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ABSTRACT 

This pape r present s th e result s o f experiment s usin g tw o indirec t fre e convectiv e 
solar dryer s unde r no-loa d an d loade d condition s usin g rice , unde r typica l 
conditions existin g i n Sierr a Leone . On e o f th e dryer s ha s a  singl e passag e i n th e 
air heate r an d th e othe r a  doubl e passag e ai r heater . Fiv e differen t chimne y 
configurations wer e used . Th e performanc e o f th e tw o dryer s wa s compare d i n 
relation t o mea n dail y chambe r an d chimne y temperature s an d mea n dail y sola r 
radiation intensities . A  shor t chimne y (abou t 50cm ) painte d blac k an d covere d 
with transparen t materia l wa s th e mos t effectiv e configuration . A  singl e ai r 
passage heate r appear s t o b e mor e appropriat e fo r us e wit h fre e convectiv e sola r 
dryers. 

INTRODUCTION 

The us e o f sola r dryer s i n rura l area s o f Afric a ha s bee n severel y restricte d 
because o f th e lo w ai r flo w rate s existin g i n natura l convectio n dryers . Owin g t o 
the lo w incom e o f farmer s an d th e absenc e o f electricity , dryer s fo r rura l 
applications generall y d o no t hav e a  mechanica l means , suc h a s a  fan , t o 
circulate war m ai r throug h th e crops . 

Efforts t o desig n a  sola r cro p drye r whic h circulate s ai r effectivel y throug h onl y 
free convectio n hav e prove d disappointing . However , thi s ca n b e achieve d b y 
systematic investigatio n o f th e operatio n o f dryer s unde r rea l lif e o r simulate d 
conditions. Althoug h drye r design s hav e bee n discusse d extensivel y (Brac e 
Research Institut e 1975 ; Exel l 1980) , there i s apparently n o published wor k whic h 
has studie d th e interactio n betwee n drye r design , ambien t condition s an d airflow . 

Bassey (198 2 a ) ha s describe d th e effec t o f variou s chimne y design s o n th e 
temperatures obtaine d i n a n indirec t sola r drye r usin g a n ai r heate r wit h tw o ai r 
inlet channels . Th e stud y showe d tha t i t ma y no t unde r al l ambien t condition s b e 
useful t o hav e tal l chimney s o n free-convectiv e dryers . Furthermore , result s 
indicated tha t th e chimney s i n thes e dryer s shoul d b e designe d s o a s t o minimis e 
heat losse s fro m them . 

This pape r present s result s o f a  stud y aime d a t describin g th e comple x respons e 
of indirec t free-convectiv e dryer s t o thei r environment . Th e performanc e o f 
two drye r design s wa s assesse d usin g fiv e chimne y configuration s unde r variou s 
ambient condition s existin g i n Sierr a Leone , unde r no-loa d an d loade d condition s 
using rice . 



- 2 -

EXPERIMENTAL APPARATU S 

Solar drye r desig n 

The genera l fron t an d sid e view s o f th e dryer s ar e show n i n Figure s 1  an d 2 . 
They ar e ident ica l excep t i n th e desig n o f th e ai r heater . Drye r 1  has a  singl e ai r 
passage ( 4 c m hig h an d 7 0 c m wide ) betwee n th e absorbe r plat e an d th e glas s 
cover a s shown i n Figur e 3 . Drye r I I (Figur e 4 ) ha s tw o ai r passage s (bot h 7 0 c m 
wide) separate d b y th e absorbe r plate . Th e height s o f th e to p an d botto m 
passages ar e 4  and 2  cm respectively . Th e glas s cover s ar e approximatel y 9 0 c m 
by 9 0 c m i n surfac e are a an d ar e attache d t o th e sola r col lector s usin g woo d 
put ty . 

The ai r heater s ar e connecte d t o th e dryin g chamber s b y mean s o f a  rectangula r 
channel equa l i n cros s sectiona l are a t o thos e o f th e ai r passages . Bot h dryer s 
are mounte d suc h tha t th e ai r heater s ar e incline d facin g sout h a t a n angl e o f 
about 2 0 degree s t o th e hor izontal . 

Chimney configuration s 

Five detachabl e chimney s o f d i f feren t configuration s wer e used . A l l wer e mad e 
of 0.1 6 c m galvanise d iro n sheetin g an d eac h ha d a n interna l diamete r o f 1 5 cm . 
Their specia l feature s were : 

(a) 3 8 ca m high , unpainted ; 
(b) 3 8 c m high , painte d blac k outside ; 
(c) 3 8 c m high , painte d blac k outside , surrounde d b y transparen t plastic ; 
(d) 18 0 c m high , painte d black ; 
(e) 18 0 c m high , painte d blac k outside , surrounde d b y transparen t plastic . 

The transparen t cove r act s a s a  sola r col lector . Ther e i s a n ai r ga p o f 2  c m 
between th e blackene d oute r wal l an d th e plasti c surround . Car e wa s take n 
during constructio n t o ensur e tha t th e plasti c di d no t touc h th e chimne y wall s 
during operation . 

Instrumentation 

Temperatures wer e measure d a t severa l position s o n th e dryers , a s show n i n 
Figures 5  and 6 , usin g coppe r constanta n thermocouple s connecte d t o a  ten-poin t 
thermo electr i c temperatur e indicato r o r a  portabl e "D ig im i te " indicator , bot h 
accurate t o 0.5°C . 

Tota l sola r radiatio n o n a  horizonta l surfac e wa s measure d usin g a n Eppl y 
precision spectra l pyranomete r connecte d t o a n electroni c integrato r an d 
pr inter. Th e outpu t i n unit s o f Wh/m 2 wa s recorde d a t 1 0 minut e intervals . 
Wind speed s wer e monitore d durin g th e experiment s usin g a  han d hel d cu p 
anenometer. 

METHODS 

Tests unde r no-loa d 

The dryer s wer e operate d usin g di f feren t chimne y configuration s fo r th e 8  hou r 
period 0800-160 0 hours . Th e temperature s a t th e location s show n i n Figure s 5 
and 6 , to ta l sola r radiatio n o n a  horizonta l surface , win d condition s an d othe r 
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ambient condition s wer e measure d a t regula r intervals . Al l experiment s wer e 
repeated ove r severa l days , ove r a  perio d o f thre e years . 

Tests unde r load usin g ric e 

Two set s o f experiment s wer e carrie d ou t wit h th e dryer s unde r load . I n th e firs t 
tests performanc e wa s compare d whe n loade d wit h a  ric e be d 2.5 , 5.0 , 7. 5 an d 1 0 
cm high . Th e ric e wa s supporte d o n a  singl e tra y i n eac h dryer , situate d abov e 
the inle t int o th e dryin g chamber . Durin g thes e tests , a  3 8 cm , unpainted , 
chimney wa s used . 

In furthe r test s wit h simila r be d depth s a s above , chimney s 3 8 an d 18 0 c m hig h 
and painte d blac k an d covere d wit h a  transparen t plasti c cove r wer e use d i n 
dryers I  and I I respectively . 

The dryin g perio d fo r eac h be d o f ric e laste d severa l day s t o reduc e th e moistur e 
content t o th e require d value . 

RESULTS AND DISCUSSIO N 

Temperatures i n dryers under no-loa d 

Plate temperature s wer e th e highest . Thes e range d fro m 8 0 t o 100°C , dependin g 
on th e sola r radiatio n i n drye r I . I n drye r II , th e temperature s a t th e to p o f th e 
plate wer e generall y lowe r tha n thos e o f drye r I . Ther e wa s a  40° C temperatur e 
difference betwee n th e tw o side s o f th e absorbe r plat e fo r drye r II . 

Temperatures i n th e dryin g chamber s wer e les s tha n 50 % o f th e plat e 
temperatures a s a  resul t o f th e lo w flow-rate s throug h th e ai r heaters . 

Influence o f sola r radiation under no-loa d 

During al l experiments , tota l sola r radiatio n wa s measure d an d recorde d ever y 1 0 
minutes fro m whic h sola r radiatio n intensitie s wer e estimated . Mea n value s o f 
intensity o f sola r radiatio n fo r a  whol e da y wer e estimate d b y dividin g th e tota l 
energy fo r tha t da y b y th e perio d o f th e test . 

Figures 7  an d 8  sho w th e effec t o f mea n intensit y o f radiation , o n chambe r 
temperature fo r variou s chimne y configurations . 

Chamber temperature s ar e generall y highe r fo r highe r availabilit y o f sola r 
radiation. Howeve r th e chambe r temperature s fo r lowe r mea n radiatio n 
intensities ar e a t time s ver y clos e t o o r greate r tha n temperature s fo r highe r 
intensities (Figur e 8c) . Thi s behaviou r ca n b e relate d t o th e variatio n o f sola r 
radiation durin g th e experiments . Unde r cloud y condition s th e chambe r 
temperatures coul d b e significantl y lower . 

In al l case s temperatur e i n th e chambe r wa s betwee n 3 0 an d 50°C . Thi s 
indicates th e potentia l usefulnes s o f indirec t free-convectiv e sola r dryers . 

The variation s o f dail y mea n chambe r temperatur e wit h mea n sola r radiatio n 
intensity fo r al l th e chimne y configuration s studie d ar e show n i n Figur e 9 . Th e 
scatter i n th e dat a result s fro m th e intermittenc y o f th e availabl e sola r energ y 
due t o clou d cover . It  i s possibl e t o hav e th e sam e mea n sola r intensit y o n tw o 
days althoug h th e mea n temperature s fo r thos e day s ma y b e different . 
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Effect o f typ e o f chimne y use d unde r no-loa d 

Chimney configuratio n affect s th e mea n chambe r temperatur e unde r no-load . I n 
dryer I  chambe r temperatur e increase d wit h a  blac k chimne y an d increase d 
further wit h a  plasti c cover . Increasin g th e heigh t o f th e chimne y decrease s th e 
temperature i n th e chamber . I n drye r I I chambe r temperatur e decrease d wit h a 
38 cm chimne y painte d blac k an d furthe r decrease d wit h th e transparen t cove r i n 
place. Increasin g th e heigh t o f th e chimne y tend s t o increas e th e chambe r 
temperatures. 

These result s ca n b e explaine d b y th e flow s throug h th e dryer s a s a  resul t o f th e 
interaction o f th e chimne y design , th e ai r heate r an d th e surroundings . I n drye r I 
the chambe r temperatur e i s obtained a s a  resul t o f ambien t ai r bein g heate d a s i t 
passes throug h th e singl e channe l heater . I f th e chimne y i s painte d black , i t i s 
now heate d b y sola r radiatio n causin g a  slightl y highe r flo w rat e throug h th e ai r 
heater. A s a  resul t th e chambe r temperatur e i s increased . I f th e blackene d 
chimney i s covere d wit h a  transparen t cover , th e hea t losse s fro m th e chimne y 
are minimised , resultin g i n highe r temperature s insid e it , thi s i n tur n cause s 
higher buoyanc y force s whic h increase s th e ai r flow . Increasin g th e heigh t o f th e 
chimney tend s t o increas e hea t losse s fro m i t whic h i n tur n decrease s th e flo w 
rates: th e temperature s i n th e dryin g chamber s ar e thu s lowered . 

In drye r I I th e effect s o f chimne y configuratio n i s reversed . Thi s i s a  resul t o f 
the increase d flo w rat e causin g a  greate r influ x o f coole r ai r introduce d throug h 
the botto m channel . 

Reasonable operatin g temperature s ca n b e obtaine d i n indirec t fre e convectiv e 
dryers. However , ai r flo w rate s ca n b e ver y inadequat e a s a  resul t o f chimne y 
design. Man y sola r dryer s hav e tal l an d a t time s blac k chimney s whic h ma y i n 
fact decreas e airflo w rate s dependin g o n th e prevalen t ambien t condition s suc h 
as th e incidenc e an d duratio n o f clouds , win d an d fluctuation s o f ambien t 
temperatures. Fo r condition s existin g i n Sierr a Leone , detaile d examinatio n o f 
data ha s consistentl y supporte d thi s argument . 

This proble m o f th e advers e effec t o f chimne y desig n an d th e abov e explanation s 
are furthe r reinforce d b y considerin g th e relativ e magnitude s o f chimne y an d 
chamber temperatures . Althoug h temperature s i n th e chimne y ar e usuall y highe r 
than thos e i n th e dryin g chamber , unde r lo w sola r radiatio n condition s thi s i s no t 
so (Figur e 10) . I n drye r I  wit h 3 8 c m unpainte d chimne y temperature s ar e 
generally lowe r an d i n drye r I I wit h a  18 0 c m blac k chimne y significantl y lowe r 
during th e whol e day . Day s fo r whic h th e abov e typ e o f result s ar e typica l ha d 
relatively lo w level s o f sola r radiation , frequen t an d prolonge d clou d cover , an d 
either lo w ambien t temperature s (dependin g o n th e season ) o r wind y conditions . 

Temperatures i n chimney an d chamber unde r load 

Rice a t initia l moistur e content s rangin g fro m 25 % t o 45 % (dr y basis) , dependin g 
on th e degre e o f soaking , wa s use d durin g th e on-loa d tests . Base d o n earlie r 
discussions, th e relativ e magnitude s o f temperature s i n th e chimne y an d dryin g 
chamber giv e a n indicatio n o f airflo w throug h th e dryer . Figur e 1 1 show s 
chimney an d chambe r temperature s fo r tw o height s o f th e ric e be d fo r drye r I . 
In bot h case s th e sola r radiatio n condition s wer e similar . Wit h a  ric e be d 2. 5 c m 
high, th e chambe r temperature s (belo w th e ric e bed ) ar e highe r tha n th e chimne y 
temperatures throughou t mos t o f th e day . Earl y i n th e day , th e chimne y 
temperatures ar e higher . Result s fo r th e 7. 5 c m ric e be d ar e simila r bu t th e 
temperatures ar e relativel y lower . 
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These dat a ar e consisten t wit h th e precedin g discussions . Increas e i n th e heigh t 
of th e ric e be d shoul d reduc e th e flo w an d fo r th e singl e channe l ai r heate r thi s 
implies a  dro p i n chambe r temperature . 

For prototyp e I I (Figur e 12 ) a  reductio n o f airflo w du e t o th e deepe r ric e be d 
produces a  highe r temperatur e i n th e chambe r (underneat h th e bed ) tha n i n th e 
chimney. Thi s i s expecte d fro m result s unde r no-loa d condition s an d furthe r 
emphasises th e potentia l flo w problem s i n fre e convectiv e dryers . I t i s possibl e 
that thes e lowe r chimne y temperatures , cause d b y th e ai r bein g coole d b y wate r 
from th e crop , ca n substantiall y lowe r th e flow  rate . Advers e ambien t 
conditions earlie r discusse d an d poo r chimne y desig n ca n mak e suc h dryer s ver y 
inefficient. 

Under load , Figur e 1 3 show s tha t fo r 5  an d 1 0 c m dee p ric e beds , drye r I  give s 
lower cabine t temperature s tha n drye r I I althoug h th e forme r ha s highe r plat e 
temperatures. 

Overall significance o f result s 

The precedin g discussio n indicate s tha t th e flow s throug h indirec t fre e 
convective dryer s ar e governe d b y man y comple x parameters . Som e o f thes e 
are: th e chimne y design , th e ai r heate r design , th e ambien t temperature , clou d 
cover, availabl e sola r radiatio n an d win d conditions . 

Results sugges t tha t i n th e desig n o f thi s typ e o f drye r th e singl e channe l ai r 
heater ma y b e adequat e considerin g it s relativ e performanc e t o th e doubl e 
channel heater . Th e us e o f tal l blac k o r unpainte d chimney s i s unsuitabl e unde r 
atmospheric condition s wher e clou d cover , lo w sola r radiatio n intensitie s an d 
wind ma y exist . Unde r thes e condition s a  5 0 c m chimne y painte d blac k an d 
covered wit h transparen t plasti c i s recommended . Howeve r unde r clea r sunn y 
conditions, tal l chimney s ma y prov e t o b e mor e advantageous . Thu s th e overal l 
design o f fre e convectiv e dryer s ar e locatio n specific . 

Another importan t implicatio n o f th e result s i s tha t durin g drying , th e 
temperature i n th e drye r abov e th e crop s i s substantiall y lowe r tha n tha t 
underneath. Thu s i n th e desig n o f thes e dryer s ther e shoul d b e a  revisio n o f th e 
usual assumptio n o f constan t densitie s i n th e drye r t o tak e int o accoun t densit y 
changes throughou t it s height . (Thi s ha s bee n treate d elsewhere , Basse y (198 2 b. ) 
In orde r t o d o this , result s suc h a s thos e obtaine d i n thi s stud y ca n b e ver y useful . 

In addition , experienc e gaine d durin g th e cours e o f th e stud y suggest s tha t a n 
experimental stud y aime d a t assessin g th e effect s o f al l th e relevan t parameter s 
is ver y tedious . Specifi c aspect s nee d t o b e scrutinise d i n futur e experimenta l 
activities. I n orde r t o understan d th e respons e o f th e dryer s t o variou s 
conditions a  nex t ste p shoul d b e th e mathematica l modellin g o f fre e convectiv e 
dryers usin g realisti c input s suc h a s thos e reporte d i n thi s paper . Suc h a  strateg y 
could rapidl y identif y area s fo r furthe r experimentatio n leadin g t o bette r drye r 
designs. 

CONCLUSIONS 

The followin g mai n conclusion s ca n b e draw n fro m thi s paper : 

(a) Th e interactio n o f variou s parameter s make s th e stud y o f indirec t fre e 
convective dryer s ver y complex . I t i s howeve r possibl e t o quantif y thei r 



- 6 -

overall performanc e b y relatin g mea n dail y temperature s i n th e dryin g 
chamber t o mea n dail y intensitie s o f radiation . 

(b) I n general , th e typ e o f chimne y use d affect s th e flo w o f ai r throug h th e 
dryer. Fo r cloudy , lo w sola r radiatio n condition s existin g i n man y tropica l 
areas, i t i s advisabl e t o us e shor t chimney s (abou t 5 0 c m high ) painte d 
black an d wit h a  transparen t cove r aroun d it . Talle r chimney s ma y suffe r 
substantial hea t loss . 

(c) Ai r heater s wit h a  singl e ai r passag e ar e considere d mor e appropriat e fo r 
use o n fre e eonvectiv e sola r dryer s du e t o thei r simplicit y i n desig n an d 
generally highe r temperatures . 

(d) Result s presente d ca n b e use d a s a  basi s fo r carryin g ou t analytica l 
modelling studie s wit h a  vie w t o improvin g drye r performance . 
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FIGURE 1 : Genera l fron t vie w o f dryer s 

FIGURE 2: Genera l sid e vie w o f dryer s 



FIGURE 3: Cross-sectio n of air heater fo r dryer I 
showing the single air passage 

FIGURE 4: Cross-sectio n o f air heater fo r dryer II 
showing the double air passage 
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FIGURE S: Diagra m showing location of thermocouples in dryer I . 

FIGURE 6: Diagra m showing location of thermocouples in dryer I I. 



- 1 0 -

FIGURE 7: Effec t o f mean radiation intensity on chamber temperature fo r 
various chimney configurations, fo r dryer I . 
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FIGURE 8: Effec t o f mean radiation intensity on chamber temperature fo r 
various chimney configurations, for dryer II. 
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FIGURE 9: Effec t o f air heater design and mean solar radiation intensit y 
on mean ehamber temperatures under no load. 
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FIGURE 10: Compariso n of temperatures in chimney and in drying chamber 
for dryers I and II, under no load conditions. 
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FIGURE 11 : Temperature s in chimney and drying chamber during tests 
using rice, for dryer I . 
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FIGURE 12: Temperature s in chimney and drying chamber 
during tests using rice fo r dryer n . 
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FIGURE 13 : E f fec t o f a i r heate r desig n on chamber an d absorber plat e 
temperatures, unde r loade d condit ions . 
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