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ABSTRACT 

An exper~ment a l app a ratus designed to f ollow a utocatalyt i c phenome

na I-/h ic h caus e p r oduction of eve n very low q uan t i t i es of heat (down to 

appro x 0. 0 7 W) is desc r ibed. Such phenomena may oc c ur i ns i de indus t ri

al g rain or o i l seed s tora ge b i ns, c ausing very damaging hot spots. 

The re s ults ob t ai ned with the descr i bed i nst r umenta ti o n thus pe rm i t 

to p r e d ic t the behav i our of the sto r ed products and t heir storabil i t y 

in various pract i c al s ituat ions. 

The beh avi ou r of s unflowe r seeds at vari ous mo i sture contents 

ini t i al te mp e r atu re s and i nters t i tial gas composition was st udied in 

the ap pa r atus . The existence o f a utocatalytic phenomena was observed . 

They increased in f uncti o n of the level of the initial mOist re 

content of grain , of t h e initial temperature and the o xygen content i n 

the interstit i al atmosphe es. 

E en in nearly complete anoxi a (res idual oxygen ower t han 0 .1% 

vol) heat deve l opment i n the sunflower seed mass was observed . However 

t he i nduct i on time was found to be significantly longer in this 

c ondi tion a s comgared to the corresponding ~ests i n air . 

INT RODUCTION 

The argume n t f aced i n the p resent work is to study and to simulate 

the thermal behaviour o f grains sto r ed in a si l o . 

It i s well k nown that the axial part of a silo the grain is in 
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quasi-adiabatic conditi ons owing to the low t hermal con d uct iv i t y of 

the surrounding grains. The h e at generated by t he grai n , even at very 

low r a te, can inc rease the temperature in a s ens i ble manne r. At this 

increase d te mp e rat ure t he heat ge ne ration r at e inc r eases so that an 

autoc a taly ti c proce ss can b e activated, a ble t o produce hot s pot s n 

the bul k of grain. 

In order to study the c ond i t i ons of h o t s p o t generation, an 

e xperimenta l appa r a tu s has be en designed ab le t o measure h eat p roduc 

tion ra te of v e ry l o w intensi t y . 

The ind u ction t i me a n d t he heat p r oduc t ion of sun f l owe r s e e ds a t 

variou s moist u re c o ntent s , init ial temperatures and i n terst i ti al gas 

comp o s i tions has been meas ured wi th the apparatus . These val ues are 

co mpared to the heat lost by the bulk of the seeds a t steady sta t e : 

only if h eat p r oducti on is e q ual t o h e a t l oss a s te ady s €at e condition 

is p o ssible. On th i s basis a simp le s to r abil i ty c r i terium may be 

con s ide re d to predic t t h e poss i b ili t y of h ot spo t g ene rat i on . 

EXPERH1ENTAL APP ARAT US 

The ex perimental a ppara tus is a mic r os i lo wi th a double PVC wall 

'tIith an air inters p a c e. ( Fig . 1 ) . 

The in t e r nal di ameter is 20 cm, t he hei ght is 50 cm, the capac ity 

is 5 k g o f sunf l owe r s eeds . 

The mic r osil o is i mm~ rsed in a thermostat ic sti r ed water bath 

h av i n g a cont r olled and ho mogeneous temp e r ature : t h e d i fferenc e in 

t emperature a t di ffer e n t pos i t i ons and/o r different t i me is less t han 

O . l oC . 	 The bath has an ex t e r nal 3 cm thick rock ','/00 1 thermal insu 
2

lation and is heated by fou r e l e c tr i cal r ad iators of 85 W and 1).3 m 

of s u rfac e each , An ai r flow i s supp l ied at the bo tto m of the bath 

th rough a p e rfo r ated t ub e in order to i ncrease t he heat e xchange 

be twe e n r adiato r-wate r and wate r - microsilo and to homogenize t he t empe 

rat ure . 

Two tempe r atu re probes ( cal ib rated r e sis tances) are p l a c e d at the 

same he ight on the wa ll of the micros ilo : the f i rst (T ) on the
1 

i n te rnal wall i n contact I"ith the s to r ed p r oduct , the s eco nd (T ) on2 
the exte rnal wall , in con tact with t h e bath . When the inte r nal wall 
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t emperature T 1 is gre a ter t han T 2 ' the tempe ra ture control system 

ac ti ons t he e lec t rical hea ti ng unti l e qualizat ion o f the two temp _ 

rat ure s is re ac hed . 

A th ird t emp erature p r obe is p l ac ed in the cent re of the mi crosilo 

in orde r to meas u re the bu lk tempe r a t ure . 

Three ide n t i cal i nstrumen ts with t he above me ntioned c harac ter is 

t ic s have be en bui l tin o rder to t est at t he same t ime the same 

p r oduc t in different e xper i ment al conditi ons . 

CAL IBRATION OF THE APPARATUS 

The princ ipl e of t he se t up i s to ma in t a i n at every t ime the 

tempera t u re o f the bath a t t he same val ue as the temperature of t he 

s t o r ed p r oduct, in o r der to ach ie ve ad i abat iC cond i t ions . 

To a pp r oach t he s e can i tions we tr ied to min i mize the heat loss by 

the p r oduct COL) a nd the he at gained by t h e produc 

l o st by the product is: 

° = 0( S eT - T )1 1 2 
'"here S is t h e mi cros i lo wall a rea and 0< is the t hermal conductivi ty 

t ro ugh the wall s. We t ri ed to min i mize 0<;. by the two PVC walls wi th 

air i n te rspac e , and to mi n imi ze (T - T ) by the t empe r ature control .
1 2 

Neve rthe l e s s 0( are not equal to ze r o s o that 01 i s 

e qual to t he heat conduc t ed t hrough t he micros ilo walls with a 

t e mpe r ature grad i ent less or e q al to the sensibi li t y of the temper

at ure con t r ol . The se n sib i l it y i s equa l to O. lo C. The value of 01 was 

measured by c alibration tests perfo rmed wi t h elec r ical heating 

sou r ces of known values . 

The heat gained by the produc t is : 

Q = 0( S(T - T )
2 2 1 

During the o pe r a tion of the a ppa r a tu s the thermal control system 

heats the bath un ti l the tempe r ature T2 becomes equal to Tl . But the 

heat i ng of the bath may generate t emperature grad i ent s so that at the 

t i me when heating s tops some parts of the bath may have a temperature 

gre a ter t han = · The water of the s e parts mixes with the bu l k andT2 Tl 
a mean temperatur e T ' + L1 T greater than the productT22 
tempe rature may build up in the bath (ove r shot) • and heat is gainedTl 
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by t h e product . 

The a b ove me nt i oned reduct i on of the the r mal c onduct iv i t y to min i

mize Q1 ' c ontri bu te s to min i mi ze 0 2 t oo . To r e duc e A T t he bath i s 

h omo gen ized by ai r b u bb ling; b e s i de s h e at e xh a n ge i s e nhanced b y the 

large are a of the h e at i n g s u r fac e . In t his wa y we o b t a ined value s o f 

~T smal le r t han O.l °C in t he bat h . 

0 1 a nd 0 2 we r e meas u r e d by cali bra t ion t es t s p er f ormed by ope r a t ing 

t he a pparatus wi t h simula tion o f h e at gene r at i on by a 0. 8 2 ..n electri

cal resis t a nce s u pp l i e d b y d i r e c t c u rren t o f me asure d i nten sity. The 

re si s t a nce was placed in a 5 kg wheat bulk in the mi c r os i l o , hav i n g a 

very l ow mo i s ture c on te nt ( 8%) in o rder to be sure that t he h e a t gene 

rated by t h e p ro d u c t i s zero. 

The prod u c t temp e ra tu r e was meas u r ed as funct ion o f t ime at a 0.03, 

0 .07 a nd 0 . 20 W el e c t r i c al powe r s u pp ly (F i g.2). The te mp e rat ure of 

the p r oduc t ( T3~ T ) i s cons t ant at the lowe s t p owe r supp l i e d (0.03
1 

W), it i s a straight line functi on of the time at the other val u e s o f 

the p ower s uppli ed . Th i s behav i ou r is in agreement with t he hypothes is 

of qu a s i - ad iab at ic c ond i t i ons wit h a c on s t ant powe r s upp l y. The h ea t 

a d sorbe d by t he p r o duc t ,'las ca lculated by me ans of the measured 

temp e ratu r e inc r ease u s i ng a v a l ue of 0.5 Kcal/kgOC a s spec ific heat 

of the grain. The values o f the hea t a b s o r bed by t he gra in are 0 , 0. 04 

and 0.23W, whe n t he values of t h e heat s upp l y a r e r esp ectiv e l y 0.03, 

0. 0 7 and 0.20 VI . 

It ap pe r a s that t he sens ibili ty o f t he therma l con tro l s y s tem is 

about 0 . 03 W. In other wo r d s at a very low heat produc tion r ate the 

system i s not perfec tly adiabatic and l oses about 0.03 W (°
1 

W) , a t h ig va l ues o f heat production rate the tested product ga i s 

f ro m t h e sorrounding abo t 0 .03 W (02 = 0 . 03 ) . 

In conc lus i o n t he ex p e ri menta l a ppar atus appears to be able t o 

s t u d y and t o measure hea t produc tion r ates i n the f iel d of 0 .07 - 0 . 20 

W with a ~ 0 . 03 W er r o r. 

.03 
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Fig . 2 . Calibration tests. Product temperature versus t ime at d i f fere n t val u es o f t he ex t ernal 
power supplied (P). 
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EXPE RIMENTAL RE SULTS 

The apparatus was used to study the behavi ou r of t hird grade 

s unf l owe r s e eds . 

The mo is ture conten t o f some l o ts of t he s eeds wa s i nc r eas ed by a 

slow add it ion o f wat e r i n orde r to h a ve three lo ts of produc t s t o be 

tes te d with 8.4, 9.3 and 12 . 6% moi s ture c on tent . The t i me necessary 

for moi s ten ing was ab out 24 hours . 

Two di f f erent prese r va tion sy s tems were tested : 

(1) Contro ll ed atmo s phere ( ACT) : t he intersti ti al atmo sphe r e of 

the s eeds wa s pure n i tro gen ( t he r e s idual o xygen con tent was 0 . 05% 

vo l ) t he mi cros llo wa s purged with UPP nit roge n a nd maintaine d at a 

slight posit ive p r e s sure for the who le test time. 

(2) Confin ed a tmo sp he r e (ACF): the in te r stitial atmosphe re of the 

seeds was ni t r ogen wi th a dec r e a sing oxygen conten t in funct i on o f the 

ti me owing t o the ac t ivi ty of t he see ds contained in the gas tigh t 

microsllo . 

Such beha viour is shown in fig. 3 where the dec r eas i ng oxygen 

content is s h own simult aneo usly with the i n c reas ing tempera t re o 

In f i g . 4 t he r esu lts o f t h e ACF te s ts at 26°C and 21° C ' nitial 

te mp eratu r e are shown: the s e ed tempe r ature vers us t i me sharply inc 

r eases after an induction time t . that increases with decreasin g 
1 

mo is tu r e con tent of t he seed . The t ime t. is approx. a at 12 . 3% 
1 

moi s ture content, approx . 2 days f or 9 . 3% m. c., approx . 5 days for 

8 . 4% 	m.c., at 26°C i n i t ia l temperature. 

At 21 °C a ve r y di f ferent behaviour appears and the seed at 9 . 3% 

m. e . does not she w any inc rease in temperature f o r t he whole test time 

(about 22 da ys). 

In fig. 5 the resul t s of the ACT tests at 26° C ini tial temperature 

are shown : t h e s eed t emperature increases in function of time i n a bo t 

h e s ame 'fl ay as in the ACF t ests, but the indue tion times are muc h 

l onger : t . is gre a t er than the test d u ration (lao days) at 8 . 4% m. e . ; 
1 

i t is approx. 25 day s t 9 . 3% m. c. , and approx . 15 days at 12 . 6% m.c. 

The compari on between AC F a nd ACT the preservatio n techno log i es is 

shown in fig . 6 for sunf l ower seeds 3.3% m.c. 
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DISC US S ION OF THE RE S ULT S 

Th e resu l t s o b tained al l ow to cal c u l ate the heat generat i on rate S 
g 

at 	the te s ted c ondition s . 

In ad iab a t ic condi tions : 

e 	 dT 
( 1 ) 

g P d t 

where S i s measure d as c a ll (h x kg) a nd C is the s peci fic heat of 
g 	 p 

sunfl o we r seeds a ssumed to be equal to 500 c a l /kg °e . 
The temp eratu re T and t he g rad ient dTldt me a sured du ring the 

de s c r ibed t ests ch ange in f u nc ti on of t ime. The grad ien~ val ues may be 

a s sumed t o be func tion of te mperature a l on e, s o tha t S , as funct i on 
g 

of T may be c a lc u l ate. The c alcu l ated value s of S fo r 9.3% m. c . 
g 

sunfl owe r s eed preserved in AC F and AC T are s hown in f i gu re 7. These 

v alues, t o gethe r wi h t h e ind uc t i o n t imes a r e the fu nd a me nta l para 

me ters r eGu ired to pre d i c t sto rab i li ty of a p r o duc t in a g i v en 

co nd iti on. 

An exac t p red ic tion may be po ss ibl e on ly wi t h a detai l e d and 

c omp l icate d mod el . Bu t if we ne ed on ly a r ough sto rab ili ty pred ic t io 

we c an ut i lize a simp le mod el , here de sc ribe d, tha t al lows anyh ow to 

e val u ate t he inf lue nce of t he more important va r iab l es : 

- p oduc t characte r ist ics, s ummarized by the S = f ( T ) function 
g 

- si lo d iamete r (2R) 

- ambient tempe r ature (T )
o 

- preservation technology ( ACF o r ACT). 

The mode l e x amines whe the r t h e system may attain a steady state 

c ond i t i on. I f it is not pO SSi b l e , t he system has t h e trend to generate 

hot spo ts in oposi t e ca~e no he at ing wi ll occur. 

Th e steady stat e condi t i o ns f or a cyl indr i c al homogeneous s ystem 

hav i n g a the r mal conduc t i vi ty K an a hea t gene ra tion r ate S a r e 
g 

rep r esen ted by the f ollowing tern e r at u re di st ri bution (B ird et a1 . 

1 960) : 
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s 
T - T == 

g 
( 2)

o 

where the s u n f l owe r seed the rmal c onduct i v i ty K i s a ssumed to be equ al 

to 1. 44 cal /cm . h .oC, T is t h e tempe rature at a g i ven di stance r f r om 

t he a x is of t h e c y l i nder , T is the exte r nal t emperature cor r espondi ng
o 

to t he cyli nde r radi us R, S 
g 

is t he heat gene ra t ion rate at eac h 

partic u lar t emperatu re T. The maximum temp e rature occurs at t he axis 

of the cyl i nde r ( r = 0 ) : 

2
8 

g
T T + (3)

max o 4 K 

At s t eady state the heat gene rat i on r ate is equal to the heat 

di s s i pati on r a te in every po s i t i o n and every time . So that from 

equation ( 3 ) we can ca l cu late the s te ady state hea t dis si pat ion rate 

(8 = S ) a s fu nc t ion of the max i mum tempe r a t ure T = T
d g max 

4 K (T _ T ) 
2 max 0

R 

I n ot he r words steady s tate condi i ons are possib l e if the heat 

di ssipation rat e , indicated by equat i on (4) , may e qua l ize the heat 

generat i on r at e measured in the pre ent work for sunflowe r seed and 

having the temperature dependence shown in figure 7: 

s f (T ) ( 5 ) g max 

From a graphic point of v i ew steady state is possible if the 

straight line r epresented by equa t i on (4 ) intercepts t he curve repre 

sen t ed by equa tion ( 5) . 

This anal ys is is performed i n figure 7 for 9. 3% m.c . sunflowe r seed 

for the ACF and ACT preservation techno log . e s . The diameter of the 

110 is assumed equal to 1 m; the external sorrounding temperatu r e is 

a ssumed to be eq al to 23 , 25 a nd 27QC for the three conditions 
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ex amined. 

Wh en T i s equa l to 23 °C the st raight l ine ( 4 ) inte r c e pts the ACF 
o 

and AC T c u r ve s ( 5 ) i n t he A and B poi n ts. The s ys t em has the trend to 

a t ta in s t e ady state c ondit ion fo r both the ACF a nd ACT tec hno log i es 

wit h t he max i mum t emperatures e qual to t he coo r d i nate s of t he A and B 

points. 

Whe n T. is e qua l to 25 Q C t h e st r aight l ine (4) i nterc ep ts t he ACT 
o 

c u r ve on l y ( po i nt C) . I t means that in con tro l l e d atmosphe re he 

syste m has the t rend t o a t tai n a s teady state , in confined a t mo sphere 

it h a s no t. 

At l a st when T i s e qua l to 27 ° C i t is impos si b le to e q ualize the 
o 

heat gene r ati on rat e to t he he a t diss ipation rate . 

Th is a nalys is is perfo r med aga i n i n f igure 8 wi tl1 a cons tant 

external so rrounding temperature T 25 °C a nd th ree values of the 
o 

silo di amete r: 0.6, 1 and 2 m. 

The s y stem a ppear s stab l e ( steady s tate possible ) f or both ACF and 

ACT conditions at 0.6 m diameter (point s A ' and 8 ' ); it is stable i n 

ACT condi t i o ns o n l y at 1 m si lo d i a me ter ( point C) ; it is unstable in 

bo th case s when the s i lo d i a mete r i s g r eater t han a bout 2 m. 

The e x tensi on o f this a alys is al lows to determine t he tren of the 

sys t em as f unct ion of the si lo diameter and the ex t ernal surrounding 

t e mperature f or 9. 3% m.c. sunflowe r se e ds ( figure 9) . 

S ilos o f low di ameter all ow to preserve t he product at high 

ex te r na l s ar-round i ng t emp erat ure without any trend to hot s pot f orma

t i o n . I nc re as i ng the s il o d iameter, the max mum s afe sorrounding 

tempe r ature decreases . Furthermore i t appears that the ACT preser 

va t ion tec hnique ex tends the cond it ion s for t h e safe prese rvati on of 

t he produ ct in compa r ison wi th t he ACF preserv tion system . 

The above described model c onsiders onl y the ex is tence of a steady 

sta te , but it does not evaluate the way and the ve l ocity of t he sys tem 

developme nt. Therefo r e a sys tem does no t genera te any hot spot, al 

though i t i s in cond i t i ons of hot spot t r end, if the preservation time 

is le ss than the i nduct i on time . 
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CONCLUSIONS 

The resul ts obtained in the p resent wo rk allow to draw the f0 11o_ 

wi n g conclusions: 

- The above descr ibed app a ratus is s u itab l e to me asu re the fund amental 

pa rameters re q u ired to predict the sto r ab ili ty of a p r oduc t from t he 

point of vi ew of h o t spot generation. 

- The se parameters are: the inducti on t i me t. a nd the heat generat ·on 
1 

rate S . 
g 

- For sunflower s e e ds decreasing value s of t. and increas ing values of 
1 

S were measured with increasing moisture c onte nt a nd tempe r a ture of 
g 

the seeds. Even in n early comple te ano x ia ( res i dual o xyg en content 

about 0. 05%) hea t d eve lopme nt in the sun f l ower seed was observed . 

HOWever the induction ti me was f ound to be s ignificant l y longe r, a nd 

the heat generation ra t e lowe r t h an t he co rrespond ing values i n con

fi ne d atmosphere cond i t i ons. 

A simp l e storabili ty cri ter ion was presented. It conside rs the 

trend o f the system, a na lyz ing the heat generation rate and the heat 

dissipati o n rate as func tion of te mp e rature. Th is cri terion all ows t o 

u nde rstand the ho t s po t f o rmation in large silos and/o r at high 

surround ing temperatures, while in the same c ondit ions hot spots do 

not build up at lower s i l o d iame te rs and/ o r l ower s ur round ing tempera

tu re s. Th is cri teri on must be use d wi th precaut i on becau se of its 

simp l i fying as sumpt i ons; bu t o f course it a ppears more c orrec t than 

the direct ex t ens i on o f r e s ul t s o b t aine d with l abo r atory s il os of ve ry 

1m., di.ame te rs. 
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