
- -

399 

WATER VAPOUR AND HEAT TRANSFERS IN GRAI NS SILOS AND TH EIR CONSEQUENCES ON STORAGE 

Jean-Louis MU LTON, Laboratoire de Biophysique des Aliments, I.N.R.A. 

Chernin de la Geraudiere, 44072 AN TES Cedex (France). 

The preservation of grain qual ity during storage in aerated elevator and air­

tight or confined si l os is chiefly depending on the tempera t ure and the water 

content of the grains (Sinha, 1973). In experimental studies these parameters are 

generally kept constant (Pixton, Griffiths, 1971 ; Yaciuk and a1. , 1975). But 

even if this is possible in f2xperimental conditions, it is not at all the case 

in practice. Very often SDme important gradients of temperature and water distri­

bution occur in elevators, the consequence of which are moisture and heat trans­

fers through bu l k grains. Water content and temperature can increase in some 

particular poi nt s, indu cing the development of molds and starting the alteration 

process. 

In order to discuss these phenomena, it is previously necessary to describe 

the equilibrium state of water in grains. Then we will report the results of our 

studies on water and heat transfers in aerated conditions, discussing finally 

about some suggestions concerning airtight conditions. 

1. THE EQUILIBRIUM STATE OF HATER IN GRAINS 

1.1. Water adsorption in grains 

Due to t he ir high polarity, water molecules can easily form hy'droge n bonds with 

polar groups of macromolecu l es like starch and proteins. The amount of water ad­

sorbed is a funct io n of the number and access i bi l ity of these polar sites (Gu il bo t 

and al., 1961, 1979 ; Eagland, 1975 ). 

~·Jhen a t hermodynamical equi li brium is reached it is common to def i ne in t he 

product the "Act iv ity of \·Jater" (Aw). Th is co ncept is clo sely corre l ated to the 

chemical potential of water (Morin, 1979), but it i ~ easy to demonstrate t hat Aw 

is, in practice, I'lith a very sma lll error, equal to the relative hum id ity (R .H.) 

of intergranular air. 

The affinity between cereal products and water (sometime cal ed hygroscopi­

city) could be macroscopically depicted by sorption-desorpt i on i so t he rms . Typ ical 

curves are shown in Figure 1, in which the Aw of the produc t (or the R.H. of air 

in equilibrium) is shown on the X-a xis and the moisture conten t of the oroduct is 

plotted on, t he Y-axis. 



400 

Hr>% 
30 

aw 
oL-------~~~2~5--------0~.5~O~------~~7~5~-------L+ 

Fig. 1. Sorption (5) and desorption (0) isotherms curves of ma -ize, for diffe­
rent temperatures. 

One must emphazise that every point on these cu rves corresponds to a thermo­

dynamical equilibrium state between product and surrounding atmosphere. 

Sorption curves, the shape of which is generally sigmoldal for biological pro­

ducts" is mainly characterized by two properties: 

- the _desorption curve (obtained by a dehydration process of wet product) i s 

higher than adsorption curve (humidifica t ion process of dry product) ; this fact 

generally called hysteresis, has no clear explanation 

- the curve, often called "isotherm", is depending of temperature higher the 

temperature, lower is the moisture content for the same Aw. 

Adsorption and deso~';Jtion are respectively exo- and endothermic Drocesses 

(corresponding to the energy of formation and rupture of hydrogen bonds). 

1.2. Functionnal availability of water, and its role in storage technology 

Very interesting for storage studies is the interpretation of sorption cu rves 

in terms of mob~l"ty and functionnal availability of water. The concept of 

"solvent water", has been es ta blished by Gui lbot and Lindenberg (1960) and mo re 

recently by Duprat (1975). These authors have demonstrated that water fraction 

comprised between the sorption curve and its extrapolated l inear Dart, s hows 

marked solvent properties; this water has a sufficient mobility to pl ay the 

role of a diffusion medium for biochemical reac ti ons. The fracti on of water 
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be l ow the linear part. strong ly bound. ; s un-ava il able. and has no solvent pro­

pert ie at al l. 
It ha s been shown t ha t ma ny reactions require a mi nimum quant ity of "so l vent 

water" to start and thei r speeds increase as a funct ion of the amount of avai lab le 
"so l vent water ", e .g .• enzymat ic reac ti ons (Lond n and al., 1968 ; Drapron . 1972 ) , 

denaturat i on of protei ns (Multon and Guil bot , 1975 ) . ca r bo hyd rate ge l i f icati on 
(Doublier and al .• 1975) , growth of mi croorganisms (Scott, 195 7) . Fi gure 2 shows 

the Aw t hresho l d of the ma in types of al tera t io ns causes occuri ng in cerea l s. 

Fi g. 2. Aw thresho ld above or bel ow which t he biochemical react ions of a lte­
ra t ions may occur i n natu ral products . 

Of co urse all t h parameters charac ter i zing the sur rounding med ium interact 

with Aw and it is advised to express fa in t d if~re nces in t he pri nci pl es sholtm on 

fig. 2 with respect t o ti me, temperat ure and o~gen com position of tmo sphere . 
For example, even if t he gra i n is very wet, in 1ac k of oxygen, fung i ca nno t grow, 

enzymat i c oxydations (and p r t i cu l ar ly grain s and bacteria l respi ration) cannot 

occur . Thi s i s the reason of t h uccess of airti ght storage . 

On the other ha nd a lo t of phys ica l properties of grains and t heir ·compone nts 

are al so funct ions of the quant i ty of ava i l able water, and of Aw . Par t icularly 
important are : rheol ogica l beha vi or of wheat gr ins ; t hermal charac teri st i cs, 

heat capac i ty and heat transfer coeff i cie nt. hea t of hydra t ion. 

After this short rec lI on state of water in equ il i bri um wi t h grains, l et us 

now discuss on t he co nsequences of non eq uilibri um co nd i ti ons. 
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2. WATER AND HEAT TRANSFER IN GRAINS 

Two different non equilibrium conditions can occur separately or simultaneo us ly 

in bu l k grains water activ ity gradient, and or temperature gradie nt. The re su l ­

ting phenomena - water and heat transfer - are very compl icated and associate all 

together convection and conduction, desorption and condensation with corresponding 

heat exchanges. 

As it has been rece ntl y shown by Troude (1979) in a general review, 80St authors 

have tried to modellize these phenomenon, and to describe them with appropriate 

equations. 'But these mathemat ical representations are unable to exolain the meC'l3­

nisms themselves. Following a different way, we have studied separately water and 

heat transfer in bulk grains, trying to explain them with regard to sorption pro­

perties. 

2.1. Water activity gradients between maize gr a ins 

Generally speaking when a lot of grains is homogeneous and stabilized, the dis­

tribution of the moisture content of individua l kernels is gaussian, with a varia­

tion coefficient comprised between 2 and 5 I ; the mean value of the distribution 

is equal to the moisture content measured by ordinary oven methods (Beullier and 

Multon, 1976). 

If two parcels of grains, the moisture contents of whi ch are different , are 

mixed at the same temperature, there is between the grains a "\>Jater activ ity" 

gradient, associated to a difference of "'Iater vapour pressure in atmosphere in 

close contact with the gra' ns ; it induces a water molecul es transfer whi~h go on, 

until "Activity of Water" would be the same in all grains (at that time, the mois­

ture content of grains will be the same, in the limit of hysteresis effect ). 

We have studied these transfers in a cOf1fined and air tigh t atmosphere by mea­

suring the change, as a function of time, of the distribu t ion of moisture content 

among individual kernels (Beullier and Multon, 1976). 

The figure 3 shows that in case of wet and dry grains jus t mixed (t ime zero), 

the tv/o po pu lati ons are well senarated on thE frequency his togramm ; after 1 to 

3 days, the distribution is ye t bimod ~ l, and after 5 to 6 days, there i s on ly one 

homogeneous gaussian population, where it is not possible to di sti nguish t he ori­

ginal population from the mixture. 

Therefore, 5 or 6 days are necessary to eq~iiibrate the Aw between grains and 

a mechanical shaking of the grains does not quicken the process. 
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Fig. 3. Change, as a function of time, of frequency distribution of moisture 
content of individual kernels i n a mixture of wet and dry grains. 

Similarly, in case of addition of liquid water into bulk grains, a mini mum of 

5 days is required in order to homogenize the sample. 

Thus transfers of \~ater vapour in grains, without temperature gradients , are 

very slow ;when equilibrium is reached, a smal l dispersion of moisture content 

remains always and indefinitely be tween grains, due to hysteresis effect . 

..'2.2. Tempera t ure gradient 

More often, cereals in bu l k are subjected to 3. temperature gradient, for exam­

ple : 

- one part of a silo is heated by su n, the other part is ir the shade; 

- in hot countries, at night, t ne grain in peripheric oar~ of the silo is co oler 

than grain in the middle of the cell; it is the opposite during the day ; 

- in a boat, gra ins in contact wi t h the side and bottom of the hul l are cooler 

than in the center. 

In bu l k grains, a gradient of temperature generates several phenomena 

- a heat transfer starts from hotter part towards cOQler par t 
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- a water transfer (mass transfer) takes place from hotter gr a ins towards cooler 

grains, according to sorption equilibrium curves. 

Therefore in certain places, temperature and or mo isture content of grain can 

increase. If the availability of water becomes sufficient, bacteria and molds can 

multiply: their respiration (or fermentation at a lesser degree) produces water 

and heat, increasing again the availability of water. Wi t h such expl oding 9roce ss, 

alteration of grains can develop very quickly. 

In order to have a better view of these phenom~na, we have set up a Di lot ele­

vator in which a constant heat gradient was create,d; heat and water transfers were 

followed with appropriate sensors, as a function of time, during 80 days (Mu lton 

and al., 1980). 

The cylindric metal elevator under a non heated shed, diameter 3.28 m, hei ght 

5 m, and capacity 35 metric tons, was equipped with 48 t ennocouples and 6 hygt'o­

metric probes, connected with recorders.The elevator was filled with maize. 

A spherical electric radiator, 22.25 cm diameter, located at the geometr ic cen­

ter of the elevator was mai nta ined at 60°C to simulate ~he effects of a localized 

heating in the grain. The gradient temperature was about 48°C between the surface 

of the radiator (60°C) and the walls of the elevator (12 U C). 

Area where temperature 
changes were observltli 

.) T___ _ 

o H.............. . _ 


Fig. 4. Zones of thennal changes in artificial heating with radi ator. 

-
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Changes of i ntergranular air temperature and relative humidity are very slow 


and were observed only in a zone (fig. 4) located above the rcdiator, never below. 


This zone showed a curious shape of an inverted amphora, the bottom of which 


is the radiator; the top is the upper board of the elevator. 

The grain layers within a few centimeters of the inner surfaces (zone B on 

fig .4) reflected the variations of outside t emperature. But, in sectors other 

than A, B and a very limited adventitious point C, no variation in the grain tem­

perature was noted. 

At first temperature changes take place only above the radiator. Therefore, the 

heat transfer is induced, not by conduction or radiation, but by natural convec­

tion of intergranular air. 

Considering the temperature sensors located vertically with regard to the ra­

diator, we observe on fig. 5 that the increase of temperature starts much earlier 

near the radiator, bu t unexpected ly, nearer is the radi ator and lower are the 

rate of increase and the maximum temperature reached (40°C fo r the near~st sensor, 

53°C for the farthest one). 

04
~~____~~__~r-____~______/ 

• • - N .. 
Fig. 5. Temperature changes as a function of time in artif i ci al heating tria l. 
(The place of sensor in the e levator, correspond ing to each curve , is sho wn at 
right ) . 

The connectec: changes in air relative humidity are shown on f ig. 6. The t hree 

probes located horizonta lly shO'.v no change, except at the poi nt in con tact with 

the wall, which refl ected the vari a tio ns of the outs ide t emperat reo 
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Fig. 6. Intergranular relative humidity changes as a function of time in arti ­
ficial heating trial. (The place of sensor in the elevator, corresponding to 
each curve, is shown at right). 

Comparison between the simultaneous changes of temperature and R.H . shows tha t 

the arrival of the wave front of water vapour (R.H. increase) occurs about 10 days 

before the arrival of temperature front. 

Samples taken during unloading of the elevator showed an increase of the mois­

ture content of grains on the upper part, and indicated a high fungi growth, 

chiefly A. fumigatus, flavus, and Mucors. 

In order to explain these complicated phenomena, ~oth physical and biologica l, 

we may suggest the folloWin9 hypothesis: 

- When the radiator started to heat, the temperature of surrounding grains increa­

ses, inducing a water vapour desorption from grains; then a convective phenome na 

takes place, the wet and hot air going up through kernels. 

- Higher, in contact with colder layers of grains, the temperature of air decreas es 

and its R.H. increases, as shown by probes (fig. 6) : then these grains adsorb 

water vapour and their moisture contents increase. 

- Consecutively and gradualy, the slight amQunt of heat liberated byadsorptjon 

and the flow of heat coming from the radiator increase the intergranular a ir t em­

perature, as sho\~n by temperature probes (fig.5) ; Aw in grains is increased. 

- Wet and warm conditions being thus created, respiration of grains and micro­

organisms increases quickly, producing a high peak of temperature. 

he elevation of temperature induces a desorpti on , and again water vapour and 

heat go up ; vital phenomena are stopped ; temperature and R.H. decrease: the 

temperature tends to stabilize near 35 °C, probably as a result of equilibrium 
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between heat flow coming from radiator and heat loss due to the convection. 

These phenomenon, described on a point, spreads step by step, with an increa­

sing intensity, from the radiator up to the top of the silo, where water vapour 

gathers: then moisture content of up per layers of grains increases (15 to 17 %) . 
Moisture increase and oxygena ti on near to the surface expl ain the deve l opment 

of molds, causing a great damage into grains. 

Some other experiments were made with a "pocket" of very wet grains, instead 

of radiator, in order to simulate a natural heating. The behavior was quite dif­

ferent, even if there was also a convective migration toward the top of elevator. 

CONCLUSION 

Water and heat transfers described in aerated conditions are, of course, much 

more complicated when there are simultaneous gradients of water activity and 

temperature. In airtight conditions of storage, phenomenon are certainl y quite 

di fferent. 

Concerning water vapour transfer, anaerobic storage changes probably nothi ng 

according to Dalton's law, in a mixture of gas, each of them acts like if he was 

alone; under vacuum, diffusion of water vapour would be accelerated. Concerni ng 

heat transfer, on the opposite, one can think that convection flow and heat ex­

changes could be decreased by vacuum. 

After these first experimental app roaches, a lot of work remains to do, concer­

ning horizontal gradients, alterna t ive gradients and airtight conditions. We are 

right now starting a new experiment wi th a more sophisticated device, with which 

l\fe hope to improve our knowl edge of these trdl1sfers. 
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