  systems r e g a r d l e s s  of whether n a t u r a l  a i r ,  cont inuous 
supplemental h e a t  o r  s o l a r  supplementat ion i s  used. I n  most cases ,  i f  a system 
i s  n o t  designed f o r  t h e  p roper  a i r f l o w  r a t e  the  a d d i t i o n  of supplemental h e a t  
w i l l  only i n c r e a s e  t h e  amount of spo i lage .  

2) Generally,  t h e  minimum a i r f l o w  r a t e  requ i red  i s  n o t  s i g n i f i c a n t l y  reduced by 
0 

adding supplemental  h e a t  above t h e  approximate 2 F temperature rise t h a t  can be 
ob ta ined  by p u l l i n g  t h e  a i r  over  t h e  f~ motor. The except ions  were c e n t r a l  
Indiana and Ohio whcrc an a d d i t i o n a l  3 F d i d  reduce t h e  requ i red  a i r f l o w  r a t e .  

3) For a given l o c a t i o n ,  t h e r e  i s  almost always 1 o r  2 y e a r s  o u t  of 10 t h a t  r e q u i r e  
a considerably h i g h e r  a i r f l o w  r a t e  than the  o t h e r  y e a r s  e s p e c i a l l y  f o r  h igher  
moisture. c o n t e n t s .  This  i n c r e a s e  is caused by unseasonably warmer t e~upera rures  
dur ing t h e  i n i t i a l  d ry ing  per iod.  

4)  Across t h e  reg ion ,  t h e  requ i red  a i r f l o w  r a t e s  inc reased  from the  cool  d ly  region 
of North Bokoti! t n  t h ~  warmer high humidity reg ions  of c e n t r a l  111diana and Ohio. 

5 )  Across t h e  reg ion ,  t h e  tLne requ i red  f o r  t h e  g r a i n  t o  dry i n c r e a s e d  from t h e  
southern t o  t h e  nor thern  a r e a s  o f  t h e  region.  

New T,nr.ations 

Four a d d i t i o n a l  s t a t e s  were s e l e c t e d  f o r  the  minimum a i r f l o w  s t u d i e s  t o  r e p r e s e n t  t h e  
o t h e r  corn producing a r e a s  of t h e  U.S. The f o u r  s t a t e s  were C a l i f o r n i a ,  Georgia, Texas 
and North Carol ina.  These l o c a t i o n s  were s e l e c t e d  a s  b e i n g  r e p r e s e n t a t i v e  of the  range 
of condi t ions  under which low temperature corn drying systems might be operated.  The 
s p e c i f i c  l o c a t i o n s  f o r  which temperature  and s o l a r  r a d i a t i o n  wcre a v a i l a b l e ,  t h e  p e r i o d  
of record ,  and t h e  y e a r s  s e l e c t e d  f o r  t h e  s tudy  a r e  l i s t e d  i n  Table 1. Minimum a i r f l o w  
requirements were determined f o r  t h e  same s e t  of i n p u t  condi t ions  used i n  t h e  North 
C e n t r a l  Region s t ~ l d y .  Most o f  the  r e s u l t i n g  a i r f l o w  r a t e s  were f a i r l y  high (2-7 cfm/bu 
f o r  24% corn) so  a s i m i l a r  set of runs  w e r e  made us ing  a h a r v e s t  mois ture  con ten t  o f  22%. 

Aside from h i g h e r  a i r f l o w  requirements ,  s imula t ion  r e s u l t s  f o r  these  l o c a t i o n s  i n d i c a t e d  
t r e n d s  which were f a i r l y  t y p i c a l  of those shown f o r  t h e  North Cent ra l  Region s t a t e s .  

A i r ' f l o ~ t ~  requirements were h i g h e s t  f o r  North Carol ina and Georgia condi t ions  and lowest  f o r  
Texas (Table 2 ) .  General ly ,  t h e r e  was no ~ B g n i f i c a n t  advantage to  adding supplemental 
h e a t  f o r  any of these  l o c a t i o n s  a s  f a r  a s  reducing a i r f l o w  requirements were concerned. 
T h i s  was e s p e c i a l l y  t r u e  f o r  Texas condi t ions  where humid i t i es  were low. For a l l  loca-  
t i o n s ,  d ry ing  had t o  be completed qu ick ly  t o  p reven t  excess ive  s p o i l a g e  a t  the  h i g h e r  
temperatures .  A s  a r e s u l t ,  drying was u s u a l l y  completed i n  t h e  f a l l  of the  year .  

These s imula t ion  runs were a l l  made w i t h  h a r v e s t  d a t e s  of October 1, October 15, and 
November 1, f o r  d i r e c t  comparison w i t h  t h e  North C e n t r a l  Region r e s u l t s .  Corn h a r v e s t  
i n  these  southern s t a t e s  normally occurs  i n  J u l y  and August, thus  a d d i t i o n a l  s imula t ions  
a r e  needed. I t  i s  expected t h a t  the  e a r l i e r  h a r v e s t  and r e s u l t i n g  h i g h e r  temperatures  
w i l l  d i c t a t e  a need f o r  h i g h e r  a i r f l o w  r a t e s .  

Addi t iona l  Runs 

The r e l a t i v e l y  h igh  a i r f l o w  r a t e s  r e q u i r e d  f o r  h igh  moisture  con ten t s ,  e a r l y  h a r v e s t  
d a t e s  and some of t h e  warmer, more humid s t a t e s  i n d i c a t e  t h a t  low temperature drying may 
n o t  be a p p r o p r i a t e  f o r  a l l  s i t u a t i o n s .  To a i d  i n  d e f i n i n g  the  condi t ions  f o r  which low 
temperature  drying i s  a p p r o p r i a t e  and t o  develop r e g i o n a l  a i r f l o w  recommendations, mini- 
mum a i r f l o w  requirements were determined f o r  a l l  c o m b i n a t l o ~ ~ s  o f  t h r e e  h a r v e s t  d a t e s  
(Oct. 1,  Oct. 15 and Nov. 1)  and f o u r  mois ture  con ten t s  (20, 22, 24 and 26%). Resu l t s  
from these  s imula t ion  .runs a r e  summarized i n  Table 2. The a i r f l o w  r a t e s  p resen ted  a r e  
minimum a i r f l o w  requirements  f o r  t h e  nex t  t o  worst y e a r  (ou t  of 10) s t u d i e d .  A 2 ' ~  
temperature rise from t h e  f a n  motor was assumed f g r  each s e t  of runs .  Kuns were a l s o  
made f o r  Ind iana  c o n d i t i o n s  using a n  a d d i t i o n a l  3 I! of supplemrulal  I l e a l :  and for 4 addi- 



Table 1. Summary of d a t a  a v a i l a b i l i t y  and l o c a t i o n s  s e l e c t e d  f o r  
Georgia, North Carol ina,  Ca l i fo rn i a  and Texas. 

Temperature Data Radiat ion Data 

S t a t e  Location Avai lable  Location Available* F a l l  Per iods  Used 

North Card l ina  Cape Ha t t e r a s  195 7-7.3 , Same 1957-74 1963- 67, 1969-73 

Georgia Macon 1949-73 G r i f f i n  195 3-64 1953-59, 1961-63 

Cal i fo rn i a  Fresno 1949-73 Same 1952-74 1961, 1963-66, 
1969-73 

Texas Midland 1946-73 Same 1954-74 1954,1958-59, 1961, 
1966-68, 1970-72 

*Radiation da t a  i s  gene ra l ly  n o t  complete f o r  t he  per iod  ind ica t ed .  



W e  Z IZkct of hmek date a d  initial misutLne antent on th? minimm airflm rate (d3&.1) r W e 3  to dry axn 
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anprtersirmlatirrmtestsusiryMyearsof~kRatherdata. A 2  F&npratureristfrantkhnmtor 
w 9 s W .  

cmm31 cctd-?l5 NJuarber1 

Initial bisture mtmt Initial lvbisture antent biibl W i s b r e  (hmt 

E3is-mkl Nxth m t a  
KP:cn, South IBkota 
Linxh, Mbraska 

City,- 
st. cbld,-ta 
&?3Pbks,IaJa 
(Blurbia, Missxni 
~misrm, vibxsin 
micap, Ulhis 
M ~ ~ i s ,  Miin3 
Miimagolis, M h * *  
-irg, F4ichigapl 
W i e l d ,  Chio 
Midlard, !bs 
k-, California 
l&xn, Ci30rgi.a. 
Qle Eltteras, m. Carolina 
Sioux city, Mxaska 
C 4 d  LslanJ, wxaska 
mth Plat&, bkkska 
smd3l&, Mbraska 

* A i r f l m r a t e s M m . 7 5 ~ a r e ~ d a a t i r n ~ c t r y l r g .  I B t e s l a q = r t f - w 0 . 7 5 ~ a r e r e c n r m e r d e d  
for dryirq 

** 3 E'mtinnskst (inaikIiticnb3the2 F f r a n ~ h n ) ~ ~ ~ a s S u r O a b r ~ ~ ~ n r r ; .  



t i o n a l  Nebraska l o c a t i o n s .  

Now t h a t  minimum a i r f l o w  requirements a r e  a v a i l a b l e  f o r  a wide range of  c o n d i t i o n s ,  t h e  
nex t  s t e p  was t o  determine how these  r e s u l t s  can b e s t  be  used i n  designing and o p e r a t i n g  
low temperature  g r a i n  drying systems. 

MANAGEMENT STUDIES 

The North C e n t r a l  region s tudy  included a p re l iminary  management s tudy  f o r  s p e c i f i c  b i n  
s i t u a t i o n s  opera ted  under Des Moines, Iowa condi t ions .  Various fan  and h e a t  supplemen- 
t a t i o n  s t r a t e g i e s  f o r  low temperature b i n  systems f i l l e d  with  a s i n g l e  . loading were 
s t u d i e d .  

I n  i n i t i a l  a t t empts  a t  s tudy ing  t h e  e f f e c t  o f  va r ious  management s t r a t e g i e s ,  a s i n g l e  
design a i r f l o w  r a t e  was s e l e c t e d  f o r  a p a r t i c u l a r  l o c a t i o n  and moisture  content .  Speci- 
f i c a l l y ,  t h i s  was t h e  a i r f l o w  which allowed f o r  s u c c e s s f u l  drying 9 years  out '  o f  10 

0 
assuming an October 15 h a r v e s t  da te  and a 2 F temperature r i s e  from t h e  fan motor. One 
of  the  problems a s s o c i a t e d  with  t h i n  appriracl~ was cha t  the  design a i r f l o w  r a t e  was i n s u f -  
f i c i e n t  a s  much a s  one h a l f  t h e  time f o r  h a r v e s t  d a t e s  e a r l i e r  than October 15. Another 
problem was deciding on a mois ture  con ten t  f o r  which t h e  system should be designed. 

The r e s u l t s  from t h e  fan  management s tudy  i n d i c a t e d  t h a t  f a n  energy requirements could be 
reduced by o p e r a t i n g  t h e  fan  i n t e r m i t t e n t l y  over  a "winter  ho ld ing  period" when drying 
p o t e n t i a l  i s  low. Under Iowa condi t ions ,  t h e  minimum a i r f l o w s  (based upon continuous 
f a n  opera t ion)  were found t o  be adequate  f o r  use wi th  i n t e r m i t t e n t  fan  opera t ion .  

The supplemental h e a t  management s tudy  compared r e s u l t s  f o r  systems opera ted  wi th  n a t u r a l  
a i r ,  two l e v e l s  of cont inuous h e a t  and one l e v e l  of ~ o l a r  supplementation. P t  is  d i f f i -  
c u l t  t o  d i r e c t l y  compare t h e  drying r e s u l t s  f o r  t h e  d i f f e r e n t  l e v e l s  of h e a t  supplementa- 
t i o n  because of d i f f e r e n c e s  i n  drying times, f i n a l  average mois ture  con ten t  and s p o i l a g e  
l e v e l s .  Comparisons a r e  a l s o  complicated due t o  cons iderab le  v a r i a t i o n s  i n  y c a r  to-yeai  
weathcr c s n d i t i u l ~ s .  To enab le  d i r e c t  comparisons of d i f f e r e n t  managements, each system 
performance f a c t o r  was ass igned  an  economic value.  To ta l  drying c o s t s  included f i x e d  
c o s t s  f o r  equipment, energy c o s t s  f o r  t h e  fan  and h e a t e r s ,  c o s t  o f  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 (below 15.5%) and s p o i l a g e  of t h e  g ra in .  These systems 
were then eva lua ted  on t h e  b a s i s  of a "drying cost" .  General ly ,  r e s u l t s  from t h i s  pre- 
liminary s tudy  i n d i c a t e d :  

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

2)  Energy requirements were genera l ly  lowest  f o r  s o l a r  supplemented systems and 
h i g h e s t  f o r  systems us ing  continuous h e a t .  

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

4) Percen t  dry mat te r  decomposition , g e n e r a l l y  was decreased by adding supplemental 
h e a t  o r  h a r v e s t i n g  a t  lower mois ture  con ten t s .  

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

Fan Operat ion 

Minnesota, Iowa, Indiana,  Missouri,  Georgia and Texas were s e l e c t e d  f o r  system manage- 
ment s t u d i e s .  A procedure s i m i l a r  t o  t h e  one developed f o r  t h e  Iowa management s t u d i e s  
was used t o  determine appropr ia te  f a n  o p e r a t i n g  schedules .  Tables  of e q u i l i b r i u m  r e l a -  
t i v e  humidity and temperature  were used t o  d e f i n e  "winter  ho ld ing  periods".  General fan 
o p e r a t i o n  was t o  run t h e  fan  cont inuously u n t i l  t h e  s t a r t  of the  ho ld ing  per iod ,  two 
hours/day dur ing  t h e  ho ld ing  per iod  and then continuous u n t i l  t h e  g ra in  was dry. The 
d a t e s  i n d i c a t i n g  the  w i n t e r  ho ld ing  per iod  f o r  each of t h e  s i x  l o c a t i o n s  a r e  shows. in  
Table 3. I f  cont inuous h e a t  supplementation was used, t h e  h e a t e r  was opera ted  only 
dur ing t h e  i n i t i a l  pe r iod  of  cont inuous f a n  opera t ion .  The s o l a r  c o l l e c t o r  was assumed 
t o  be i n  opera t ion  over  t h e  e n t i r e  d ry ing  season. 

The s imula t ion  r e s u l t s  i n d i c a t e d  two changes needed i n  the  management s t r a t e g y  presen ted  
above. F i r s t ,  s p o i l a g e  problems were noted i f  t h e  drying f r o n t  had n o t  moved completely 



 able 3. Dates s e l e c t e d  t o  i n d i c a t e  pe r iods  
where i n t e r m i t t e n t  fan opera t ion  is  
d e s i r a b l e .  

Indiana 

M i s s o u r i  

Iowa 

Minnesota 

Georgia 

Texas 

F a l l  Shutdown Spring S t a r t u p  

November 25 March 10 

December 1.6 

Decemher 2 

November 18 

cont inuous f an  ope ra t ion  

cont inuous f an  opera t ion  

March 3 

March 7 

A p r i l  7 



through t h e  b i n  b e f o r e  t h e  w i n t e r  holding per iod.  Therefore ,  cont inuous fan o p e r a t i o n  
was cont inued u n t i l  the  mois ture  con ten t  of the  top l a y e r  of g r a i n  was below 18%. Typi- 
c a l l y ,  t h i s  d i d  not  extend the  per iod  of  continuous f a n  o p e r a t i o n  more than a few weeks 
i n t o  t h e  ho ld ing  per iod.  Secondly, cont inuous fan  o p e r a t i o n  was n o t  resumed i n  t h e  
s p r i n g  u n t i l  t h e  f i r s t  day t h e  average temperature  was g r e a t e r  than 4 5 ' ~  a f t e r  the  end of 
t h e  ho ld ing  per iod .  

Heat Supplementation 

Simulat ion runs  were made f o r  t h e  a i r f l o w  r a t e s  shown i n  Table 2 using the  fan o p e r a t i n g  
schedules  descr ibed  i n  t h e  preceding s e c t i o n .  Four l e v e l s  of h e a t  supplementation were 
compared i n  these  runs:  2 ' ~  (from t h e  fan  motor), 2 + 3 ' ~  and 2 +   OF of continuous 
h e a t  and  OF+ s o l a r  supplementation. Output a v a i l a b l e  ffom t h e s e  runs  inc ludes  average 
f i n a l  mois ture  c o n t e n t ,  pe rcen t  dry mat te r  decomposition, and hours  of fan  and h e a t e r  
opera t ion .  The minimum, average and maximum va lues  f o r  t h e s e  o u t p u t s  ( t e n  y e a r s )  a r e  
p resen ted  i n  Table 4 .  

For s e v e r a l  o f  the  s i t u a t i o n s  s t u d i e d ,  pe rcen t  dry m a t t e r  decomposition exceeded .5 f n r  
two o r  more years .  This indj.cates t h a t  either. the a i r f l o w  requirements  p r e d i c t e d  f o r  
continuous fan opera t ion  (Table 2) a r e  too  low o r  t h a t  h igher  a i r f l o w  r a t e s  a r e  requ i red  
when using i n t e r m i t t e n t  f a n  opera t ion .  Since t h i s  problem a l s o  e x i s t e d  f o r  t h e  Texas 
and Georgia management runs (cont inuous a i r f l o w ) ,  a t  l e a s t  p a r t  of the  problem l i e s  with  
t h e  procedure f o r  determining minimum a i r f l o w  requirements .  For Ind ianapol i s  condi t ions ,  
i t  appears  t h a t  supplemental h e a t  should be added a t  l e a s t  u n t i l  t h e  drying zone has  
moved completely through the  b i n .  Other p o s s i b l e  problem a r e a s  a s s o c i a t e d  with  manage- 
ment techniques  a r e  being s t u d i e d .  

Economic Evaluat ion 

The r e s u l t s  from t h e  management s t u d i e s  (summarized i n  Table 4) were analyzed using an 
economic eva lua t ion  approach s i m i l a r  t o  t h a t  used f o r  the  Iowa s tudy.  However, t h e  ob- 
j e c t i v e s  of t h i s  s tudy  were somewhat d i f f e r e n t  than those o f  the Iowa ~ t u d y .  rether 
than  t r y i n g  t o  design a low remperature system f o r  each of  t h e  l o c a t i o n s ,  more emphasis 
was placed upon determining t h e  r e l a t i v e  m e r i t s  of adding supplemental h e a t .  This  change 
i n  o b j e c t i v e s  r e s u l t e d  i n  two major d i f f e r e n c e s  between t h e  s t u d i e s .  F i r s t ,  t h e r e  was no 
at tempt  t o  s e l e c t  an a i r f l o w  r a t e  t o  r e p r e s e n t  a range of h a r v e s t  da tes .  Simulat ion runs 
were made a t  t h e  minimum a i r f l o w  r a t e  requ i red  f o r  each h a r v e s t  d a t e  and i n i t i a l  mois ture  
con ten t .  The second d i f f e r e n c e  was t h a t  f i x e d  c o s t s  f o r  equipment were n o t  included a s  a 
p a r t  of t h e  drying c o s t .  The c o s t  of a s o l a r  c o l l e c t o r  was s t i l l  considered.  A s  a re- 
s u l t ,  cau t ion  should be e x e r c i s e d  when making comparisons between o p e r a t i n g  c o s t s  f o r  
d i f f e r e n t  h a r v e s t  d a t e s ,  mois ture  c o n t e n t s  o r  l o c a t i o n s .  

The magnitude of t h e  o p e r a t i n g  c o s t s  a r e  very s i t u a t i o n  s p e c i f i c  and depend on b in  dia-  
meter, depth and fan ,  h e a t e r  o r  c o l l e c t o r  s i z e s .  They w i l l  a l s o  vary wi th  the  d i f f e r e n t  
c o s t  va lues  ass igned t o  each f a c t o r .  A computer program 'DRYCOST' was developed t o  gene- ' 

r a t e  drying c o s t s  f o r  t h e  var ious  s i t u a t i o n s .  A sample ou tpu t  from t h i s  program i s  shown 
i n  Table 5 .  

The r e s u l t s  from t h e  management s t u d i e s  were analyzed f o r  a s t andard  s e t  of c o s t  va lues  
and a s p e c i f i c  b i n  s i t u a t i o n .  The s tudy  d e a l t  w i t h  a 24 f o o t  diameter  b i n  ho ld ing  6000 
bushe l s  (16.6 f t  deep). Knowing t h e  b i n  s p e c i f i c a t i o n s ,  t h e  requ i red  a i r f l o w  r a t e  and 
t h e  d e s i r e d  temperature r i s e ,  t h e  f a n  s i z e  and h e a t e r  o r  c o l l e c t o r  s i z e s  were c a l c u l a t e d .  
An e f f i c i e n c y  of 50% was assumed when c l c u l a t i n g  c o l l e c t o r  s i z e .  The c o l l e c t o r  c o s t  was 1 
based upon a purchase p r i c e  of $1 .50 / f t  , economic l i f e  of 3 years  and an i n t e r e s t  r a t e  
of 11%. A corn p r i c e  of $2/bu and e l e c t r i c a l  c o s t s  of $0.035/kW-hr were a l s o  assumed f o r  
t h e  s tudy.  

The o p e r a t i n g  c o s t s  r e s u l t i n g  from t h e  economic s tudy  a r e  p resen ted  i n  Table 6. Notice 
t h a t  o p e r a t i n g  c o s t s  were n o t  c a l c u l a t e d  f o r  s i t u a t i o n s  where a i r f l o w  r a t e s  h i g h e r  than 
2 cfm/bu a r e  requ i red .  This  a i r f l o w  l e v e l  was a r b i t r a r i l y  s e l e c t e d  a s  t h e  p o i n t  above 
which s i n g l e  f i l l  low temperature  systems do n o t  appear  t o  be economically f e a s i b l e .  
This impl ies  t h a t  t h e  g r e a t e s t  a p p l i c a t i o n  f o r  f u l l  b i n  drying w i l l  be  f o r  r e l a t i v e l y  
low moisture  con ten t  g r a i n  (22%) and f o r  l a t e r  h a r v e s t  d a t e s .  



Table 4. Predicted dryiq  results for the 6 locations incluiied in the enmt study. 
Itr drying tests *re simulated usby 18 ysars of actual -=ata. 

MPLUN, GD3flGIA (10 m) 
16/ 1 f1A14VEST lY4a2 FIN?& MOISIURE % CM DfnNP FAN HCURS HEATEH H3CTRS 
M.C. CEWBU MIN A W  MAX NIN AVE MAX MIN AVE MAX MIN AVE MAX 
18% (11.75 2F 11.5 12.5 14.0 ,173 .282 .479 696 914 12d0 0 0 0 

2+3F 18.4 11.7 13.4 .166 .273 .441 696 763 864 696 763 864 
2t6F 9.6 10.8 12.5 .I71 .272 .429 696 696 696 696 696 696 
2tSC 10.2 11.4 13.5 .165 .271 .438 696 746 864 0 0 0 

FINAL m 1 m  
M I N  AVE MAX 
12.2 12.8.13.7 
ll.2 11.8 12.4 

% m m  
MIN AVE MAX 
.095 .I79 .275 
.094 -175 .273 
.097 .172 -266 
.095 .I74 .268 
.I65 .346 -612 
.I75 .335 .575 
.180 .330 .541 
.176 .331 .566 
.lid .302 . ~ 5  

FAN KUHS 
MIN A m  MAX 
864 964 1200 
696 796 1032 
696 712 864 
696 780 1032 
696 813 1032 
696 729 864 
528 662 696 
528 712 864 
360 444 696 
360 376 528 
3618 3616 360 
360 376 528 
192 360 528 
192 326 528 
192 225 360 
192 309 528 

mm muK3 
MIN AVE MAX 
0 0 0  

696 796 1F132 
696 712 864 
0 0 0 
0 0 0  

696 729 864 
528 662 696 
0 0 0 
0 0 B  

3616 376 528 
360 360 368 
0 8 0  
0 0 0  

11/ 1 HmWST WE F W  W- % Dl DBmlP FAN CFX;[KS I -ENERm 
M.C. CM/BCj MIN AVE MAX MIN AVE MAX M I h  AVE MAX MIN AVE MAX 
18% 0.75 2F 12.4 13.3 14.0 .I13 .I45 .207 864 998 1200 0 0 8 



10/ 1 HARVkl' FINAL, ~~OISYOHE 
M.C. CFM/BLl MIN AVE PW( 

l0/l5 HARVEsT DF\% FIN& IQISIURE 
M.C. CEM/BU MIN AVE MAX 

11/ 1 HARVEST wm 
M.C. CFM/tKI 
28% 13.75 2F' 

2+3F 
2+6F 
2 s  

22% 8.83 2F 
2+3F 
2t6F 
2 s  

24% 1.08 2F 
2+3F 
2+6F 
2 e  

26% 2.36 2F 
2+3F 
2+6F 
2 s  

F I r n  MLI1SIUR.E 
M U  AVE MAX 
12.1 12.8 14.5 
12.0 12.9 14.5 
12.1 13.2 14.2 
11.1 12.2 14.2 
12.0 12.8 14.5 
U.8 12.8 14.4 
12.0 13.16 14.4 
18.8 11.9 13.8 
l l . 3  12.6 14.5 
U.1 12.8 14.5 
11.1 12.9 14.5 
9.8 11.7 14.5 

l0.6 12.9 14.5 
l l .6  13.0 13.9 

%CMCQXMe 
M I N  AVE MAX 

%DMDEm'¶P 
MIN' AVE MAX 

.I56 .282 ,463 

.140 .236 .399 

.I46 .231 .411 

.I46 .245 ,398 

.168 ,332 .612 

.I68 ,302 .624 
,178 .305 .628 
.168 .384 .613 
.201 .409 ,883 
. a 4  .375 .915 

%CMMm'1P 
MIN AVE MAX 

.153 .255 .5a2 

.I38 .212 .405 

.142 .I90 .361 

.133 .203 .371 

.2S0 .489 .880 

.220 .354 .721 

.231 -328 .619 

.227 .329 .613 

.297 .521 **** 

.315 .485 **** 

.327 .471 .965 

.320 .461 -868 

.282 .415 .948 

.239 .376 .927 

.245 .366 .873 

.260 .382 .871 

FAN HCUfZS 
MIN AVE MAX 
864 1528 2746 
696 998 1200 
696 864 1032 
696 1015 1368 

FAN H3UE 
Mm AVE MAX 

FAN K l K  
MIN AVE MAX 

2164 2861 49W2 

m1ER HOUEZS 
MIN AVE MAX 

HEATER HmG 
MIN AVE MAX 

B 120 1200 
1032 1183 1200 
1032 1082 1200 

0 0 0  
0 0 0  

696 813 1032 
696 696 696 

0 , . 0  0 
0 \ 0  0 

528 561 696 

tIml'ER Hems 
MIlJ AVE; MAX 

w a w  
864 864 864 
864 864 864 

0 0 
0 0 0 

864 864 864 
864 864 864 

0 8 0  
0 0 0  

864 864 864 
864 864 864 

0 0 0  
0 0 0  

696 763 864 
528 696 864 

0 0 0 



m m m ,  INDIANA (10 m) 
10/ 1 HARMST LATE FINAL, MOISNRE 
M.C. CEM/BU MIN AVE MAX 
20% 2.35 2F 12.1 13.3 14.6 

0.91 2+3F l l .4  13.1 14.2 
2+6F 10.2 12.0 13.3 
2i5C 11.4 12.9'14.3 

22% 2.89 2l? l l . 9  13.1 14.6 
2.63 2+3F 18.9 12.5 13.9 

2+6F 10.0 11.9 13.1 
2+5C l0.7-12.514.1 

24% 5.61 2F l l . 9  13.3 14.5 
4.56 2+3F l l .513.214.4 

2+6F 10.6 12.113.2 

mm H x E  
MIN AVE MAX 

0 0 0 
696 998 1368 
696 847 864 

0 0 0  
0 0 0 

360 444 528 
360 360 360 

0 0 0  
0 0 0  

192 343 360 
192 326 360 

%DlDfxaP 
MIN AVE MAX 

.079 .I82 .484 

FAN HOUrZS 
FUN AVE mx 
360 700 2250 
696 1112 2504 
696 847 864 
696 1344 2418 
360 700 2250 
360 444 528 
360 360 360 
360 444 528 
192 616 2250 
192 343 360 
192 326 360 

10A5 MARVEST W'IE FINAL MOISlURE 
M.C. CEM/BU MIN AVE MAX 
20% 1.16 2F 11.8 13.3 14.3 

8.75 2+3F 12.1 13.2 14.5 
2+6F 10.9 12.7 13.8 

%rnDElXMP 
M I N  AVE MAX 

.I42 .263 .411 

FAN HOURS m'Im H3UfZS 
MIN AVE MAX 

l d B 0  
MIN AVE MAX 
696 2085 3236 

11/ 1 HUVEST DATE 
M.C. CFM/BU 
20% 0.95 2E' 

16.75 2+3F 
2t6F 
2+SC 

22% 1.90 2F 
0.80 2+3F 

2+6F 
2 4 s  

24% 3.52 2F 
1.66 2+3F 

2 6 F  
2+6W: 

26% 4.81 2E' 
2.85 2+3F 

2+6F 
2+SC 

FINAL MOISNRE 
MIN AVE MAX 
12.4 13.3 14.3 
12.4 13.5 14.4 
12.4 13.4 14.4 
l l . 8  12.5 14.1 
12.5 13.4 14.3 
12.4 13.4 14.4 
12.3 13.4 14.4 
10.9 12.3 13.1 
12.0 13.3 14.4 
11.9 13.1 14.4 
10.9 12.9 14.4 
118.8 12.4 13.7 
L1.2 12.8 14.4 
12.8 13.1 14.6 
ll.l 12.9 14.3 
10.6 12.6 14.0 

FAN HCWS 
MIN AVE MAX 

1724 2737 4040 
2046 2794 3574 
1388 2544 3420 
1652 2534 3130 

528 1676 2454 
2260 3164 3882 
2046 2887 3728 
1864 2979 3872 
360 1401 2454 
696 1886 2776 
696 1292 1782 
696 1679 2258 
368 1302 2454 
528 1209 1870 
360 578 696 
528 1213 1446 

mm ficuRs 
MIN AVE MAX 
0 0 0 

696 696 696 
696 696 696 

0 0 0 
0 0 0  

696 696 696 
696 696 696 

0 0 0 
0 0 0  

696 696 696 
696 696 696 

0 0 0 
0 0 .0  

528 662 696 
360 578 696 

0 0 0  

%Dim@ 
MIN AVE MAX 

.218 .358 .474 



TABU 4. ( W W U E D )  

ST. CXmD, iuNw33A (10 YEAS) 
l0/ 1 NUVEST W1E 
M.C. CFM/BU 
216% 16.75 2F 

2+3F 
2+6F 
2+SC 

22% 1.39 2F 
2+3F 
2+6F 
2- 

24% 3.04 2F 
2+3F 
2+6F 
2+SC 

~n\w,  m I S k  
M I N  AVE MAX 
11.5 12.8 13.9 
12.6 13.4 14.1 
11.6 12.4 13.2 
10.8 12.7 13.9 
11.8 13.0 14.7 
11.9 12.9 14.5 
U.9 11.9 13.1 
10.9 12.8 14.0 
10.8 13.0 14.5 
U.3 12.5 14.1 
10.7 11.9 13.8 
9.6 12.2 14.1 

11.0 13.1 14.5 
11.4 12.9 14.1 
10.5 11.8 12.8 
11.0 12.5 14.2 

F m  MOISWM 
MIN AVE MAX 
11.6 12.5 13.6 
11.4 12.8 13.7 
12.6 13.4 14.0 

%CIJlDE33CMP 
m AVE P A X  

.195 .291 .383 

.I72 .256 .401 

.I81 .253 .419 

.171 .264 .389 . 

.229 .345 .542 

.217 .316 .474 

. a 7  .315 .453 

.2l6 .315 .456 

FAN mJRs 
MM AW MAX 

l d l x l X R m  
MIN AVE MAX 

0 1 1 1 8  
1032 1166 1288 
864 1082 1200 

0 0 0 
0 0 0  

696 813 1032 
528 679 864 

0 0 0 

10115 HARVES'I WXE 
M.C. CEM/BO 
20% 0.75 2F 

2+3F 
2+6F 

% r n D M X M P  
MIN AVE PlAX 

.138 .247 .323 

F m  HOURS 
MLN AVE MAX 

m'Im HuJFs 
MIN AVE MAX 

0 0 0 
864 864 864 
864 864 864 

0 0 8  
0 0 P) 

864 864 864 
864 864 864 

0 0 0  
0 ' 0  0 

696 796 864 
528 662 864 

0 8 0  
0 0 0  

528 645 864 
360 494 528 

0 0 0 

11/ 1 wml' rnXE FLNAL MOIsrURE 
M.C. CJMJBU MLN AVE MAX 

%rnI2ExmP 
MIN AVE MAX 

FAN HOUtZS 
MIN AVE ElAX 

HEATER klcms 
MIN AVE MAX 



mUIvlBIA, MI- 
I@/ 1 H A R m  rn1E 
M.C. CM/BU 
20% 0.8U 2F 

2+3F 
2+6F 
2-w 

22% 1.74 2F 
2+3P 
2+6F 
2+5C 

24% 3.05 2F 
2+3F 

( 1 W  YEWS)  
FINAL ~DIS'I'lj-iZE 
MIN AVE MAX 
10.9 12.8 14.6 
9.9 11.8 13.4 
9.2 10.9 12.4 
9.9 11.9 13.7 
9.6 12.4 13.9 
8.9 11.4 13.1 
8.2 10.5 11.9 
8.7 11.4 13.2 
9.3 12.4 14.3 
8.7 11.9 13.4 

.10/l5 l-lmwsr m FLWL EPDISIURE 
M.C. MW AVE MAX 
20% 0.75 2F 12.0 13.3 14.3 

2+3F 11.3 12.5 13.9 
2+6F 119.7 11.6 12.9 
2 i X  . 11.6 12.9 14.4 

22% 1.42 2F 11.8 13.2 14.3 
2+3F 18.7 12.3 13.3 

111 1 Mmr WLE 
M.C. CFM/BU 
20% 0.75 2F 

2+3F 
2+6F 
2- 

22% 0.82 2F 
2+3F 
2+6F 
2 e  

F N  MOIs'm 
MIN AVE MAX 
12.2 13.5 14.6 
12.7 13.3 14.1 
ll .4 12.2 13.0 
l l . 8  13.4 14.1 
11.1 13.0 14.4 
11.9 13.3 14.B 
l l . 5  12.4 14.0 
11.8 13.5 14.4 

% m DExalP 
M I N  AVE MAX 

. a 5  .282 .374 

.191 .271 .390 

.I87 .274 .401 

.I90 .267 .387 

. l 8 l  .326 .516 

.169 .316 .532 

%l%if2xCNP 
M I N  AVE MAX 

. a 9  .243 .292 

.I58 . 2 l B  .261 

FAN HXRS 
M r n  AVE MAX 
696 1270 3U84 
696 914 1032 
696 830 864 
696 897 1032 
360 595 696 
360 511 528 
360 494 528 
360 511 528 
360 477 528 
360 360 360 
192 343 360 
360 360 360 
192 393 528 
192 292 360 
192 208 360 
192 276 528 

FAN HXRS 
F r n  AVE MAX 
864 1652 3U12 
864 1082 1368 
696 948 1200 
864 1146 1836 
528 1018 2412 
528 696 864 

360 7% 2076 
368 477 528 
368 427 528 
360 494 696 
360 427 864 
192 326 360 
192 309 360 
192 326 360 

FAN l-icms 
M D J  AVE MAX 

1326 2023 3006 
12U0 1364 1974 

HEATER HOURS 
Mm AVE MAX 

0 0 0 
696 914 1032 
696 830 864 

o 0 a 
0 0 0  

360 511 528 
3616 494 528 

l i l B U  
a 0 0 

360 360 360 
192 343 360 

0 0 0 
0 0 0  

192 292 360 
192 208 360 

0 0 0  

M I N '  AVE MAX 
0 0 0 

HEATEF( mRS 
M I N  AW MAX 

0 0 0  
1200 1208 1200 
1832 1099 1280 

0 0 0 
0 0 u  

1200 1200 1200 
1032 1166 1200 

0 - 0  0 
0 0 0 

528 746 864 
528 662 696 

0 0 0  
0 8 0  

360 578 696 
360 511 528 

0 0 0  



TABLE 4. (aNL'INUED) 

MIDIAND, ?EMIS (10 m) 
10/ 1 I-IAFWST W1E FINAL M O m  
M.C. CEtv@U MIN AVE MAX 
20% 0.92 2F 9.4 11.3 14.1 

2+3F 8.610.513.0 
2+6F 8.7 9.9 12.0 
2+5C 8.3 10.3 12.9 

22% 2.01 2F 9.4 11.5 13.4 
2 + 2  9.110.412.3 
2+6F 8.510.011.9 
2+SC 8.810.012.0 

24% 3.55 2~ 9.0 1i.2 12.9 
2+3F 8.3 10.6 13.3 
2tdF 7.7 9.8 12.4 
2- tx  7.9 9.9 11.5 

26% 6.05 2F 8.8 10.7 12.8 
2+3F 8.3 10.6 13.2 
2t6F 7.7 10.1 13.1 
2- 7.9 10.2 13.0 

10D5 HARVEST. W'IE 
M.C. CEM/BU 
20% 0.75 2F 

2+3F 
2 6 F  
2 s  

22% 1.30 2F 
2+3F 
2+6F 
2+SC 

24% 2.76 2F 
2+3F 
2+6F 
2uX 

26% 4.59 2F 
2+3F 
2+6F 
2 m  

11/ 1 HARVEST WTE 
M.C. 
20% 0.75 2F 

2+3F 
2+6F 
2 m  

22% 0.82 2F 
2+3E 
2+6F 
2+SC 

24% 1.70 2F 
2+3F 
2+6F 

FIN?& MOISlURE 
MIN AVE MAX 

9.0 11.9 13.3 
9.2 11.1 12.3 
8.1 10.4 11.7 
9.8 11.1 12.3 
9.5 11.4 13.1 
8.6 10.6 12.3 
7.9 9.7 11.3 
8.4 10.4 12.2 
8.0 10.9 13.8 
7.4 10.3.12.9 
6.9 9.7 13.0 
7.3 18.1 12.8 
7.8 10.6 13.7 
8.5 18.3 14.1 
7.8 9.8 13.1 
8.1 10.0 14.3 

F m  MOIS'lURE 
Mud AVE MAX 

9.2 11.8 13.5 
8.9 11.1 13.0 
8.8 10.3 12.1 
8.8 11.1 13.4 

%DMaEXXMY 
m AVE MAX 

.259 .386 .537 

.262 .388 .506 

.269 .384 .496 

.265 .388 .523 

.229 .410 .677 

.220 .386 .644 

.215 ,367 .619 

.214 .384 .669 

.184 .426 .847 
,173 .384 .675 

.169 .394 .667 

.171 .348 .564 

.167 .320 .469 

.167 .341 .555 

%rnDE?xMl? 
M a  AVE MAX 

.169 ,274 .472 

.174 .281 .476 

.182 .287 .458 

.173 .282 .469 

.I95 .354 .636 

.204 .35C .632 

.213 .355 .634 

.206 .353 .631 
,163 .340 .600 
.I68 .307 .522 

% r n W X M P  
MIN AVE MAX 

.141 .198 .259 

.143 .285 .270 

FAN FiCXJRS 
M I N  AVE MAX 
696 796 864 
696 746 864 
528 645 696 
528 696 864 
360 528 1032 
360 427 528 
360 360 360 
360 427 528 
360 376 528 
192 343 360 
1.92 389 360 
192 343 528 
192 292 528 
192 225 360 
192 192 192 
192 225 360 

FAN HCNE 
MIN AVE MAX 
864 1015 1368 
864 931 1200 
696 796 1032 
696 897 1200 
528 729 12B0 
528 612 ' 864 
528 595 6% 
528 612 864 
360 444 696 
368 393 528 
3616 '360 360 
360 393 528 
192 360 528 
192 309 528 
192 259 360 
192 292 528 

FAN HOl;arj 
MM AVE MAX 
864 1166 1368 
864 1015 1200 
864 931 1032 
864 1015 1200 

1032 1267 1536 
864 1082 1368 
864 998 1200 
864 1116 1368 
528 729 864 
528 645 696 
528 595 696 
528 612 696 
360 578 864 
360 494 696 
360 444 528 
360 494 864 

HEATER fuuRs 
MIN AM3 MAX 

0 0 0 
696 746 864 
528 645 696 

8 0 8  

HEAI'ER mK3 
M I N  AVE MAX 

mTER HcmG 
MIN AVE MAX 



'rAt3rz 5. EXAMPLE o u r m  ~ m 4  THE DRYCGST PROGRAM FOR DES MOINES, 
I W A  N T H  24% CORN HARVESTED OC'IOBER 1 5  AND 2 F HEAT FROM 
THE FAN M m R .  

GHAINLATA DES MOINES, IOWA 
HARVEST 10/15 24% W.B. 2F 
YEAR FAN HRS %DRY MATlER, AV MOIS 

59 2874 8.335 12.36b 
(516 696 41.235 13.810 
61 1906 0.489 13.7160 
62 696 0.327 13.968 
6 3 696 0.883 13.39U 
64 864 8.389 14.2160 
65 1892 0. 596 13.320 
67 528 0.201 13.990 
68 2082 0.426 13.580 
69 696 . 0.212 13.920 

HEAT HRS 
0. 
8. 
3. 
a. 
8. 
0. 
0. 
0. 
0. 
0. 

COST ANALYSIS OF CORN a 4 1  05/19/78 09:29 
MAN-CODE HAR-MTE MOISTURE AIRFLLM CORN-VALUE FIXED-COSTS 

2 1615 24 % 2.18CFM 2.00 8.0 

DI&IEI'M BUSHELS DEPTH $/KW-HR COLL-COST L I F E  INTEREST-RATE 
24.0F'i' 6008. 1 6 . 6 F T  0.03 0.B/SQFT @YEARS 0.0 % 

CCsT OF DRYING CORN $ D U  
W/(3 ODRY FAN HEAT SOLAR S P O I U G E  

8.3% 0.358 B.0 040 0, a02 
0.121 0.120 0.8 0.0 .0. FI00 
e,.3:jr 0,329 8.6 0.0 0 . ~ 0 9  
0.122 8.12d 0.0 a.0 Iil. 1362 
0.218 0.120 8.0 8.8  0.097 
0.153 0.149 0.0 d .  lil 8.084 
0.347 0.327 0.0 0.0 0.020 
6.092 0.U91 0.0 0 . 0 '  0.000 
0.365 0.3616 0.0 0.0 0.005 
0.121 0.12a 0.0 0.0 0.0a0 

AVE 0.267 16.224 0.210 0.0 0.0 @.@I4 U.043 

MINIMUM HOWEPOWER OF THE FAN IS 32.9 
REQUIRE0 COLLJX1'OK S I Z E  (SQFT) IS 0.U 
HEATER S I Z E  (KW) IS 0.0 



Table 6. Effect of various levels of suppleinental heat on the averags 
drying costs (cents/bu) for several harvest date-mois ture content 
combinations. These costs are based upon 1 0  years of simulated 
drying results. Yhe airflow rates used for specific harvest 
dates, moisture contents ana locations were taken from Table 2. 

ST. CLOUD, MINNESCn'A DES MOINES, IOWA IMIIANAFOLIS, INDIANA 
WVEST DATE HARVEST W E  HARVEST LATE 

M.C. 10/Dl 10115 ll/@l l D / k J l  10115 ll/i21 l U / i 3 1  11/01 

COUjlvlB IA, MISSOURI MIDLAND, TEXAS MACON, GEORGIA 
HARVEST DA?E M V E S l '  DATE HARVEST DATE 

M.C. 1 / 0 1  1 / 1 5  1 18/01 18/15 l l / d l  la101 lu l l5  l l / d l  



The r e s u l t s  a l s o  i n d i c a t e  t h a t  drying c o s t s  were minimized f o r  f i v e  of the  s i x  l o c a t i o n s  
s t u d i e d  i f  no supplemental heaL i s  added. For I n d i a n a p o l i s ,  t h e  reduced a i r f l o w  r a t e s  
w i t h  supplemental h e a t ,  r e s u l t e d  i n  a  lower d ry ing  cos t .  Regardless o f  t h i s  t r e n d ,  i t  
cannot be conc lus ive ly  s t a t e d  t h a t  supplemental h e a t  should n o t  be  used. The s tudy  re-  
s u l t s  w i l l  undoubtedly be d i f f e r e n t  i f  o t h e r  d r y i n g  o b j e c t i v e s  o r  c o s t s  a r e  considered.  
For example, i f  t h e  corn is  t o  b e  fed  on the  farm a pena l ty  c o s t  f o r  overdrying probably 
should n o t  e n t e r  i n t o  t h e  economic a n a l y s i s .  I f  t h e  g r a i n  i s  t o  be s o l d  before  s p r i n g ,  
t h e  a d d i t i o n a l  c o s t  of adding h e a t  may be j u s t i f i e d  i f  i t  makes p o s s i b l e  the  completion . I  

of d ry ing  i n  the  f a l l .  

It i s  a  common n o t i o n  by many i n d i v i d u a l s ,  t h a t  n a t u r a l  a i r  o r  low temperature g r a i n  dry- 
i n g  i s  a  simple o p e r a t i o n .  A l l  a n  o p e r a t o r  needs t o  do is f i l l  the  b in ,  t u r n  on t h e  f a n  
and s i t  back and watch t h e  g r a i n  dry. The complexity of the  r e s u l t s  p resen ted  i n  t h i s  
paper  should show t h a t  t h i s  is n o t  t r u e .  I n  f a c t ,  a  low temperature d ry ing  system w i l l  
r e q u i r e  a g r e a t  d c a l  of management. I n  y e a r s  w i t h  unfavorable  drying condi t ions ,  proper  
management w i l l  make t h e  d i f f e r e n c e  between successful '  drying o r  s p o i l i n g  t h e  g r a i n .  
Thus, improved management techniques  a r e  important .  

Improved System Management 

Two of t h e  major problems i n d i c a t e d  by t h i s  s tudy  were t h e  h igh  a i r f l o w  requirements  
f o r  c.om h a r v e s ~ e d  a t  high mois ture  contcrlts ( esps .c i s l ly  when harves ted  e a r l y )  and t h e  
e a ~ c s s i v c  ovordrying which occurs  w i t h  t h e  a d d i t i o n  o f  supplemental h e a t .  

Layer d ry ing  i s  be ing  considercd a s  one method of i n c r e a s i n g  t h e  drying p o t e n t i a l  of a  
low temperature  system. A l a y e r  d ry ing  approach can be used when the  g r a i n  is being 
h a r v e s t e d  a t  h igh  mois tu re  con ten t s .  However, t h e  r a t e  a t  which t h e  b i n  can be loaded 
may become the l i m i t i n g  f a c t o r  i n  t h e  h a r v e s t i n g  opera t ion .  Prel iminary i n v e s t i g a t i o n s  
have i n d i c a t e d  t h a t  load ing  r a t e  is probably the major f a c t o r  infl .uencing the  performance 
of a  l a y e r  d ry ing  opera t ion .  The e f f e c t  of load ing  r a t e  and o t h e r  f a c t o r s  (harves t  d a t e ,  
mois ture  con ten t  and year-to-year v a r i a t c o n s )  a r e  c u r r e n t l y  be ing  i n v e s t i g a t e d .  

Managements which w i l l  reduce the  amount of overdrying a r e  a l s o  r e c e i v i n g  cons iderab le  
a t t e n t i o n .  Severa l  methuds a r e  a v a i l a b l e  t o  t r y  t o  reduce t h i s  overdrying.  Three a r e a s  
c u r r e n t l y  being s t u d i e d  a r e  s t i r r i n g  the  g r a i n ,  r c v e r s i n g  a.i+flow d i r e c t i o n  during low 
humidity drying per iods  and r e c y c l i n g  some of  t h e  high hnmidity exhaust  a i r .  The s tudy  
is s t i l l  i n  the  i n i t i a l  s t a g e s ,  b u t  e a r l y  r e s u l t s  i n d i c a t e  t h a t  reduc t ions  jn overdrying 
may h e  d i f f i c u l t  t o  achieve.  One problem i s  Ll~a t ,wi th  the  excepti.on of s t i r r i n g ,  these  
methods tend t o  slow t h e  d ry ing  process  and i n c r e a s c  t h e  chanc.es of s p o i l a g e .  S t i r r i n g  
appears  t o  have a  p o s i t i v e  e f f e c t  upon t h e  d ry ing  process  b u t  m y  n o t  be d e s i r a b l e  from 
t h e  energy requ i red  o r  economic viewpoints .  Addi t iona l  s tudy  i s  progress ing  t o  reso lve  
Ll~rse  i saucc .  
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SOLAR ENERGY APPLICATIONS TO CROP D R Y I N G  

James L. B u t l e r  
P r i n c i p a l  I n v e s t i g a t o r ,  Crop Drying 

USDA, SEA-FR 
c o a s t a l  P l a i n  Experiment S t a t i o n  

Tif  t o n ,  Georgia 

Thi-s r e s e a r c h  p u g r a m ,  tunded i n  p a r t  by DOE, f o r  t h e  a p p l i c a t i o n  o f  so.l.ar energy t o  t h e  
drying of crops o t h e r  than  e r a i n ,  c b n o i s t s  u f  e i g h t  p r o j e c t  l o c a t i o n s .  Tobacco c u r i n g ,  
which is second only t o  g r a i n  i n  f u e l  requirements  f o r  d r y i n g ,  is be ing  i n v e s t i g a t e d  a t  
t h r e e  l o c a t i o n s ,  peanut  and fo rage  c u r i n g  a r e  beine i .nvectigated d l  TWO l o c a t i o n s  each,  
and t h e  d~ve lopmcnt  oT luw-cost c o l l e c t o r - s t o r a g e  systems designed s p e c i f i c a l l y  f o r  
a g r i c u l t u r a l  use is  be ing  conducted a t  one l o c a t i o n .  Although t h e s e  p r o j e c t s  may be 
c u r r e n t l y  concen t ra t ing  on ,a s p e c i f i c  a p p l i c a t i o n ,  a l l  a r e  aware t h a t  a d d i t i o n a l  uses 
of t h e  c o l l e c t o r - s t o r a g e  system w i l l  reduce t h e  c o s t  of s o l a r  energy dry ing  and speed 
i ts adopt ion.  

The tobacco cur ing  research  with  s o l a r  energy a t  North Carol ina S t a t e  Univers i ty  i s  
focused on t h e  use o f  a  greenhouse f o r  t h e  c o l l e c t i o n  and s t o r a g e  of s o l a r  energy. The 
greenhouse is c o n s t r u c t e d  s o  t h a t  p o r t a b l e  bulk cur ing  b i n s  can be i n s t a l l e d  dur ing  t h e  
tobacco cur ing  season.  The o u t s i d e  o f  t h e s e  b i n s  i s  pa in ted  black t o  i n c r e a s e  energy 
absorp t ion .  Addi t ional  energy absorbing s u r f a c e  is  ob ta ined  by p a i n t i n g  t h e  s u r f a c e  o f  
t h e  g r a v e l  s t o r a g e  b lack .  Heated a i r  is  p u l l e d  down through t h e  g r a v e l  t o  i n c r e a s e  
s t o r a g e  capac i ty .  The use of t h i s  system has  reduced t h e  f u e l  requirement f n r  tobacco 
cur ing  by 35-40 percen t .  

When t h e  cur ing  season has ended, t h e  cur ing  b i n s  a r e  removed and t h e  s t r u c t u r e  i s  used 
f o r  t h e  product ion of convent ional  greenhouse c rops .  I t  i s  es t imated  t h a t  f u e l  savings 
o f  10-15 percen t  a r e  r e a l i z e d  when t h e  u n i t  i s  used a s  a  greenhouse. Tobacco t ransp l ' an t s  
a r e  produced i n  m u l t i p l e  l a y e r s  f o r  automatic  t r a n s p l a n t i n g .  Germination r a t e s  ranged 
from 95-97 p e r c e n t  f o r  t h e  var ious  l a y e r s .  This y e a r ,  a  s p e c i a l l y  designed d r i e r  f o r  
peanuts  w i l l  be  i n s t a l l e d  i n  t h e  s t r u c t u r e  t o  e v a l u a t e  t h e  p o t e n t i a l  f o r  peanut drying.  

The a p p l i c a t i o n  of s o l a r  energy t o  t h e  cur ing  of tobacco by t h e  USDA and t h e  Univers i ty  
o f  Kentucky c o n s i s t s  of a  two-stage system. The tobacco is  s o l a r  f i e l d  cured f o r  two 
days and then  p laced  i n  a  barn which is hea ted  by s o l a r  energy t o  reduce t h e  r e l a t i v e  
humidity t o  t h e  65-70 p e r c e n t  range. For t h e  exper imental  f a c i l i t y ,  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  b u i l t  i n t o  t h e  roof  and a  l imestone rock s t o r a g e  bed is  u t i l i z e d  t o  s t o r e  
t h e  h e a t .  The s o l a r  co l lec to r - rock  bed system s u p p l i e d  enough h e a t  t o  maintain t h e  
r e l a t i v e  humidity a t  t h e  d e s i r e d  65-70 p e r c e n t  l e v e l  f o r  3 o r  4  days. 

A t  t h e  Georgia Coastal  P l a i n  Experiment S t a t i o n ,  an e x i s t i n g  s o l a r  c o l l e c t o r  and crushed 
rock s t o r a g e  system w i l l  be  u t i l i z e d  i n  an e f f o r t  t o  cure  tobacco without  t h e  use o f  
petroleum f u e l .  The h e a t  requirements f o r  a l l  excep t  t h e  stem dry ing  phase (74OC) can 
be met from s o l a r  energy s t o r e d  i n  t h e  rock bed. The supplemental energy w i l l  i n i t i a l l y  
be s u p p l i e d  by LP gas .  The cur ing  regime w i l l  be  e s t a b l i s h e d  s o  t h a t  t h e  high tempera- 
t u r e  phase can come dur ing  ,off-peak hours  f o r  t h e  e l e c t r i c  system. This  w i l l  a l low 
e l e c t r i c  h e a t  pumps t o  be used t o  amplify t h e  s t o r e d  s o l a r  energy t o  e l i m i n a t e  t h e  
dependence on petroleum produc ts .  

A t  t h e  Oklahoma S t a t e  Univers i ty ,  t h e  use  of a  1400m3 f r e s h  wate r  pond t o  s t o r e  s o l a r  
energy i s  be ing  i n v e s t i g a t e d .  The pond is l i n e d  with  b u t y l  rubber  and enclosed i n  a  
polyethylene dome t o  s t o r e  water  hea ted  t o  44OC by s o l a r  energy. Heating begins  about 
August 1 and extends through t h e  November peanut d ry ing  season.  The s u r f a c e  o f  t h e  pond 
and a  s e p a r a t e  f l a t - p l a t e  c o l l e c t o r  a r e  used t o  c o l l e c t  s o l a r  energy. Problems were 
encountered wi th  t h e  s t r e n g t h  o f  t h e  seams i n  t h e  polyethylene dome l a s t  y e a r  and t h e  
d e s i r e d  temperature  was n o t  a t t a i n e d .  



The peanut research a t  Tif ton involves t he  use of  s o l a r  energy co l l ec t ed  by both a i r  and 
water.  Model b ins  containing 0.45 m3 of  pcanuts (1/28 wagon s i z e )  were used f o r  these  
s t u d i e s .  Solar  heated a i r  w a s  used without s torage  hy allowing c y c l i c  temperature dry- 
ing.  During periods of l i t t l e  o r  no i n s o l a t i o n ,  LP gas was used t o  maintain a drying 
p o t e n t i a l  o f  t h e  a i r .  So l a r  energy s t o r e d  i n  water w a s  used t o  heat  t h e  drying air 
through a hea t  exchanger. The use of s o l a r  energy reduced t h e  amount of  LP gas 
necessary by various a m u n t s ,  depending upon t h e  t e s t .  In  some ins tances ,  a l l  t h e  hea t  
energy requi red  f o r  drying was suppl ied  by s o l a r .  In o the r  t e s t s ,  s o l a r  energy w a s  ab le  
t o  supply a s  l i t t l e  as 20 percent .  

A f u l l - s c a l e  drying shed with f l a t - p l a t e  co l l ec to r s  b u i l t  i n t o  the rout vras completed a t  
the  end of t h e  '77 peanut drying-season.  This u n i t  has 70 m2 of water  c o l l e c t o r ,  70 m2 
which can use e i t h e r  water o r  a i r  f o r  t h e  co l l ec t i ng  medium and 140 m2 which can use a i r  
only a s  t h e  col lect i r lg  medium. Heat from t h e  a i r  collectors is  s t o r e d  i n  110 tonnes of 
crushed g ran i t e .  Water s torage  o f  approximately 10,000 l i t e r s  i s  ava i l ab l e  f o r  t h e  water  
system. Temperature of t he  Jir from t h e  rock s torage  is cont ro l led  by modulating vanes 
and a propor t iona l  con t ro l l e r .  A hea t  exchanger is used t o  u t i l i z e  the  s o l a r  energy 
s t o r e d  i n  water. This u n i t  w i l l  a l so  be used t o  dry smal l  g ra ins ,  g ra in  sorghum, corn, 
pecarls and o the r  c m p s ,  i n  addi t ion  t o  furn ish ing  hea t  f o r  tobacco curing. 

' S o l a r  energy is being used by t h e  University of  Tennessee t o  dry l a rge  packages of hay. 
Both l a rge  round ba les  a i d  smal l  s t acks  can be dr ied  by t h i s  sy'stem. The capaci ty of 
t h e  sgrstere Is two omall s t a c k s  and f i v e  l a rge  xvjund ba les  (approximately 5 .5  tonnes 
t o t a l ) .  Solar  energy i s  gathered by an i n t e g r a l  roo t  ca l lecLu~? t o  which gI.a?.ing has 
been added and by a f r ee - s t a id ing  c o l l e c t o r .  The o v e r a l l  e f f i c i ency  of  t h e  two systems 
w a s  56 percent  f o r  t h e  free-standing c o l l e c t o r  and $4 percent  f o r  t h e  i n t e g r a l  c o l l e c t o r  
(unglazed a t  the  t i m e  of  t h e  t e s t s ) .  The drying r a t e  of .Lhe hay i s  highly dependent 
upon the  densi ty of  t h e  package. The h igher  dens i ty  packages dr ied  too  slowly t o  obta in  
throughputs requi red  f o r  economical operat ion.  A search i~ underway f o r  b e t t e r  methods 
of v e n t i l a t i n g  the  h igher  densi ty packages. 

A t  Colorado S t a t e  University the  p o t e n t i a l  of u t i l i z i n g  s o l a r  energy, co l lec ted  by f l a t -  
p l a t e  co l l ec to r s ,  f o r  t h e  dehydration of forage crops is being inves t iga ted .  Here, 
a l f a l f a  tops ,  whole p l a n t  a l f a l f a  and grass  c l ipp ings  were dr ied  by: ( 1 )  high temperature 
dehydration', (2)  s o l a r  dehydration, o r  ( 3 )  s u n  curing.  The high temperature dehydration 
and sun curing treatments both r e su l t ed  i n  reduced protei-n content i n  a l l  forage types. 
Tlie l u t c i n  content  (an i n d i c a t o r  of xanthophyll,  which is  a pigmentation agent )  l o s s  by 
e i t h c r  dehydration method was only about one-halr t h a t  of t h e  s1.m curing method. These 
produc-Ls have bcen f ed  a s  an addi t ive  t o  a pou l t l y  r a t i o n  and r e s u l t s  a r e  now being 
m a l y  zcd. 

The r e s e a c h  program a t  Georgia Tech has evaluated scve ra l  mater ia l s ,  ranging from glaz- 
i n g ,  through absorbing sur faces  and s turage media, used for, s o l a r  cnergy c.ollector- 
s torage  systems. ' Based on these  s t u d i c s  an Augmented ' In tegra ted  Rock System (AIRS) has 
been designed and t e s t e d .  A 111.4 m2 AIRS has been b u i l t .  This system has a 66.9 m2 
black f i l m  hot  a i r  c o l l e c t o r  t i l t e d  35O t o  t h e  south and a 44.5 m2 in t eg ra t ed  rock bed 
t i l t e d .  559 t o  t h e  south. Energy co l l ec t ed  i n  both t h e  black f i l m  c o l l e c t o r  and the  i n t e -  
g r a t ed  rock bed is s t o r e d  i n  t h e  rock Led. With a AT of  38OC, about one b i l l i o n  joules  
of  energy can be s to red  i n  t h i s  u n i t .  The ma te r i a l  cos t  is about $21.00/m2 f o r  t h e  black 
f i l m  c o l l e c t o r  and about $10. 75/m2 f o r  t h e  i n t eg ra t ed  rock co l l ec t i on  and s torage  
po r t  ion.  

Of t h e  crops cur ren t ly  being s tudied ,  hay presents  the longest  drying season. The season 
f u r  drying most cmps  is veby sho r t  and s p e c i f i c .  Consequently, it w i l l  be necessary t o  

, : develop mult iple  uses of  t h e  s o l a r  collector-storlage systcm i n  order  t o  make s o l a r  energy 
- economically a t t r a c t i v e  t o  a l a rge  enough number o f  users  f o r  it t o  have a s i g n i f i c a n t  

impact on our energy consumption. Thus, any in t eg ra t ion  o f  uses between t h e  various 

. . research  progralns w i l l  be of s j .gnif icant  bene f i t .  
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WHEAT-DRY1 NG COSTS FOR SOLAR AND ALTERNATIVE DRYING SYSTEMS 

M.L. Haas, J.R. B a r r e t t  and W.E. Tyner 1 

Double c r o p p i n g  o f  w i n t e r  wheat f o l l o w e d  by  soybeans has expanded r a p i d l y  
i n  t h e  Midwest  d u r i n g  t h e  p a s t  few years, becoming a  p r o f i t a b l e  a l t e r n a -  
t i v e  t o  co rn .  E a r l i e r  p l a n t i n g  o f  soybeans than  i s  o t h e r w i s e  p o s s i b l e  i s  
a l l o w e d  b y  h a r v e s t i n g  o f  wheat a t  h i g h  m o i s t u r e  c o n t e n t s  (m.c.1. For  each 
day t h a t  p l a n t i n g  can  be moved up, t h e  r e s u l t i n g  y i e l d  o f  soybeans can be 
i nc reased  as much as t h r e e - f o u r t h s  bu/a b y  t a k i n g  advantage o f  t h e  l o n g e r  
g r o w i n g  season and h i g h e r  s u b s o i l  m o i s t u r e s  ( B a r r e t t  e t  a l .  1978) .  Howev- 
er, when wheat i s  h a r v e s t e d  a t  a  h i g h  m.c. i t  must be a r t i f i c i a l l y  d r i e d  
t o  i n s u r e  s a f e  s t o rage .  

S ince  most wheat i s  n o t  a r t i f i c i a l l y  d r i ed ,  b u t  a l l o w e d  t o  d r y  i n  t h e  
f i e l d ,  v e r y  l i t t l e  r e s e a r c h  has been done on  t h e  c o s t s  o f  d r y i n g  t h e  wheat 
t o  13.5% m.c. wet  b a s i s  (w.b.1 wh ich  i s  t h e  s a f e  l e v e l  f o r  s t o rage .  

T h i s  paper  deve lops  and p r e s e n t s  f i x e d  and v a r i a b l e  i n - b i n  wheat d r y i n g  
c o s t s  u s i n g  i n f o r m a t i o n  f r o m  on - f a rm  r e s e a r c h  e x p e r i e n c e  and p r e s e n t  con-  
s t r u c t i o n  and m a t e r i a l s  c o s t .  The e f f e c t s  o f  l a r g e r  b i n  d i a m e t e r s  and 
c a p a c i t i e s ,  a l o n g  w i t h  t h e  e f f e c t s  o f  equ ipment  purchased  f o r  t h e  s o l e  use 
o f  d r y i n g  wheat a r e  cons ide red .  Cos t  d i f f e r e n c e s  a t t r i b u t e d  t o  a l t e r n a -  
t i v e  h e a t  sources  a r e  i n c l u d e d  w i t h  emphasis on l ow  energy  s o l a r  and na-  
t u r a l  unheated a i r  systems i n  c o n t r a s t  t o  l i q u i d  p e t r o l e u m  ( ! , P I  gas sys-  
tems. T h i s  papel- i s  a r ranged  i n  t h r e e  sec t i ons ,  t h e  f i r s t  i s  on  f i x e d  
costs ,  t h e  second i s  on  v a r i a b l e  d r y i n g  c o s t s  under  b o t h  p r e s e n t  and i n -  
c reased  energy  p r i c e s ,  and t h e  t h i r d  s e c t i o n  p r e s e n t s  t h e  maximum p r i c e  
t h a t  can be c o m p e t i t i v e l y  p a i d  f o r  a  s o l a r  c o l l e c t o r .  

D r y i n g  c o s t s  a r e  b roken  down i n t o  two c a t e g o r i e s .  These f o l l o w  t h e  recom- 
mendat ions  o f  B a r r e t t  . e t  a l .  (1978) .  The f i r s t  c a t e g o r y  was concerned 
w i t h  d r y i n g  wheat f r o m  about  25% t o  13.5% m.c. For  t h i s  ca tegory ,  t h r e e  
methods o f  d r y i n g  were chosen: 1) D r y i n g  w i t h  s o l a r  hea ted  a i r  (30 F  peak 
t empe ra tu re  r i s e  o v e r  amb ien t ) :  2 )  d r y i n g  w i t h  a i r  hea ted  b y  LP gas (40 F 
r i s e ) :  o r  3)  a  comb ina t i on  o f  d r y i n g  t o  19% w i t h  a i r  hea ted  b y  LP gas f o l -  
lowed by  d r y i n g  w i t h  n a t u r a l ,  unhea ted  a i  r t o  13.5%. N a t u r a l - a i r  d r y i n g  
a l o n e  was n o t  c o n s i d e r e d  f o r  wheat w i t h  an i n i t i a l  m.c. above 205, because 
t h e  m o i s t u r e  rernoval c a p a c i t y  o f  unheated a i  r i s  t o o  low t o  d r y  t h e  wheat 
t o  a  s a f e  l e v e l  b e f o r e  spo i  l a g e  occu rs .  

1 The a u t h o r s  a r e  r e s p e c t i v e l y :  Graduate I n s t r u c t o r  i n  Research, 
p r e s e n t 1  y  w o r k i  ng  o n  a  g r a d u a t e  degree  i n  A g r  i c u l  t u r a l  Economics; Agr i - 
c u l t u r a l  Engineer,  Fede ra l  Research, Sc ience  and E d u c a t i o n  A d m i n i s t r a t i o n ,  
USDA; and Ass t .  P ro fessor ,  Depar tment  o f  A g r i c u l t u r a l  ~ n ~ i  n e e r i  ng; and 
Asst .  P ro fesso r ,  Depar tment  o f  A g r i c u l t u r a l  Economics; a l l  a r e  a t  Purdue 
U n i v e r s i t y ,  W. L a f a y e t t e ,  I N  47907. 

T h i s  r e s e a r c h  was j o i n t l y  spor lsored by  t h e  Depar tment  o f  Energy; Federa l  
Research, Sc ience  and Educa t i on  A d m i n i s t r a t i o n ,  USDA; and t h e  Depar tments  
o f  A g r i c u l t u r a l  E n g i n e e r i n g  and Economics, Purdue Un i v e r s i  t y .  



The second c a t e g o r y  was concerned w i t h  d r y i n g  wheat f r om about  19% t o  
13.5%. Three methods were a l s o  chosen f o r  t h i s  category,  as f o l l o w s :  1 )  
D r y i n g  w i t h  a i r  hea ted  by LP gas (40 F  t empera tu re  r i s e  ove r  ambient ) ,  2)  
d r y i n g  w i t h  n a t u r a l ,  unheated a i r ,  o r  3 )  d r y i n g  w i t h  s o l a r - h e a t e d  a i r  (30 
F  peak tempera tu re  r i s e ) .  D r y i n g  w i t h  unheated a i r  o n l y  was cons ide red  
sa fe  i f  t h e  i n i t i a l  1il.c. was be low 20%. 

F  I XED COSTS 

The i n - b i n  d r y i n g  o f  h i  gh-mo is tu re  wheat r e q u i  r e s  e s s e n t i  a1 1 y  che sall.le 

equipment as i s  needed f o r  d r y i n g  corn.  The components o f  a  d r y i n g  system 
a r e  b a s i c a l l y  t h e  d r y i n g  b in ,  fan, h e a t  source, b i n  f i l l i n g ,  and u n l o a d i n g  
equipment, s t i r r i n g  device, and m o i s t u r e  meter .  A l t hough  s t i r r i n g  dev i ces  
a r e  n o t  e s s e n t i a l  f o r  rnost c o r n  d ry ing ,  t h e i r  use  i n  d r y i n g  wheat I s  im- 
p o r t a n t  due t o  t h e  g r e a t e r  p o t e n t i a l  f o r  mo ld  development a t  surmnertime 
temperatures.  When s t i r r i n g  d e v i c e s  a r e  used, t h e  probability o f  wheat 
s p o i l a g e  i s  decreased, as t he  r e l a t i v e l y  h i g h - m o i s t u r e  wheat a t  t h e  t o p  o f  
t he  g r a i n  mass and t h e  d r i e r  g r a i n  a t  t h e  b o t t o m  a r e  mixed. The r e s u l t  i s  
a  n e a r l y  homogeneous g r a i n  Inass w i t h  no l a y e r s  o r  pocke t s  o f  wet  g r a i n .  
Also, s t i r r i n g  t he  g r a i n  reduces t h e  p rob lem o f  o v e r d r y i n g .  

I n  t h e  d e t e r m i n a t i o n  o f  f i x e d  costs ,  f o u r  s i t u a t i o n s  were chosen. I n  L l ~ e  
f i r s t ,  a l l  o f  t h e  components o f  t h e  d r y i n g  system were assumed t o  have 
been purchased f o r  t h e  e x c l u s i v e  use o f  d r y i n g  wheat. I n  t h e  second, a  
s t o r a g e  b i n  was assumed t o  be a v a i l a b l e  f o r  wheat d r y i n g .  Here, t o t a l  
f i x e d  c o s t s  c o n s i s t e d  o f  t h e  inc re l l i en ta l  c o s t  o f  add ing  a p e r f o r a t e d  
f l o o r ,  d r y i n g  fan, LP gas burner ,  and s t i r r i n g  dev ice .  I n  t h e  t h i r d ,  a  
s to rage  b i n  equipped w i t h  f u l l y  p e r f o r a t e d  f l o o r  f o r  a e r a t i o n  was assumed 
t o  be  a v a i l a b l e .  Fo r  t h i s  s i t u a t i o n ,  f i x e d  c o s t s  i n c l u d e d  o n l y  t h e  i n c r e -  
menta l  c o s t s  o f  a d d i n g  a  d r y i n g  fan, L P  gas burner ,  and a  s t i r r i n g  dev i ce .  
I n  t h e  l a s t  s i t u a t i o n ,  a l l  o f  t h e  dry ing.  components excep t  t h e  s t i r r i n g  
d e v i c e  were assumed t o  be a v a i l a b l e .  There fo re ,  f i x e d  c o s t s  i n c l u d e d  o n l y  
those  c o s t s  d i  r e c t l  y  a t t r i b u t a b l e  t o  t h e  s t i r r i n g  dev ice .  

For f a rmers  who have a  comple te  d r y i n g  system, a l l  f l x e d  c o s t s  were as- 
sumed t o  be a l l o c a t e d  t o  c o r n  d r y i n g .  F i x e d  c o s t s  f o r  t h e  s o l a r  method 
c o n s i d e r  t h e  s o l a r  c o l l e c t o r  t o  be  purchased f o r  d r y i n g  corn .  Therefore,  
i n  a l l  i n s t a n c e s  a l l  t h e  f i x e d  c o s t s  r e l a t i n g  t o  t h e  s o l a r  c o l l e c t o r  were 
a l l o c a t e d  t o  c o r n  dry in^. I m p l i c i t  i n  these  assumpt ions i s  t h e  a d d i t i o n a l  
assumpt ion t h a t  t h e  c o l l e c t o r  o r  b i n s  would n o t  be  i n  use d u r i n g  wheat 
d r y1  ng. 

The a c t u a l  components o f  f i x e d  c o s t s  were: 1) Deprec ia t i on ,  2 )  i n t e r e s t ,  
3) taxes, 4 )  insurance, and 5) r e p a i r s .  A1 though r e p a i r s  a r e  o f t e n  
thought  o f  as a  v a r i a b l e  cost,  t hey  were i n c l u d e d  as a  p a r t  o f  f i x e d  c o s t s  
by assuming t h a t  most o f  t h e  d e t e r i o r a t i o n  r e q u i r i n g  r e p a i r  wou ld  n o t  be 
caused b y  a c t u a l  use, b u t  r a t h e r  by  weather  o r  by damage such as caused by  
b a c k i n g  a  t r a c t o r  i n t o  t h e  fan .  

D e p r e c i a t i o n  was c a l c u l a t e d  o n  a s t r a i g h t - 1  i ne bas is ,  and t he  same c o s t  
was assuriied f o r  each year .  .The g r a - i n  b i n s  and d r y i n g  f a n s  i n  a l l  i n -  
s tances  were assumed t o  have a  20-yr  1  i f e t i m e ,  and t h e  s t i r r i n g  devices, 
augers, and m o i s t u r e  meters  were assumed t o  have a  10-y r  l i f e t i m e .  

I n t e r e s t  was computed o n  t h e  b a s i s  o f  h o r r o w i  ng t he  f u l l  amount f o r  t h e  
purchase o f  t h e  g r a i n  b i n  and /o r  equipment, and t h e  i n t e r e s t  r a t e  assumed 
was 8 %  / y r  v i i  t h  an added s e r v i c e  charge  o f  1% f o r  t h e  f i r s t  $20,000. The 
i n t e r e s t  p o r t i o n  o f  f i x e d .  c o s t  r ias c a l c u l a t e d  by m u l t i p l y i n g  t h e  i n t e r e s t  
r a t e  t imes  h a l f  t h e  t o t a l  purchase p r i c e  o f  t h e  i nc remen ta l  d r y i n g  e q u i p -  
ment (Schwart  and H i l l  1957).  The h a l f - p r i c e  v a l u e  used was cons ide red  t o  
r e p r e s e n t  t h e  average v a l u e  o f  t h e  equipment.  



P r o p e r t y  taxes  were c a l c u l a t e d  o n l y  on  t h e  equipment a t t a c h e d  t o  t h e  
ground (b in ,  d r y i n g  fan, and s t i r r i n g  d e v i c e ) .  No t a x  was cornputed f o r  
t h e  r ~ i o i s t u r e  rtieter and augers.  The a c t u a l  p r o p e r t y  t a x  was c a l c u l a t e d  as  
30% o f  t h e  a t t a c h e d  equipment t imes  a  t a x  r a t e  o f  $7/$100 assessed va lue .  
From t h i s  amount, a  rep lacement  c r e d i t  o f  20% was s u b t r a c t e d .  I t  was as- 
sumed t h a t  t h e  decrease i n  t h e  book v a l u e  o f  t h e  g r a i n  system o v e r  i t s  us-  
a b l e  l i f e t i m e  would n o t  be r e f l e c t e d  b y  a  decrease i n  i t s  assessed va lue .  
Therefore,  t h e  p r o p e r t y  t a x  was assumed t o  be cons tan t .  

I nsu rance  was c a l c u l a t e d  as 0.5% o f  t h e  o r i g i n a l  c o s t  o f  t h e  equ ipment /y r .  
The i nsu rance  c o s t  r ep resen ted  what an average premium would be f o r  p r o -  
t e c t i o n  a g a i n s t  wind, water,  f i r e ,  l i g h t n i n g ,  and to rnado damage f o r  an  
I n d i a n a  fa rmstead .  I t  was assuined t h a t  t h e  premium would remain c o n s t a n t  
ove r  t h e  1  i fe t i r ne  o f  t h e  b i n .  

Repa i r  c o s t s  were f i g u r e d  as 1% / y r  f o r  t h e  g r a i n  b i n s  and d r y i n g  fans, 3% 
/ y r  f o r  t h e  s t i r r i n g  dev i ces  and augers, and 10% / y r  f o r  t he  m o i s t u r e  me- 
t e r .  I t  was assumed t h a t  t h e  c o s t  o f  r e p a i r s  remained cons tan t ,  as t h e  
r e l a t i v e l y  h i g h e r  c o s t s  o f  r e p a i r s  i n  t l ~ e  l a t e r  years  were averaged w i t h  
t he  r e l a t i v e l y  lower  c o s t s  i n  t h e  f i r s t  few years.  

VAR l ABLE COSTS 

V a r i a b l e  c o s t s  were de te rmined  f o r  t h r e e  wheat d r y i n g  methods a t  two i n i -  
t i a l  m.c. For  d r y i n g  f rom about  25% t o  13.52, t h e  t h r e e  methods were: 1) 
D r y i n g  o n l y  w i t h  LP hea ted  a i r  (40 F  tempera tu re  r i s e ) ,  2) d r y i n g  w i t h  LP 
heated a i r  t o  19% (same tempera tu re  r i s e ) ,  and c o m p l e t i o n  o f  d r y i n g  w i t h  
unheated a i r ,  and 3)  d r y i n g  w i t h  s o l a r  hca ted  a i r  (30 F peak tempera tu re  
r i s e ) .  For d r y i n g  f r o m  about  19% t o ,  13.5%, t h e  t h r e e  methods were: 1 )  
D r y i n g  o n l y  w i t h  LP hea ted  a i r  (40 F  r i s e ) ,  2) d r y i n g  w i t h  unheated a i r ,  
and and 3)  d r y i n g  w i t h  s o l a r  hea ted  a i r  ( 3 0  F peak r i s c ) .  

V a r i a b l e  c o s t s  i n c l u d e d  LP gas, e l e c t r i c i t y  f o r  f a n  and s t i r r e r  ope ra t i on ,  
t r a c t o r  p t o  ope ra t i on ,  and l a b o r  f o r  r u n n i n g  t he  augers d u r i n g  f i l l i n g  and 
l o a d i n g  ope ra t i ons ,  l a b o r  f o r  c h e c k i n g  t h e  d r y i n g  progress,  and f o r  b i n  
p r e p a r a t i o n  ( c l e a n i n g  and r e p a i r i n g  t h e  b ins,  s e r v i c i n g  f a n s  and a d j u s t i n g  
b u r n e r s ) .  These c o s t s  were d e r i v e d  f r o m  1975-77 d r y i n g  t e s t s  a t  Purdue 
U n i v e r s i t y .  

LP GAS COST 

I n  d e t e r m i n i n g  LP gas usage, da ta  were t aken  f r o m  t h e  1977 d r y i n g  t e s t s .  
S ince  these  were t h e  o n l y  da ta  a v a i l a b l e ,  t h e  LP p o r t i o n  o f  v a r i a b l e  c o s t s  
f o r  t h i s  one year  was assumed t o  r e p r e s e n t  t h e  LP c o s t / b u  d u r i n g  any year.  
I n  a d d i t i o n ,  s i n c e  da ta  were 1  im i  t e d  t o  a  s i n g l e  b in ,  i t  was assumed t h a t  
t h e  d i f f e r e n t  b i n  d i ame te rs  and f a n  s i z e s  wou ld  have about  t h e  same LP 
c o s t / b u  and t h a t  b i n s  had a i r f l o w  r a t e s  o f  2.5 cfm/bu. 

Acco rd ing  t o  t h e  1977 t e s t  data, 1657 (13.52 w.b.1 o f  wheat were h a r v e s t e d  
a t  an average o f  24.7% and d r i e d  t o  19.0% i n  a  2 2 - f t  d iam b i n  u s i n g  a  
7.5-hp fan  and LP gas hea t  a t  a  40 F tempera tu re  r i s e .  A t  24.7% . the  wheat 
c o n s i s t e d  o f  86,027 l b  o f  d r y  m a t t e r  and 28,169 l b  o f  wa te r .  When d r i e d  
t o  19.0%, t h i s  wheat c o n s i s t e d  o f  t h e  same 86,027 I b  o f  d r y  mat te r ,  b u t  
o n l y  20,179 l b  o f  wa te r .  Therefore,  i n . t t i e  30 h  t h a t  t h e  wheat was d r i e d  
w i t h  hea ted  a i r ,  about  7990 l b  o f  wa te r  were removed. 

Because no meter  was a v a i l a b l e  for .  measur ing  LP gas usage, s e v e r a l  c a l c u -  
l a t i o n s  were made t o  e s t i m a t e  t h a t  usage. The f i r s t  c a l c u l a t i o n  i n v o l v e d  
s e p a r a t i n g  t h e  d r y i n g  e f f e c t  o f  t h e  ambient  a i r  f r o m  t h e  d r y i n g  caused b y  
LP hea ted  a i r .  To accompl i sh  t h i s ,  da ta  were used f r o m  ano ther  s i m u l -  
t aneous l y  r u n  exper iment  t h a t  i n v o l v e d  d r y i n g  about  1421 ( a t  13.55) bu o f  
wheat i n  an 1 8 - f t  b i n  u s i n g  .a s t i r r i n g  dev i ce .  To t h a t  exper iment,  da ta  
taken  about  45 h  a p a r t  i n d i c a t e d  a  m.c. r e d u c t i o n  f r o m  19% t o  17.7%. T h i s  



1.3% r e d u c t i o n  t r a n s l a t e d  i n t o  about  1438 l b  o f  wa te r  removed. Assuming 
t h a t  t h e  r a t e  o f  wa te r  removal was c o n s t a n t  ove r  t h e  45 h  pe r i od ,  then  3 2  
l b  o f  w a t e r  were removed d u r i n g  each h / I 4 2 1  bu d r i e d .  

Assunling t h i s  water- removal  r a t e  t o  be r e p r e s e n t a t i v e  o f  t h e  d r y i n g  e f f e c t  
o f  t h e  ambient  a i r  d u r i n g  o u r  LP gas d r y i n g  s i t u a t i o n ,  t hen  about  1125 l b  
o f  wa te r  shou ld  have been removed s o l e l y  as a  r e s u l t  o f  t h e  d r y i n g  e f f e c t  
o f  t h e  ambient  a i r .  S u b t r a c t  i o n  o f  t h e  wate r  l o s s  caused b y  t h e  ambient 
a i r  f r o m  t h e  t o t a l  wa te r  l o s s  r e s u l t e d  i n  about  6865 l b  o f  wa te r  h a v i n g  
been removed b y  t h e  h e a t  f r o m  t h e  LP gas. 

For  c a l c u l a t i o n  o f  t h e  LP gas usage, t h e  c o n v c n t i o n a l  assumpt ion was made 
t h a t  1200 U tu ' s  wou ld  be needed t o  remove a  l b  o f  wa te r  f r o m  a  g r a i n  mass 
and t h a t  1 g a l  o f  LP gas wou ld  c o n t a i n  about  90,000 B t u ' s  o f  h e a t . '  Howev- 
er,  a  s u b s t a n t i a l  p o r t i o n  o f  t h e  hea t  p o t e n t i a l  i n  1 g a l  o f  LP gas i s  nev- 
e r  u t i l i z e d  i n  d r y i n g  because o f  system l osses  and incomple te  exhaus t  a i r  
s a t u r a t i o n .  An e f f i c i e n c y  o f  60% was assumed wh i ch  approx imates  t h e  e f f i -  
c i e n c y  o f  an i n - b i n  gas d r y e r  ( F o s t e r  19781. T o t a l  LP gas usage was c a l -  
c u l a t e d  t o  be 0.0269 g a l / p e r c e n t a g e  p o i n t  m o i s t u r e  removed/100 l b .  A 
l i n e a r  d r y i n g  r a t e  was assumed f o r  d r y i n g  t h e  wheat f r o m  25% t o  19%. A t  
111.c. bc low 19% d r y i n g  r a t e s  a r e  reduced due t o  r e w e t t i n g  and/or  s lower  
d r y i n g  ( l u r i n g  n i g h t  hours.  As a  rest11 t, LP usage was asl;~~med t o  t a k e  10% 
more t i m e  and more gas t o r  d t - y l r ~ g  f r o m  19% t o  13.5% than  f r o m  25% to '  19%. 
Un t h a t  b a s i s  0,0296 g a l  o f  LP wou ld  be used t o  remove each p o i n t  o f  mo ls -  
t u r e  f rom each 100 l b  o f  wheat as s o l d  a t  13.5%. 

T o t a l  LP gas usage i s  t h e r e f o r e  made by m u l t i p l y i n g  t h e  number o f  100 - l b  
inc rements  o f  g r a i n  mass t h a t  has been d r i e d  t imes  t h e  number o f  p o i n t s  o f  
m o i s t u r e  removed t imes  0.0269 f o r  25%. t o  19%, o r  t imes  0.0296 f o r  d r y i n g  
f r o m  19% t o  13.5%. For  a r r i v a l  a t  t h e  c o s t / b u  t h i s  amount was then  m u l t i -  
p l i e d  by t he  LP c o s t / g a l ,  and d i v i d e d  by  t he  t o t a l  number o f  d r i e d  bu. 

COST OF ELECTRIC1 TY FOR FAN OPERATI ON 

A m a j o r  p o r t i o n  o f  v a r i a b l e  c o s t s  i n  low- tempera tu re  i n - b i n  d r y i n g  i s  a t -  
t r i b u t a b l e  t o  t h e  c o s t  o f  e l e c t r i c i t y  f o r  o p e r a t i o n  o f  t h e  f a n  t h a t  blows 
a i r  though t h e  g r a i n .  D r y i n g  t imes  as de te rmined  f r o m  a c t u a l  d r y i n g  t e s t s  
w i t h  LP, so la r ,  and n a t u r a l  a i r .  exper iments  and r e l a t e d  s i m u l a t i o n s ,  were 
as f o l l o w s :  1) For  d r y i n g  f r o m  25% t o  13.5% 336 h  w i t h  s o l a r  heat, 582 11 
w i t h  t h e  LP/na tu ra l ,  unheated a i r  comb ina t i on  and 108 h  w i t h  t h e  LP heat;  
and 2) f o r  d r y i n g  f r o m  19% t o  13.5%, 192 h  w i t h  s n l a r  heat, 552 h  w i t h  na- 
t u r a l ,  unheated a i r ,  and 78 h  w i t h  LP hea t .  W i th  each t ype  o f  d r y i ng ,  t h e  
a i r f l o w  r a t e  was 2.5 cfm/bu. 

I n  a d d i t i o n  t o  t h e  f a n  o p e r a t i n g  time, i t  was assumed t h a t  t h e  f a n s  r a n  
about  48 h  w h i l e  t h e  b i n s  were b e i n g  f i l l e d .  A l t hough  t h e  f a n  i s  o f f  d u r -  
i n g  t h e  l o a d i n g  o f  t h e  f i r s t  few bu o f  wheat, i t  must be t u r n e d  on immedi- 
a t e l y  t h e r e a f t e r  t o  c o o l  t h e  g r a i n .  

The d e t e r n i i n a t i o n  o f  t h e  e l e c t r i c a l  usage by t h e  d r y i n g  f a n  was c a l c u l a t e d  
by  m u l t i p l y i n g  t h e  hp o f  t h e  f a n  t imes  0.745 kw/hp ( F o s t e r  1977) t imes  t h e  
number o f  h  o f  use. The t o t a l  e l e c t r i c a l  c o s t  f o r  f a n  o p e r a t i o n / b u  i s  i n  
Tab le  3. 

COST OF ELECTRICITY FOR STIRRING 

The s t i r r i n g  c o s t  w a s  c a l c u l a t e d  assuming t h a t  o p e r a t i o n  was con t i nuous  
when t he  d r y i n g  f a n  was o p e r a t i n g .  The s t 1  r r i n g - d e v i c e  inotor  was assumed 
t o  be 1 hp f o r  b i n s  up  t o  and i n c l u d i n g  27 f t  i n  diam. A 1.5-hp motor  was 
assumed i n  t h e  3 0 - f t  d iam b i n .  The c o s t / b u  f o r  s t i r r i n g  i s  i n  Tab le  3. 



LABOR COST 

Labor c o s t s  were c a l c u l a t e d  on  t h e  b a s i s  t h a t  o n l y  t h e  e x t r a  l a b o r  r e -  
q u i r e d  f o r  t he  a c t u a l  d r y i n g  wou ld  be i n c l u d e d .  Therefore,  no l a b o r  cos ts  
f o r  t h e  h a r v e s t i n g  o r  t h e  movement o f  t h e  g r a i n  f r om t h e  f i e l d s  t o  t h e  
f a rms tead  were i nc l uded .  B a s i c a l l y ,  t h e  l a b o r  f o r  wh i ch  c o s t s  were c a l c u -  
l a t e d  c o n s i s t e d  o f  t h a t  used f o r  f i l l i n g  and u n l o a d i n g  t he  b in ,  check ing  
t h e  d r y i n g  progress,  and p r e p a r i n g  t h e  b i n .  The l a b o r  c o s t  used f o r  a l l  
t h e  o p e r a t i o n s  was .$5/h. A l t hough  many fa rmers  would n o t  ' cha rge '  f o r  
t h e i r  own labor ,  t h e i r  l a b o r  was i n c l u d e d  t o  s e r v e  as a  benchmark t h a t  may 
be a d j u s t e d  f o r  i n d i v i d u a l  s i t u a t i o n s .  

Because o f  t he  h i g h  r11.c. o f  t h e  wheat, b i n  f i l l i n g  i s  a  r e l a t i v e l y  s l o w  
process.  Therefore,  i t  was assumed t h a t  o n l y  425 bu /h  c o u l d  be moved w i t h  
a  6 - i n .  auger and 850 bu /h  w i t h  an 8 - i n .  auger.  I d e a l l y ,  two persons  a r e  
needed f o r  t h e  f i 11 i n g  ope ra t i on ,  one t o  c o n t r o l  t h e  f l o w  o f  t h e  wet g r a i n  
i n t o  t h e  auger and t he  o t h e r  t o  gu ide  and push t h e  g r a i n  t o  t h e  o u t l e t  o f  
t h e  wagon o r  t r u c k  bed. However, h i r i n g  t l l r  exc ra  person  f o r  the  few h  
nccded would be unreasonable.  The l a b o r  c o s t / b u  o f  wheat l o a d i n g  was 
$0.0118 f o r  t h e  6 - i n .  auger, and $0.0059 f o r  t h e  8 - in .  auger.  

To de te rm ine  t h e  c o s t s  t o  o p e r a t e  t h e  auger d u r i n g  u n l o a d i n g  t h e  g ra in ,  i t  
bias assumed t h a t  a  6 - i n .  auger can removed 850 bu/h f r o m  t h e  b i n  and t h a t  
an 8 - i n .  auger  can rer~love 1700 bu/h.  A 1.5-hp motor  was assumed t o  power 
e i t h e r  augers.  There fo re ,  t h e  o p e r a t i n g  c o s t  o f  u n l o a d i n g  t h e  wheat f r o m  
t h e  b i n  u s i n g  t h e  6 - i n .  auger would be $0.0059/bu, w h i l e  t h e  c o s t  o f  
o p e r a t i n g  t h e  8 - i n .  auger would be $0.0029/bu. 

I t  was assumed t h a t  one person  wou ld  be r e q u i r e d  f o r  2h/season t o  p repa re  
each o f  t h e  d r y i n g  systems. Assuming a  $5.00/h ra te ,  p r e p a r a t i o n  c o s t s  
woul d be $10/b i n/season. 

The rema in ing  l a b o r  c o s t  c o n s i s t e d  o f  t h e  check ing  o f  t h e  g r a i n  f o r  m.c. 
and f o r  s p o i l a g e  o r  i n s e c t  damage. T h i s  was assumed t o  r e q u i r e  about  15 
~ n i  n/day. 

TRACTOR PTO 

For  d e t e r m i n a t i o n  o f  t r a c t o r  PTO costs ,  i t  was assumed t h a t  t h e  o p e r a t i o n  
o f  a  50- t o  90-hp t r a c t o r  t o  l o a d  t h e  g r a i n  would c o s t  $ l / h  (Parsons 
1978).  The c o s t  o f  PTO o p e r a t i o n / b u  were c a l c u l a t e d  by d i v i d i n g  t h e  $ 1  by  
t h e  c a p a c i t i e s  o f  t h e  6- and 8 - i n .  augers  f o r  b o t h  f i l l i n g  and un load ing .  
The r e s u l t i n g  c o s t  was $0.0036/bu u s i n g  a  6 - i n .  auger o r  $0.0018/bu u s i n g  
an 8 - i n .  auger.  The 18- t o  2 1 - f t  d iam b i n s  were assumed t o  need a  6 - i n .  
auger, whi l e  t h e  24- t o  3 0 - f t  d iam b i n s  need an 8 - i n .  auger.  

EFFECT OF l NCREASl NG ENERGY PR l C E S  

A computer program was w r i t t e n  t o  de te rm ine  t h e  e f f e c t  o f  i n c r e a s i n g  ener -  
gy  p r i c e s  on  v a r i a b l e  c o s t s .  E l e c t r i c i t y  r a t e s  were i nc reased  f r o m  
$0.0177/kwh i n  10% increments.  For  each r i s e  i n  t h e  p r i c e  o f  e l e c t r i c i t y ,  
an LP p r i c e  was c a l c u l a t e d  wh i ch  would make t h e  c o s t / b u  o f  a  system u s i n g  
LP gas equal  t o  t h e  c o s t / b u  o f  e i t h e r  t h e  n a t u r a l  a i r  system ( f o r  d r y i n g  
f r o m  19% t o  13.5%) o r  t h e  LP ass i s ted ,  n a t u r a l  a i r  system, ( f o r  
25%-13.5%). The r e s u l t s  o f  t h i s  program a r e  i n  F i g u r e s  1 and 2  showing 
wh i ch  system i s  economica l l y  s u p e r i o r  a t  d i f f e r e n t  LP and e l e c t r i c i t y  
cos t s .  F i g u r e  1 shou ld  be used t o  h e l p  dec ide  between t h e  L P / n a t u r a l  sys-  
tem o r  LP system f o r  wheat d r i e d  f r om 25% t o  13.5% m.c. Fi-gure 2 shou ld  
be used t o  h e l p  dec ide  between t h e  LP o r  n a t u r a l  unheated a i r  systems f o r  
wheat d r i e d  f r o m  19% t o  13.5%. By p r o j e c t i n g  t h e  c u r r e n t  e l e c t r i c i t y  r a t e  
.upward from the  h o r i z o n t a l  a x i s  t o  t h e  c u r r e n t  LP p r i c e  p r o j e c t e d  f r o m  t h e  
v e r t i c a l  ax is ,  t h e  p o i n t  o f  i n t e r s e c t i o n  p r o v i d e s  t h e  s o l u t i o n  as t o  wh i ch  
system i s  most economica l .  For  cases where t h e  i n t e r s e c t i o n  i s  t o  t he  



r i g h t  o f  t h e  d i agona l  l ine, '  a  system u s i n g  more LP gas and l e s s  e l e c t r i c i -  
t y  f o r  unheated a i r  v e n t i l a t i o n  i s  l e s s  expensive.  For  cases where t h e  
i n t e r s e c t i o n  1 i e s  t o  t h e  l e f t  o f  t h e  1  ine, a  system u t i  1  i z i n g  more n a t u r -  
a l ,  unheated a i r  d r y i n g  i s  l e s s  expensive.  

I n  a1 1 syste~;is recomniended f o r  use  i n  d r y i n g  f r o m  25% t o  .13.5% ( F i g u r e  11, 
t h e  system w i t h  t h e  l o w e s t  v a r i a b l e  c o s t  a l s o  had t h e  l o w e s t  t o t a l  cos t .  
However, f o r  d r y i n g  f r o m  19% t o  13.5% ( F i g u r e  21, t h e  system w i t h  t h e  
l owes t  v a r i a b l e  c o s t  was n o t  n e c e s s a r i l y  t h e  most o v e r a l l  economica l  sys -  
teln, as t h e  e x t r a  f i x e d  c o s t s  o f  t h e  LP bu rne r  c o u l d  r e s u l t  i.n a  h i g h e r  
f i x e d  c o s t  f o r  t h e  LP system. Therefore,  i n  some cases a  LP system had 
t h e  l owes t  v a r i a b l e  c o s t s  and a  h i g h e r  o v e r a l l  c o s t .  

DETERMI N l  NG M A X I  MUM COLLECTOR COST 

So f a r  no v a l u e  has been i n c l u d e d  f o r  c o l l e c t o r  purchase.   he s o l a r  c o s t s  
c o n s i s t  o n l y  o f  t h e  v a r i a b l e  h a n d l i n g  and f a n  o p e r a t i o n  c o s t s  u s i n g  a  c o l -  
l e c t o r  g i v i n g  a  peak 30 F tempera tu re  r i s e ,  and t h e  f i x e d  c o s t s  a s s o c i a t e d  
w i t h  t h e  d r y i n g  b i n  and a s s o c i a t e d  equipment.  To de te rm ine  t h e  maximum 
p r i c e  t h a t  c o u l d  be e c o n o m i c a l l y  p a i d  f o r  a  c o l l e c t o r ,  a  computer p rogram 
wds i d r i t ' t an  1 1 5 i n g  t h e  r e s u l t s  d e r i v e d  f r o m  t h e  f i r s t  two s e c t i o n s  o f  t h i s  
a n a l y s i s .  By s u b t r a c t i n g  t l i e  t o t a l  c u s t / b u  f o r  s u l a r  wheat d r y i n g  f r o m  
t h e  e q u i v a l e n t  c o s t  o f  an a l l e r n a t i v c  system, and m u l t l p l y i n g  t h e  d i t f e r P  
ence b y  t h e  number o f  bu  t o  be d r i ed ,  t h e  niaximuln amount/yr  t h a t  can bc 
c o m p e t i t i v e l y  p a i d  f o r  a  s o l a r  c o l l e c t o r  can be dc te rmined .  

F i x e d  c o s t s  were de te rm ined  o n  a  10-y r  l i f e  b a s i s  f o r  t h e  c o l l e c t o r ,  w i t h  
an i n t e r e s t  r a t e  o f  9 %  / y r  ( a c t u a l l y  c a l c u l a t e d  as 4.5% /y r ,  r e p r e s e n t i n g  
t h e  average i n t e r e s t  payment), w i t h  no  p r o p e r t y  t a x  o r  insurance, and f o r  
a  0.52 / y r  r e p a i r  c o s t .  T h i s  r e s u l t s  i n  an annual f i x e d  c o s t  r a t e  f o r  a  
c o l l e c t o r  o f  15% / y r .  By m u l t i p l y i n g  t h e  t o t a l  bu t o  be d r i e d  b y  t h e  
d i f f e r e n c e  i n  s o l a r  d r y i n g  and a l t e r n a t i v e  system c o s t  and d i v i d i n g  t h i s  
t o t a l  by t h e  15% f i x e d  c o s t  r a t e  f o r  t h e  c o l l e c t o r ,  t h e  r e s u l t  w i l l  be t he  
maximum c o m p e t i t i v e  p r i c e  t h a t  can be p a i d  f o r  a  s o l a r  c o l l e c t o r .  

A s  an example, assume a d e c l  s i o n  i s  made t o  d r y  4,060 bu o f  25% wheat t o  
13.51; i n ,  a  3 0 - f t  d iam b i n .  The o p t i o n s  a v a i l a b l e  a r e  t o  use e i t h e r  a  
so la r ,  LP and n a t u r a l  a i r ,  o r  LP hea ted  system. The v a r i a b l e  c o s t / b u  f o r  
t h e  systerlis a r e  r e s p e c t l v e l y  $0.0332, $0.0877, and $0.0985 u s i n g  c u r r e n t  
energy  p r i c e s .  There fo te ,  t h e  s o l a r  d r y i n g  c o s t s  $0.0545/bu l e s s  than  t h e  
LP /na tu ra i  a i r  and $0.0653 l e s s  t han  t h e  LP o n l y .  S ince  4,060 bu a r e  be- 
i n g  dr, ied, t o t a l  v a r i a b l e  cosL sav ings  woulrl  amount t o  $221  when compared 
w i t h  t h e  L P / n a t u r a l  system, and $2b5 when compared w i t h  t h e  LP only sysa.- 
tem. D i v i d i n g  t o t a l  v a r i a b l e  c o s t  d i f f e r e n c e s  by t h e  annual  f i x e d  c o s t  
r a t e  (15%)  g i v e s  a  niaxir~ium c o l l e c t o r  c o s t  o f  $1,475 when compared t o  t h e  
LP /na tu ra l  case, and $1,767 w.tien compared t o  t h e  LP o n l y  case. These two 
c o l l e c t o r  c o s t s  r e p r e s e n t  t h e  maximum c o m p e t i t i v e  p r i c e  t h a t  can be p a i d  
f o r  a  ' so l a r  c o l l e c t o r  f o r  d r y i n g  wheat a t  c u r r e n t  energy p r i c e s  
($0.0177/kwh f o r  e l e c t r i c i t y  and $0.0405/gal  o f  LP). 

The e f f e c t  o f  i n c r e a s i n g  t h e  p r i c e  o f  LP and e l e c t r i c i t y  showed t h a t  a  
s o l a r  c o l l e c t o r  i s  w o r t h  more where wheat i s  d r i e d  f r o m  25% t o  13.5%. For  
exaniple, i n  t h e  case r ihere e l e c t r i c i  t y  c o s t  $0.0372/kwh and LP c o s t  
$0.405/ga18 a  s o l a r  c o l l e c t o r  i n  a  2 4 - f t  d iam b i n  was de te rm ined  t o  be 
w o r t h  about  $1267 when compared w i t h  t h e  LP /na tu ra l  a i r  case, w h i l e  t h e  
same c o l l e c t o r  f o r  d r y i n g  fro111 19% t o  13.5% was w o r t h  $ 8 2 1 .  

The c a p a c i t y  o f  t h e  s y s t e e  as r e l a t e d  t o  b i n  d iam (as  a1 1  b i n s  were con- 
s i d e r e d  f i l l e d  t o  maximum as  l i m i t e d  by 2.5 c fm/bu a i r f l o w )  a l s o  had an 
e f f e c t  on t h e  ,niaxiinuni economic c o l l e c t o r  c o s t .  For  energy  p r i c e s  a t  t h i s  
w r i t i n g ,  a  s o l a r  c o l l e c t o r  f o r  an 1 8 - f t  d iam b in ,  wou ld  be w o r t h  $660 and 
$1475 f o r  t h e  3 0 - f t  d iam b i n  when compared t o  a  L P / n a t u r a l  system. For  
t h e  case where e l e c t r i c i  t y  c o s t s  $0.0496/kwh t h e  maximum economic c o l  l e c -  
t o r  c o s t  f o r  t h e  18-  and 3 0 - f t  b i n s  a r e  $989 and $2072 r e s p e c t i v e l y .  Com- 



paring these two prices, it is apparent that increases in energy prices 
result in a greater difference in maximum economically competitive collec- 
tor prices, as associated to bin size. Therefore, as energy prices rise, 
a solar collector will become more feasible f0r.a larger capacity bin. 

The increase in maximum collector prices as electric rates were raised, 
was not as large as anticipated. For example, when electricity rates were 
quadrupled to $0.0513/kwh, (wi th LP prices held constant), the di fference 
in competitive collector ' prices for a 27-ft diam bin was only $367 when 
compared to LP/natural case and only $539 when compared with natural air 
on.1~. For the case where the price of electricity was kept constant and 
LP prices quadrupled, the niaximum price one could economically pay for a 
collector (when compared to the LP case) rose substantially. For example, 
the maximum collector price for the 18-ft bin rose from $552 to $2916, and 
from $1767 to $8165 for the 30-ft bin. 

These results are based on a collector that heats all the air blown 
through the grain a peak temperature rise of 30 F .  By changing the col- 
lector size, the effects of changes in energy prices could be substantial- 
ly different. As we have presented the relationships, changes in LP 
prices have a substantial impact on the economic attractiveness of the 
collector while changes in electricity prices are not as important. This 
is explained for the most part by the amount of use of electricity for fan 
operation in the solar case. At the present high capital costs of solar 
installations, it appears that solar collectors will become economically 
feasible when LP gas prices increase and not when electric prices rise. 

RESULTS AND DISCUSSION 

Tables 1 and 2 contain a summary of the fixed costs incurred with each 
drying system for five bin sizes. The results shown indicated that the 
fixed costs/bu of wheat dried decreased for every type of system as bin 
diameters increased. 

Table 3 contains the variable wheat drying costs using the local energy 
prices for the fall of 1977 of $0.405/gal of LP and $0.0177/kwh of elec- 
trici ty. 

For all drying systems, the total drying cost/bu (Table 4) decreased as 
bin size increased. The bulk of the change Is attributable to declining 
fixed costs/bu. Although variable costs also decreased with the larger 
bin capacities (Table 31, they accounted for less than 10% of the decline 
in total drying costs/bu. 

Fixed costs attributed to equipment that was purchased solely for wheat 
drying, had a substantial influence on total drying cost/bu. Differences 
in total costs between purchasing a complete system for wheat drying and 
having the system on hand ranged from a high of 93 cents to zero (for no 
incre~~iental purchases), representing a range of about 90% to 0% of total 
drying costs/bu. As a result, a large portion of the potential for lower- 
ing total wheat dr,ying cost is in decreasing the fixed cost/bu through 
multiple-use of the drying facilities. 

Energy prices dictate which drying system is the most economical. At 
current energy prices, the results favor the use of LP/natural air drying 
systems in bins 24 ft or more in diam (for wheat dried from 25% to 19%). 
For wheat dried at a beginning n1.c. of 19% or less, natural air drying ex- 
hibited lower costs/bu for all bins. Any change in the LP to electricity 
price relationship may result in different optimum systems. Figures 1 and 
2 point this out. 

Maximum economically competitive collector costs were determined to rely 
heavily. on LP gas costs, as changes in price of electricity had a rela- 
tively small effect. In some cases where electricity was quadrupled the 
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L-P' SYSTEM 

ELECTRICTY PRICE ($ /kwh)  
F i g u r e  1. Economic r e l a t i o n s h i p  o f  v a r i a b l e  c o s t s  o f  d r y i n g  wheat  exp ressed  i n  

terms o f  L-P and e l e c t r i c  ene rgy  p r i c e s  f o r  t h e  L - P / n a t u r a l  unheated 
a i r  sys tem vs .  t h e  L-P sys tem f o r  d r y i n g  wheat  f r o m  25 t o  13.5% w.b. 



L-P SYSTEM 

ELECTRICITY PRICE ($ /kwh)  
F i g u r e  2. Economic r e l a t i o n s h i p  o f  v a r i a b l e  c o s t s  o f  d r y i n g  wheat expressed i n  

terms o f  L-P and e l e c t r i c  energy p r i c e s  f o r  t h e  n a t u r a l  unheated a i r  
sys tem vs. t h e  L-P sys tem f o r  d r y i n g  wheat f r o m  19 t o  13.5% w.b. 
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maximum economic c o l l e c t o r  c o s t  rose  l e s s  than $1000 whereas when LP 
p r i c e s  were quadrupled i t  rose more than $7000. 

I n  add i t i on ,  s i n c e  t h i s  research  cons idered a  da ta  base f rom on1 y  one s i z e  
c o l l e c t o r  w i t h  a  peak o f  about 30 F temperature r i se ,  d i f f e r e n t  s i z e s  o f  
c o l l e c t o r s  shou ld  be cons idered.  
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Table 1. Annual fixed costs of wheat drying s,ysterns. 

Cornponen t Complete system Storage bin Aeration bin System on 
to be purchased available ava i 1 abl e hand except ----------------- --------------- -------------- stirring 
L P Natural 'LP Natural LP Natural dev i ce 

heated or heated or heated or 
solar* solar* so 1 ar* 

1 8 - f t  diarn bin r ~ i  th 7-hp fan: 

Depreciation $607.70  530 .30  355.10 277.70 326 .10  248 .70  141 .00  
Interest 387.41  352.58 188.82 153 .99  147 .87  113 .04  63.45 
l nsurance 43.05 39.18 20.98 17 .11  ' 16.43 12 .56  7.05 
Repa i r 206.14 182 .92  106 .68  83.46 98.58 75.36 ' 42.30 
Tax 144.63 131 .63  70.49 57.49 55.20 42.2U 23.69 ' ------- ------- ------ ------ ------ ------ ------ . 

Total $1388.93  1 2 3 6 . 6 1  742.07 589.75 644.18 491.86 277.49 

2 1 - f t  diam bin with 7-hp fan: 

Depreciation $691.55  614 .15  530.78 453.30 328.30 250.90 146 .70  
l nterest 450 .81  415.98 182.16 147 .33  147.74 82.57 66.02 
l nsurance 50.09 46.22 20.24 16.37 16.42 12.55 7.34 
Repai r 233.95 210.73 106 .14  129 .36  98.49 75.27 4 4 . 0 1  
Tax 1 3 1 . 6 1  1 1 8 . 6 1  68.01 5 5 . 0 1  55.15 42.15 ------- ------- 24.65 ------ ------ ------ ------ ------ 

Total $ 1 5 5 8 . 0 1  1405.69 907.25 801.37 646.10 463.44 288 .72  

2 4 - f t  diam bin with 9-hp fan: 

Depreciation $803.90  723.90 445.25 365 .25  400.00 320 .00  202 .90  
Interest 5 2 5 . 1 1  489 .11  220.73 184 .73  180 .00  144 .00  91 .31  
l nsurance 58.35 ' 54.35 24.53 20.53 20.00 16 .00  10 .15  
Repa i r 265.48  241.48 129 .05  105.05 120.00 96.00 60.87 
Tax 159.35  1 4 5 . 9 1  82.40 68.96 . 67.20 53.76 34.09 ------- ------- ------ ------ ------ ------ ------ 

Total $1812.19  1654.75 901.96 744.52 787.20 629.76 399 .32  

2 7 - f l :  diam bin with 9-hp fan: 

Depreciation $920.35  840.35 469.25 389.25 409.50 329 .50  212.40 
l nterest 606 .74  570 .74  238.05 202.05 184 .28  148 .28  95.58 " 

l nsurance 67.42 63.42 26..45 22.45 20.48 16 .48  10.62 
Kepa l r 293.92  , 269.92 134 .80  110 .80  122.85 98.85 63.72.  
Tax 18.3.10 169 .66  88.70 75.26 68.80 55.36 35 .68  ------- ------- ------ ------ ------ ------ ------ 

'Total $2071.53  1914 .09  957.25 7 9 9 . 8 1  805 .91  648 .47  418 .00  

3 0 - f t  diani bln w l  th 1 3 - h p  fan: 

Depreciation 1021.65  941.65 553.00 473.00 485.50 405.50 240 .30  
l nterest 684 .50  648.50 279.23 243.23 218.48 182 .48  108 .14  
l nsurance 76.06  72.06 31.03 27.03 24.28 20.28 12.02 
Repa i r 326.78 302.78 159 .15  135.15 145.65 121 .65  72.09 
Tax 212.13 198 .69  104 .24  90 .80  81.56 68.12 40.37 ------- ------- ------- ------ ------ ------ ------ 

Total $ 2 3 2 1 . 1 2 .  2163.68 112t i .65 969 .21  955.67 798.03 472.92 ........................................................................... 
* No LP dryer or solar collector fixed costs included. 



Table 2. Annual f i x e d  c o s t s  per  bushel o f  wheat d r y i n g  systems. 

.......................................................................... 
I n i t i a l  Complete system Storage b i n  A e r a t i o n  b i n  System on 
m o i s t u r e  t o  be purchased a v a i l a b l e  ava i 1 ab l  e  hand except  
con ten t  --------------- -------------- s t i r r i n g  

L  P Na tu ra l  LP Na tu ra l  LP Na tu ra l  dev i  ce 
heated o r  heated o r  heated o r  

s o l a r *  s o l a r *  s o l a r *  ........................................................................... 
1 8 - f t  diam b i n  w i t h  7-hp fan:  

2 1 - f t  diam b i n  w i t h  7-hp fan: 

2 4 - f t  diam b i n  w i t h  9-hp fan :  

2 7 - f t  diam b i n  w i t h  9-hp fan :  

3 0 - f t  diam b i n  w i t h  13-hp fan :  

25% $. 5717 ,5329 .2775 ,2387 .2355 .I966 ,1165 
19 % .5324 .491;3 ,2584 .2223 ,2193 ,1330 ,1085 ........................................................................... 
*No LP d r y e r  o r  s o l a r  c o l l e c t o r  f i x e d  cos ts  inc luded.  



Table 3. V a r i a b l e  cos ts  per  bushel f o r  d r y i n g  wheat w i t h  va r ious  d r y i n g  
systems, s t a r t i n g  a t  2 5 %  o r  1 9 %  mo is tu re  con ten t .  ......................................................................... 

Component To d r y  from 25 t o  13 .5% To d r y  f rom 1 9  t o  13 .5% ....................... ....................... 
So la r  LP gas + LP So la r  Unheated LP 

a i r  onTy* gas a i r o n l y  gas ......................................................................... 
1 8 - f t  diam b i n  w i  t h  7-hp fan :  

LP Gas $ - - - -  
Fan o p e r a t i  n  . 0207  
S t i r r i n g  ,0030  
Trac tor ,  f i 1'1 & un load .0036  
Labor to :  

F i l l  b i n  .0118  
Unload b  i n  , 0059  
Chcck progress . 0117  
Prepare b i  n  .0067  ----- 

To ta l  cos t /bu  $. 0632  

2 1 - f t  d i a n  b i n  w i t h  7-hp fan :  
LP Gas $ - - - -  
Fan o p e r a t i o n  . 0160  
S t i r r i n g  , 0023  
Trac tor ,  f i l l  & un load .0036  
Labor t o  : 

F i  1 1  b i n  .0118  
Unload b i n  .0059  
Ctieck progress  . 0090  
Prepare b i n  . 0052  ----- 

Tota 1 cos t /bu  $ .  0537  

2 4 - f t  diani b i n  w i t h  9-hp fan:  
LP gas $ - - - -  .0395  .0788  ----- ----- ,0395  
Fan ope ra t  i o n  .0150  , 0 2 6 1  ,0048  . 0080  . 0 2 3 1  .0033  
S t i r r i n g  .0017  . 0029  .0005  . 0009  .0026  .0005  
Trac tor ,  f i 1 1  & un load .0018  .001C , 0 0 1 8  .0018  .0018  .0018  
Labor to :  

F i l l  b i n  , 0059  , 0059  .0059  , 0059  .0059  ,0059  
Unload b i n  . 0029  .0029  .0029  . 0029  , 0029  . 0029  
Check progress  .0066  , 0118  . 0024  .0035  . 0 1 0 1  . . 0018  
Prepare b i n  .0038  . U038 .0038  .0035  .0035  .0035  ----- ----- ----- ----- ----- ----- 

T o t a l  cos t /bu  $ .  0377  . 09 47 . l o 1 1  . 0266  ,0499  ,0592  

2 7 - f t  diam b i n  w i  t t ~  9-tip fan :  
LP gas $ - - - -  .0395  ,0788  ----- ----- ,0395  
Fan o p c r a t  i o n  . , 012b  .0218  . 0040  . 0067  . 0192  .0027  
S t i r r i n g  , 0014  . (1024 . 0004  ,0007  . 0 0 2 1  . 0 0 0 3  
Trac tor ,  f i 1 1  & un load .0018  .U018 ,0018  . 0018  , 0018  .0018  
Labor t o  : 

F i l l  b i n  , 0059  . 0U59 .0059  .0059  .0059  . 0059  
Unload b i n  .U029 ,0029  .0029  ,0029  , 0029  .0029  
Check progress  .0055  ,0099  ,0020  . 0029  ,0084  .0015  
Prepare b i  n  . 0032  ,0032  .0032  .0029  .0029  . 0029  ----- ----- ----- - - - - - ----- ----- 

T o t a l  cos t /bu  $. 0333  . 0874  .0990  .0239  , 0433  .0576  .......................................................................... 
* Supplemental heat  r e q u i r e d  t o  d r y  t o  192, unheated n a t u r a l  a i r  used t o  

f i n i s h  d r y i n g  t o  13 .5%.  



Table 3. Continued. V a r i a b l e  cos ts  per  bushel f o r  d r y i n g  wheat w i t h  
v a r i o u s  d r y i n g  systems, s t a r t i n g  a t  25% o r  1 9 %  m o i s t u r e  content .  ......................................................................... 

Component To d r y  f rom 25 t o  1 3 . 5 %  To d r y  f rom 1 9  t o  1 3 . 5 %  
m e - - - - - - - - - - - - - - - - - - - - -  . - - - - - - - - - - - - - - - - - - - - - - -  

So la r  LP gas + LP So lar  Unheated LP 
a i r  on1 y* gas a i r  o n l y  gas ......................................................................... 

3 0 - f t  diam b i n  w i t h  1 3 - h p  fan:  

LP gas g - - - -  , 0 3 9 5  .0788 ----- ----- .0395 
Far1 o p e r a t i o n  . 0142  , 0 2 4 6  .0046 .0075 . 0217  , 0 0 3 1  
S t i  r r l n g  .0016 .0028 , 0004  .0009 .0025 .0004 
Tractor ,  f i  1 1  un load .0018 . 0018  , 0 0 1 8  , 0 0 1 8  .0018 .0018 
Labor to :  

F i  1 1  b.in .0059 .0059 , 0 0 5 9  .0059 .0059 .0059 
Unload b i n  .0029 .0029 . 0029  .0029 .0029 .0029 
Check progress  . 0043  , 0077  , 0 0 1 5  , 0 0 2 3  .0066 . 0 0 1 1  
Prepare b i n  .0025 .Oil25 . 0025  . 0023  . 0023  .0023 ----- ----- ----- ----- ----- ----- 

T o t a l  cos t /bu  8 .0332  .OX77 .n984  . a236  ,0437 .0570 ......................................................................... 
* Supplemental heat  r e q u i r e d  t o  d r y  t o  192 ,  unheated n a t u r a l  a i r  used t o  

f i n i s h  d r y i n g  t o  1 3 . 5 % .  



T a b l e  4. F i x e d  p l u s  v a r i a b l e  c o s t s  p e r  b u s h e l  f o r  d r y i n g  wheat .  

S i  t u a t i o n  
cons  i d e r e d  

S o l a r  LP gas + LP S o l a r  Unhea ted  L  P 
a i r  o n l y *  g a s  a i r  o n l y  iZa s  ......................................................................... 

1 8 - f t  d i a m  b i n  w i t h  7-hp f a n :  

Pu rchase  e n t i r e  s y s t e m  $ .87 1.05 1.04 .82 
S t o r a g e  b i n  a v a i l a b l e  .46 .62 . 6 1  .42 
A e r a ' t i o n  b i n  a v a i  l a b l e  .39 .55 .55 .35 
Sys. o n  hand tr/o s t  i r r e r  .25 . 3 1  .30 .22 
Sys. o n  hand w / s t i r r e r  .06 .13 .12 .05 

2 1 - f t  d i a m  b i n  w i t h  7-hp fan:  

Pu rchase  e n t i r e  s y s t e m  $ .78 .32 
S t o r a g e  b i n  a v a i l a b l e  .47 .58 
A e r a t i o n  b i n  a v a i l a b l e  .29 .45 
Sys. o n  hand w/o s t i r r e r  .20 .26 
Sys. o n  hand w / s t i r r e r  .05 .11 

2 4 - f t  d i a m  b i n  w i t h  9-hp fan :  

Pu rchase  e n t i  r e  s y s t e m  $ .66 
S t o r a g e  b i n  a v a i l a b l e  .32 . 

A e r a t i o n  b i .n  a v a i  l s b l e  .27 % 

Sys. o n  hand w/o s t i r r e r  .19 
Sys. o n  hand w / s t i r r e r  .04 

2 7 - f t  d i a m  b i n  w i t h  9-hp f a n :  

Pu rchase  e n t i r e  s y s t e m  $ .64 .74 ...7 5  .59 
S t o r a g e  b i n  a v a i l a b l e  .29 .39 .40 .26 
A e r a t i o n  b i n  a v a i l a b l e  .24 .34 .35 . 2 1  
Sys. o n  hand w/o s t i r r e r  .16 .22 .23 .15 
Sys. o n  hand w / s t i r r e r  .03 .09 .10 .02 

\ 

3 0 - f t  d i a m  b i n  w i t h  13-hp f a n :  

Pu rchase  e n t i r e  s y s t e m  $ .57 .66 .67 .52 .54 .59 
S t o r a g e  b i n  a v a i l a b l e  .. 2 7  .36 .38 .25 .27 .32 
A e r a t i o n  b i n  a v a i l a b l e  .23 .32 .33 . 2 1  .23 .28 

- Sys. o n  hand  w/o s t i r r e r  . I 5  .20 . 2 1  .13 . I 5  .17 
Sys o n  hand w / s t i  r r e r  .03 .09 .10 .02 .04 .06 

......................................................................... 
* Supplemental h e a t  r e q u i r e d  t o  19%, u n h e a t e d  n a t u r a l  a i r  used  t o  f i n i . s h  

d r y i  n e  t o  13.5%. . 

QU.S. GOVERNMENT PRINTING OFFICE: 1978 0- 279-64616591 




