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ABSTRACT 

Grain ca n b e protecte d fro m insec t attack , an d hav e it s propertie s preserve d b y 
cooling i t t o temperature s aroun d 15°C . I n temperat e climates , grai n ca n b e 
cooled effectivel y b y aeratin g i t wit h coo l atmospheri c air , bu t th e degre e o f 
cooling i s limite d b y th e hea t o f absorptio n release d a s th e grai n absorb s 
moisture fro m th e air . I n tropica l climate s thi s proble m i s compounde d b y th e 
generally hig h ambien t dry-bul b temperatures . Lowe r grai n temperature s ma y 
be achieve d b y reducin g th e enthalp y o f th e aeratio n air . Experiment s o n a 
single-stage an d a  two-stag e open-cycl e sola r regenerate d desiccan t be d grai n 
cooling syste m tha t reduce s th e enthalp y o f th e aeratio n ai r ar e described . Th e 
rate o f energ y los s fro m th e devic e wa s abou t 2 0 time s tha t o f th e electrica l 
energy supplie d t o th e system . Thi s compare s favourabl y wit h vapou r 
compression systems . 

INTRODUCTION 

Cereal grain s ar e harveste d seasonally , ye t the y ar e consume d continually , an d 
for thi s reaso n the y hav e t o b e stored . Durin g storage , sever e losse s ma y occu r 
because o f attac k b y insec t pests , infestatio n b y mould s an d mites , an d predatio n 
by bird s an d rodents . I n addition , grain s tha t ar e store d fo r prolonge d period s 
may suffe r a  reductio n i n qualit y a s indicate d b y a  los s o f see d germination , 
baking an d millin g characteristics , change s i n colou r an d s o on . Chemica l 
insecticides applie d t o improperl y store d grain s ar e likel y t o los e thei r toxicit y 
very rapidly . Coolin g grain , eithe r a s a n adjunc t t o chemica l pesticid e 
treatment, o r alon e improve s th e long-ter m storag e o f grai n (Thorp e 1980) . 

The simples t metho d o f coolin g bul k store d grai n i s b y blowin g throug h i t coo l 
atmospheric air . Th e effectivenes s o f natura l aeratio n i s limite d b y th e fac t 
that th e peripher y o f th e grai n stor e i s no t coole d sufficientl y t o contro l insec t 
pests. Furthermore , th e hygroscopi c natur e o f cerea l grain s generall y prevent s 
the grai n bein g coole d t o ambien t temperature , fo r reason s describe d below . 
Both o f thes e drawback s o f natura l aeratio n ma y b e overcom e b y refrigerate d 
aeration (Elde r e t al . 1983) . thi s require s th e grai n stor e t o b e thermall y 
insulated an d th e aeratio n ai r re-cycle d throug h mechanica l refrigeratio n units . 
This proces s involve s mor e capital.expenditur e tha n natura l aeratio n an d i t i s 
energetically mor e demanding . 

This pape r describe s a n open-cycle , stage-wis e sola r regenerate d desiccan t be d 
grain coolin g system , whic h embodie s simpl e technolog y an d ha s a  ver y lo w 
energy consumption . Th e syste m enable s grai n temperature s lowe r tha n ambien t 
to b e attained . 
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THE COOLING MECHANIS M 

The passag e o f ai r throug h a  packe d be d o f hygroscopi c materia l suc h a s cerea l 
grains involve s bot h hea t an d moistur e transfer . Thi s ha s profoun d consequence s 
on th e rat e a t whic h temperatur e wave s mov e throug h th e porou s matri x an d o n 
the temperature s attained . I n thi s pape r w e shal l discus s onl y th e bul k storag e o f 
grains, althoug h th e benefit s conferre d b y coolin g o n th e preservatio n o f grai n 
are independen t o f storag e method . 

Bulk grai n ma y b e coole d b y blowin g throug h i t ai r o f th e appropriat e conditions . 
Grain interact s wit h th e moistur e i n th e aeratio n (cooling ) ai r an d unde r norma l 
storage condition s mos t o f th e grai n wil l no t coo l t o th e ai r inle t temperature . 
The hea t an d moistur e transfe r phenomen a governin g grai n coolin g hav e bee n 
elucidated b y Bank s (1972 ) an d Suntherlan d e t al . (1971) . On e o f th e principa l 
conclusions arisin g fro m thei r wor k i s tha t th e temperatur e t o whic h mos t o f th e 
grain wil l coo l i s dependen t o n th e initia l grai n moistur e conten t an d th e wet -
bulb temperatur e o f th e aeratio n air . 

Using propertie s o f th e air-grain-wate r syste m presente d b y Sutherlan d e t al . 
(1971), w e fin d tha t aeratio n ai r a t 15° C an d 50 % relativ e humidit y (rh ) wil l coo l 
most o f a n initiall y 12 % moistur e conten t (mc ) grain bul k a t 30° C t o abou t 15°C . 
If th e grai n wer e initiall y 9 % m c i t woul d coo l t o abou t 23°C . I f th e aeratio n ai r 
is 15° C bu t 90° C relativ e r h th e correspondin g temperature s t o whic h mos t o f 
the initiall y 12 % an d 9 % store d grai n woul d coo l ar e abou t 19° C an d 27° C 
respectively. 

The spee d a t whic h coolin g wave s mor e throug h grai n i s about 2  x 10 - 3 time s th e 
superficial ai r velocity . A  secon d coolin g wav e als o travel s throug h th e grai n 
during whic h th e grai n become s i n hygroscopi c equilibriu m wit h th e aeratio n air . 
The spee d o f th e secon d wav e i s abou t 5  x  10 - 5 tha t o f th e superficia l ai r 
velocity. 

A DESICCANT BED GRAIN COOLING SYSTEM 

From th e abov e i t ma y b e inferre d tha t th e effectivenes s o f grai n coolin g i s 
enhanced b y reducin g th e enthalp y o f th e aeratio n air . A n effectiv e metho d o f 
doing thi s i s t o isothermall y reduc e ambien t ai r humidity . Thi s ca n b e achieve d 
by blowin g ambien t ai r a t nigh t throug h a  narro w be d o f desiccan t materia l s o 
the hea t o f sorptio n ca n b e readil y dissipate d t o atmospher e (Thorp e 1981) . Th e 
desiccant become s wet , bu t i t ca n b e drie d ou t durin g th e da y b y mean s o f sola r 
radiation fallin g o n th e desiccan t bed . Thi s metho d i s effective , bu t th e 
narrowness o f th e desiccan t be d o f porou s mediu m result s i n a  hig h pressur e dro p 
across th e system . 

A metho d o f overcomin g th e pressur e dro p i s t o carr y ou t th e dryin g an d coolin g 
of th e ai r i n a  stage-wis e process . Th e principa l element s o f on e suc h syste m i s 
shown i n Figur e 1 . Durin g th e ai r dryin g an d coolin g proces s nigh t ai r fro m th e 
aeration enter s th e firs t hea t exchanger , HE1 , an d som e o f th e hea t o f 
compression i s los t t o atmospher e b y convectio n an d radiatio n t o th e nigh t sky . 
The cool , humi d ai r the n enter s desiccan t bed , DB1 , wher e i t i s drie d iso -
enthalpically. A s a  consequenc e o f thi s proces s th e ai r increase s i n temperatur e 
and i t i s subsequentl y coole d i n th e secon d hea t exchanger , HE2 . Th e ai r i s 
further drie d i n th e secon d desiccan t bed , DB2 , before bein g finall y coole d i n th e 
third hea t exchanger , HE3 . 
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The desiccan t i s regenerate d b y designin g th e hea t exchanger s HE 1 an d HE 3 a s 
effective sola r collectors . Henc e durin g th e da y ambien t ai r leavin g th e fa n i s 
heated i n th e hea t exchangers , thu s reducin g it s relativ e humidit y s o tha t th e 
desiccant bed s ar e regenerate d fo r th e nigh t cycle . 

The underlyin g principle s o f operatio n o f th e stage-wis e syste m ca n b e 
understood fro m th e psychrometri c char t (Figur e 2) . Coo l ambien t ai r wit h a 
high relativ e humidit y stat e 1  i s compresse d b y th e fa n t o stat e 2 . I t i s thi s ai r 
that woul d normall y b e use d fo r ventilatin g grai n i n natura l aeratio n systems , bu t 
because o f it s hig h enthalp y i t ha s limite d coolin g capacity . I n th e desiccan t be d 
cooling syste m th e ai r i s coole d fro m stat e 2  t o stat e 3  i n th e firs t hea t 
exchanger, HE1 . Th e ai r o n enterin g th e firs t desiccan t bed , DB1 , leave s a t 
s tate 4 , whenc e i t i s coole d b y th e atmospher e t o stat e 5 . No w thi s represent s a 
reduction i n enthalp y compare d wit h natura l aeratio n systems , bu t a  furthe r 
reduction i s obtaine d b y passin g th e ai r throug h th e secon d desiccan t bed , DB2 , 
bringing i t t o stat e 6 , befor e finall y coolin g i t t o stat e 7 . I t i s thi s ai r tha t i s 
used t o coo l th e grain . 

AN EXPERIMENTA L SINGLE-STAG E 

In orde r t o asses s th e likel y performanc e o f th e abov e system , a  single-stag e 
consisting o f a  fan , hea t exchange r (HE1 ) an d desiccan t be d (DB1 ) wa s 
constructed, an d comprehensivel y instrumented . Th e layou t o f th e singl e stag e 
and it s associate d instrumentatio n i s shown i n figur e 3 . 

The hea t exchanger-cum-sola r absorbe r i s 1.14 m wid e an d 1.18 m long , an d th e 
desiccant be d rest s o n a  100 m wid e perforate d meta l shee t i n a  containe r 
integral wit h th e hea t exchanger . Thos e part s o f th e devic e no t directl y expose d 
to sola r radiatio n ar e thermall y insulate d wit h fibre-glas s wool . O n leavin g th e 
desiccant be d whic h ma y b e u p t o 200m m hig h th e ai r flow s throug h a  retur n le g 
before bein g expelle d throug h th e bas e o f th e stage . Thi s desig n wa s chose n s o 
that stage s coul d b e convenientl y place d sid e b y side i n series . 

The uni t i s comprehensivel y instrumente d t o allo w th e ai r flo w rat e an d 
thermodynamic state s t o b e determine d throughou t th e system . Th e inle t ai r 
state i s measure d b y wet - an d dry-bul b thermocouples , an d th e dry-bul b 
temperature o f th e ai r i s measure d afte r compressio n b y th e fa n jus t befor e i t 
enters th e sola r absorber . Radiation-shielde d thermocouple s measur e th e 
temperature o f th e ai r leavin g th e absorbe r a t fou r points , an d a s i t enter s th e 
return le g immediatel y afte r i t ha s passe d throug h th e desiccan t bed . Wet - an d 
dry-bulb thermocouple s measur e th e stat e o f th e ai r bein g expelle d b y th e unit . 
Electrically insulate d thermocouple s i n clos e contac t wit h th e uppe r an d lowe r 
plates o f th e absorbe r measur e surfac e temperatures , an d si x thermocouple s 
placed i n th e desiccan t be d measur e th e desiccan t temperature . A  samplin g 
probe allow s desiccan t t o b e remove d fro m an y dept h o f th e desiccan t be d a t th e 
front, middl e an d bac k o f th e bed , s o it s moistur e conten t ca n b e determined . 

The ai r flo w rat e i s measure d b y a n orific e plat e manufacture d accordin g t o 
British Standard s an d th e leve l o f radiatio n i s measure d b y a  sola r pyranomete r 
calibrated agains t a  CSIR O Divisio n o f Energ y Technolog y secondar y standard . 

The experiment s wer e carrie d ou t i n th e CSIR O Divisio n o f Energ y Technolog y 
solar simulato r (Procto r an d Pec k 1979) , whic h consist s o f a n arra y o f fourtee n 1 
kW compac t sourc e mercur y iodid e discharg e lamp s tha t accuratel y mimi c th e 
solar spectrum . 
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EXPERIMENTAL METHO D 

When simulatin g daytim e operatio n o f th e sola r coolin g stag e th e mercur y iodid e 
lamps wer e turne d o n togethe r wit h th e fan , an d th e ai r flo w wa s adjuste d t o th e 
required rate . A t th e beginnin g an d en d o f eac h experimenta l ru n sample s o f 
silica ge l wer e withdraw n fro m th e bottom , middl e an d to p o f th e desiccan t bed , 
and th e moistur e content s o f th e ge l wer e measure d b y a n ove n method . Th e 
thermocouples wer e scanne d b y a  Hewlett-Packar d 3421 A thirt y channe l dat a 
logger, an d th e temperature s wer e store d o n a  min i 12 8 kbyt e capacit y cassette . 
Mean value s o f th e intensit y o f sola r radiatio n wer e determine d b y averagin g th e 
radiation measure d a t twent y fiv e point s o n th e absorbe r surface . 

RESULTS AND DISCUSSIO N 

A serie s o f fiv e pair s o f coolin g an d be d regeneratio n experiment s wa s carrie d 
out wit h a n ai r flo w o f 0.01 4 kg/s . Thi s woul d b e sufficien t t o coo l u p t o 2 0 
tonnes o f grain . Th e coolin g run s wer e carrie d ou t i n a n enclose d buildin g durin g 
the day , henc e th e relativ e humidit y o f th e ambien t ai r i s somewha t lowe r tha n 
would occu r a t night , an d ther e wa s n o radiatio n hea t los s t o th e nigh t sky . 
Conditions durin g a  typica l coolin g ru n were : 

Ambient dr y bul b 15° C 

Air temperatur e leavin g fa n 17° C 

Absolute humidit y o f ambien t ai r 0.007 5 kg/k g 

Air temperatur e leavin g desiccan t be d 31° C 

Air temperatur e leavin g singl e stag e 21° C 

Absolute humidit y o f ai r leavin g singl e stag e 0.004 0 kg/k g 

These result s impl y tha t a s th e ai r passe s fro m th e entranc e o f th e desiccan t be d 
to th e en d o f th e hea t exchange r i t i s reduced i n enthalp y fro m 36. 5 kj/k g t o 31. 5 
kj/kg. Thi s woul d resul t i n th e dwel l temperatur e o f 11 % moistur e conten t 
wheat bein g reduce d fro m 20° C t o 17.5°C . Th e fa n wa s operate d fo r 6  hour s 
during th e coolin g cycl e an d th e averag e moistur e conten t o f th e ge l increase d 
from 6.5 % to 17% . 

A heatin g ru n performe d th e da y immediatel y afte r th e coolin g ru n wa s carrie d 
out unde r th e followin g conditions . 

Solar radiatio n intensit y 84 0 W/m 2 

Ambient dr y bul b 23° C 

Air temperatur e leavin g fa n 26° C 

Absolute humidit y o f ambien t ai r 0.0008 5 kg/k g 

Air temperatur e enterin g desiccan t be d 52° C 

Air temperatur e leavin g desiccan t be d 40° C 
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Absolute humidit y o f ai r leavin g desiccan t be d 0.017 5 kg/k g 

The mea n moistur e conten t o f th e desiccan t be d decrease d fro m 17.3 % t o a 
fairly unifor m 4.4% . Th e efficienc y o f th e sola r collecto r wa s 32% , a figur e tha t 
could clearl y b e improve d b y glazing . 

Pressure measurement s indicat e tha t wit h a n ai r flow  rat e o f 0.01 4 kg/ s th e 
pressure dro p acros s th e sola r collector/radiato r i s abou t 5  Pa , an d tha t acros s 
the desiccan t be d i s aroun d 5 5 Pa . Losse s i n th e ductin g an d acros s th e orific e 
plate wer e severa l hundre d Pascals , bu t i n commercia l system s thes e woul d b e 
readily engineere d out . 

EXPERIMENTS ON A TWO-STAGE SYSTEM 

In orde r t o asses s th e overal l performanc e o f a  two-stag e system , tw o o f th e 
single stage s describe d abov e wer e connecte d i n series . A s th e tw o stage s wer e 
too larg e t o b e irradiate d i n th e sola r simulator , experiment s wer e performe d 
under naturall y occurrin g ambien t conditions . Daytim e cycle s wer e o f th e orde r 
of fou r hour s an d nigh t cycle s ha d a  duratio n o f thre e hours . 

Results o f a  typica l nigh t ru n i n whic h th e ai r flo w rat e i s 0.01 4 kg/ s ar e show n 
in Tabl e 1 . Th e enthalp y o f ai r leavin g th e fa n i s reduce d b y th e syste m fro m 
29.7 kj/k g t o 13. 4 kj/kg . Thi s arise s principall y fro m a  reductio n o f humidit y 
from 0.006 8 kg/k g t o 0.001 3 kg/kg . Anothe r contributin g facto r i s a  reductio n i n 
the ai r dry-bul b temperatur e b y 2.2° C fro m 12.3° C suc h tha t i t leave s th e uni t 
with a  dry-bul b temperatur e lowe r tha n tha t o f ambien t du e t o radiatio n t o th e 
night sky . 

TABLE 1: Typica l operatin g conditions during night cycl e 

Ambient Afte r fa n Leavin g Leavin g 
1st stage 2n d stage 

Dry-bulb tem p ° C 10. 5 12. 3 13. 8 10. 1 

Humidity kg/k g 0.006 8 0.006 8 0.003 1 0.001 3 

Enthalpy kj/k g 27. 9 29. 7 21. 8 13. 4 

If ambien t ai r wer e t o b e use d fo r aeration , th e dwel l temperatur e o f 11 % 
moisture grai n woul d b e 16°C , wherea s ai r leavin g th e sola r coole r woul d b e 
capable o f coolin g th e grai n t o 6°C . Th e rat e o f hea t reductio n o f th e aeratio n 
air i s 22 8 W , whils t th e electrica l powe r requirement s i s o f th e orde r 3. 5 W . 
Assuming tha t th e desiccan t regeneratio n cycl e ha s a  duratio n twic e tha t o f th e 
cooling cycl e th e coefficien t o f performanc e (COP ) o f th e syste m base d o n th e 
electrical powe r inpu t i s ove r 20 . Thi s i s a n orde r o f magnitud e greate r tha n 
that o f mechanica l refrigeratio n sets . Base d o n tota l energ y input , includin g 
solar energy , th e CO P i s abou t 0.1 . 

The abov e result s ar e mos t encouragin g becaus e the y sho w tha t a  substantia l 
reduction i n th e enthalp y o f ambien t ai r ca n b e obtained , wit h a  smal l 
expenditure o f electrica l energy . However , furthe r researc h i s require d i n th e 
following areas : 
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i. I t i s importan t t o exten d th e rang e o f experimenta l variable s i n orde r t o 
assess performanc e unde r condition s o f hig h ambien t dry-bul b 
temperatures an d humiditie s whic h caus e considerabl e storag e problems . 
The effect s o f ai r flo w rat e o n performanc e shoul d als o b e investigated , 
as thi s determine s th e quantit y o f grai n tha t ca n b e cooled . 

ii. System s studies , bes t carrie d ou t usin g compute r simulations , ar e require d 
to matc h grai n coolin g system s t o th e grai n stores , an d t o determin e th e 
optimum operatin g schedule . 

iii. Th e effect s o f glazin g th e collector s fo r daytim e operatio n shoul d b e 
examined. I f ai r o f a  highe r temperatur e i s use d t o regenerat e th e 
desiccant bed , the n a  give n mas s flo w o f ai r ca n dr y ou t a  large r mas s o f 
desiccant. Hence , fo r a  give n dryin g dut y i t woul d b e necessar y t o expen d 
less energ y o n pumpin g th e ai r throug h th e desiccan t be d durin g th e day , 
improving furthe r th e coefficien t o f performanc e o f th e system . 

iv. Th e syste m woul d b e improve d i f th e dessican t be d wer e t o wor k 
isotherm ally, a s oppose d t o adiabatically , particularl y durin g th e coolin g 
cycle. Thi s coul d b e achieve d b y placin g hea t transfe r surface s withi n th e 
desiccant be d t o facilitat e th e los s o f hea t o f sorptio n t o th e atmosphere . 

CONCLUSIONS 

Experiments o n a  singl e stag e an d tw o stage s o f a  stage-wis e sola r regenerate d 
desiccant be d grai n coole r hav e show n tha t th e enthalp y o f ambien t ai r ma y b e 
reduced, thu s renderin g i t mor e suitabl e fo r th e aeratio n o f grain . Unde r th e 
conditions o f th e experimen t th e energ y remove d fro m th e ai r i s abou t 2 0 time s 
the electrica l energ y require d t o driv e th e system . 
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FIGURE 1: Component s of a  stage-wise solar re-generate d 
dessicant bed grain cooling system 
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FIGURE 2: Ai r states represented on a psychrometric char t 
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FIGURE 3: A n instrumented single stage absorber 


	Experiments on an Open-Cycle Solar Regenerated Desiccant Bed Grain Cooling System



