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Abstract-A grain silo is submitted to periodic and meteorologic influences : solar radiation, air tempera- 
ture, wind. The heat transfer from the wafl provokes a natural convective air flow and the grain out of 
eq~lib~~ releases water. We consider heat and mass transfer in a cylind~cal silo submitted to a uniform 
and periodic wall heat flux. The space under and above the bulk gram in the silo is free. A physical scaling 
of the problem leads us to build a dimensionless system of equations with three unusual numbers. An 
experimental study is carried out on a reduced silo filled with moistened mineral grain. The temperature 
and air moisture fields are investigated with thermocouples and sensors. Integration of equations allows 
us to evaluate natural convective velocity and quantity of water removed, Two flowing configurations are 
deduced : during the first half period, when the heat flux is high, the main part of the heat and mass transfer 
takes place in a boundary layer at the wall and this layer is fed with fresh air from the bottom and from 
the top through a central aspiration. During the second half period, when the heat flow is low, the stored 

heat provides a convective flux of a chimney type. 

1. IN~ODUCTION 

THE STORING of granular or powdery products in 
large containers such as silos is widely used in the 
agricultural and industrial sectors. To stabilize many 
of those granular materials, drying them is necessary 
before storing them. The moisture content fixed for 
this state guarantees equilibrium with ambient air. 
For example, corporations buy cereals with a water 
content below 15% and this criterion is strictly 
respected to avoid mouldiness which could infect all 
the stock. The equilibrium curves show water content 
in relation to temperature and relative moisture of air. 
An increase in temperature at a point of a silo pro- 
vokes a decrease of equilib~um water content and as 
a result a release of water vapour which migrates into 
the porous medium. 

The sifos are often very high (l&50 m) in open 
fields and are exposed to atmospheric conditions: 
solar radiation, air temperature, wind. The silo walls 
can offer a partial thermal protection against external 
conditions. A thick concrete wall is better, from this 
point of view, than a thin metal one. The choice of 
the constitutive material of the silo wall results from 
strength calculations and economic considerations. 
Many such buildings are made of a light material with 

poor insulation. For this kind of silo the grain layer 
against the wall is submitted to a heat flux, resulting 
from solar radiation and external air temperature, 
through the wall. The physical feature of this thermal 
action is the variability, day-night or seasonal alter- 
nance, that we shall schematize as periodic thermal 
flux. 

The heat flux on the side of the bulk grain in the 
silo provokes air and grain heating, and thus vapour 
production. An air temperature or moisture gradient 
creates a natural convection which can transport the 
moist air further, where it condenses on contact with 
the colder wall. The managers of storage installations 
know particular places where liquid water filters on to 
the grain (top of the column, north face . . .). 

Our purpose in this paper is to understand the 
mechanisms of this particular convection, and to pre- 
dict the amount of water displaced. The silo geometry 
selected is cylindrical and consequently we have 
schematized a two-dimensional cylindrical problem. The 
bulk grain is generally not confined to the silo volume. 
Some upper apertures provide a natural ventilation 
on top of the grain and it is a good thing to limit 
vapour condensation. We can consider in such a way 
one open volume for the air surrounding the grain 
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Ii 
Ru 
Re 
s 

x 
Y 

NOMENCLATURE 

concentration, specific heat at constant P 
pressure 
gravitational acceleration B,? !A 
gravitational vector 6 
height of the silo 6 
vertical unit vector i 
mass exchange coeflicient li 
permeability I’ 
latent heat [ 
buoyancy ratio P 
pressure t 
heat flux at the wall 4 
thermal ratio 

coefficient of volumetric thermal 
expansion 
coefficient of concentration expansion 
thickness of boundary layer 
porosity 
thermal conductivity 
viscosity 
kinematic veiocity 
volumetric exchange surface 
density 
period 
enthalpy flux. 

polar coordinate 
radius of the silo 
Rayleigh number 
Reynolds number 
section area 
time 
temperature 
vertical velocity component 
polar velocity component 
velocity vector, celerity 
celerity ratio 
vertical coordinate 
grain water content (d.b.) 
absolute air moisture. 

Subscripts 
a dry air 
cond. conduction 
d.f. drying front 

eq. equilibrium 
eX. excitation 

& g&S 

n.c. natural convection 

P granular product 
0 outside conditions 
ref. reference 
sat. saturation 
V water vapour 
w liquid water, wall. 

Greek symbols 
!X thermal diffusivity 

Superscript 
* effective value. 

top. The condition at the inferior levei is questionable. 
Some silos are supplied with impervious trap doors. 
For many of them, the ventilation ducts create air 
apertures sufficient to assure the possibility of a 
little flow induced by natural convection. Thus we 
suppose there is an air open volume under the grain 
bulk. 

Therefore the model of the considered problem is : 

o a cylindrical container of grains, 
o a periodic flux at the wall, 
l open air under and above the bulk grain, 
l a thermic and mass natural convection in the 

porous medium, 
l the grain is a moisture source in relation to air 

temperature and moisture. 

2. HEAT AND MASS TRANSFER IN GRANULAR 

POROUS MEDIA 

Natural convection f-lows in porous media are en- 
countered in many geophysical and engineering appli- 
cations. Many processes related to low level of energy 
recovery or environmental protection induce prob- 

lems of natural convection in porous media. The num- 
ber of publications about this subject grows rapidly 
from year to year. The identification of the research 
field leads to the following topics : 

* heat transfer or mass transfer driven flows, 
l confined or not confined porous media, 
0 transient or permanent convection, 
w Darcy or Darcy-Forschheimer-Brinkman 

model, 
l specific boundary conditions (vertical or hori- 

zontal heated wall . .). 

This fieid of natural convection concerns the media 
saturated with one fluid phase, generally gaseous. Con- 
sidering low air velocity, the heat and mass transfers 
are driven by the combined effects due to temperature 
and density gradients. The flows can be subdivided 
into heat transfer driven flows (MC< 1) and mass 
transfer driven flows (N >> l), where Nis the buoyancy 
ratio [I] : 
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The intermediate case (N - 1) is rarely considered in 
porous media because it is too complex. The mass 
transfer is generally presented as a diffusive problem 
from a boundary [l-3]. 

The porous medium is generally heated through a 
wall from which natural convection extends. In the 
case of vertical walls, the boundary layer concept is 
efficient to obtain solutions. The simplest model studied 
by Cheng and Minkowycz [4] is the vertical plate in a 
semi-infinite porous reservoir. The thermal boundary 
is 6, - x(Ra,)-‘I*, where Ru, is the Darcy modified 
Rayleigh number Ra, = KgBxAT/uv, x the coordinate 
along the wall. 

Natural convection in confined porous media is the 
subject of many works [S]. The boundary layer solu- 
tion is a noteworthy approximation of the exact one. 
The natural convection in the porous medium open 
to external air is rarely studied [6] ; the coupling with 
the exterior space brings additional difficulties. Studies 
on transient convection generally concern the estab- 
lishment of a state from initial time where temperature 
or flux is applied on the wall [7]. 

The momentum equation in porous media is usually 
‘the Darcy law’ initially based on measurements, and 
later established with an ‘area averaged operation’ 
from the Navier-Stokes equation written for the flow 
in the pore [8]. When the fluid velocity becomes large, 
i.e. uK”*/v > 1, Forscheimer adds a quadratic term 
(-a’) to the Darcy law. When it is necessary to 
express a null velocity condition on a wall, Brinkman 
suggests adding another term following the boundary 
layer equation [9]. Sometimes, a transient term 
p(a V/at) is added to the Darcy equation. The scaling 
study indicates whether it is necessary to take it into 
account. 

Now we select some studies which enlighten this 
defined problem. Thibaud [lo] considers the same geo- 
metrical configuration of a silo (cylindrical, open 
extremities) with a stationary and only natural heat 
convection provoked by a lateral uniform flux. The 
numerical study leads to two classes of flows (Fig. 1). 

(i) For narrow silos (R/H < l), or small value of 
Rayleigh number Kg/lpq/uv, i.e. a weak wall flux, 
the flow is of chimney type. The convective draught 
provokes an air inlet only at the base. 

(ii) For large silos (R/H > l), or great value of 
Rayleigh number, the renewal air induced by the wall 
heating is partially aspirated from the top and par- 
tially from the base of the column. The limit between 
these two classes is expressed with the form 
R/H N (Ra)” (Fig. 2). 

The boundary layer model allows us to predict this 
limit. Indeed the thickness of the boundary layer on 
the cylindrical wall increases with the height and with 
the decrease of the wall heat flux. When the thickness 
at the top reaches the radius of the cylinder, the fresh 
air cannot penetrate. The results on a vertical plate 
give the order of magnitude of the thickness [9] : 
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FIG. 1. Natural convection in an open vertical cylinder of 
porous medium heated with a constant lateral flux. Numeri- 
cal results of Thibaud [lo]. The streamlines correspond to : 

(a)Ra=300;R/H=0.1;(b)Ra=2000;R/H=1. 

6/x = ~.~(Rcz,)-“~. 

Combined with 

Ra, = Ra$; x=H; 6=R 

this leads to the form R/H = 4.8Ra-‘j3. Expressed in 
logarithmic coordinates, this straight line is close to 
the numerical result of Thibaud (Fig. 2). 

O.‘,,--_ 
1ooo 10 000 

Ra 
FIG. 2. Limit line between the two flowing types. __ Results 
of Thibaud. - .- Straight line deduced from boundary layer 

hypothesis. 
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Streamlines isotherms 
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FIG. 3. Simulation of natural convection in a rectangular grain bin. Results of Nguyen [1 I]. Streamlines 
and isotherms after six weeks of periodic heating. (a) Confined bin ; (b) air headspace bin. 

Nguyen carried out numerical simulations of natu- 
ral convection in rectangular two-dimensional grain 
bins [l 11. The model is composed of conservative 
equations of mass, energy, moisture and the Darcy 
law with the transient term. The grain moisture is 
supposed to be that of thermodynamic equilibrium 
with air. From an initial uniform state, a periodic 
temperature (step change day~night) is applied to the 
left wall, while the right wall is kept at a constant level. 
Nguyen considers two classes of rectangular bins : the 
first one perfectly confined (i) and the second one with 
a headspace of air (ii). For the latter, the coupling 
with natural convection in the airspace is carried out. 
The comparison between these two configurations is 
instructive (Fig. 3). 

(if “At first the heat transfer mainly results in pure 
conduction as indicated [Fig. 3(a)] in which the iso- 
therms are nearly parallel to the left hand wall. As 
convection becomes more important, the core region 
of high intensity flow near the hot wall starts to move 
slowly towards the centre of the enclosure.” 

(ii) “The flow reaches steady state very quickly 
after the beginning of each heating period and is 
observed to change very little with time. . The 
temperature gradient which exists along the lower part 

of the hot wall only produces conduction. After six 
weeks of alternate heating, the temperature of the 
grain bulk remains unchanged. .” 

We keep in mind that periodic heating creates a 
wall hot layer mainly determined by conduction and 
the geometry imposes the paths for fresh air supply. 
moisture transferred from the grain to the hot air 
is carried by the convection current to the cooler 
region. 

Smith and Sokhansanj propose a “moisture trans- 
port model caused by naturat convection in grain 
stores” [12]. They consider a quasi-equilibrium 
between air and grain and impose a sinusoid variation 
of wall temperature over one year. A numerical res- 
olution is carried out in a cylindrical bin. 

Few experimental studies are available about this 
subject. Thus we can quote the paper of Gough [ 135 
which related three years of measurements in two 
semi-underground hermetic concrete silos filled with 
maize stored in an equatorial dimate. ..~onsiderable 
moisture content increases occurred at the maize top 
surface, mainly due to air convection currents at night 
when the silo structure above ground was coof com- 
pared with the grain interior.” The temperature and 
moisture recordings show that the layer affected by 
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FIG. 4. Experimental results of Gough [13] on a grain storage in a hermetic semi-underground silo. (a) 
Temperature (“C) in the early morning (7.00 h) (left) and late afternoon (16.00 h) (right) during clear 
weather (sun exposed faces) ; (b) moisture content (%) in a silo after 5 months (left) and 7.5 months (right) 

of storage. 

the daily variations is thin (conductive layer), but it 
creates a natural convection current in the bulk which 
transports the moisture (Fig. 4). Here we point out the 
fact that daily weather variations explain the moisture 
displacement in a silo. 

To enlighten the convective problem in a silo, it is 
convenient to establish the scaling from dimensionless 
equations. 

3. DIMENSIONLESS EQUATIONS OF THE MODEL 

We consider an axisymmetrical problem in a cylin- 
drical silo. The following assumptions are used : 

l The porous medium is homogeneous and 
isotropic. 

l The physical properties are constant except for 
the density in the buoyancy term, which is given by the 
Boussinesq approximation. 

l The fluid and the porous medium are in local 
temperature equilibrium. 

l Darcy’s law is valid with a transient term. 

The conservative and momentum equations are 
expressed as : 

V-V = 0 (mass) (1) 

PO ay+V VY = -(1-a)&,!!$ (moisture) 
(at * 1 

(2) 

tg= -VP+pG-$V (momentum) (3) 

p = pO( 1 - /I( T- T,,) - /I”( Y - Y,)) (air density) 

(4) 

(pC)*;+p,(C.+ YC,)V.VT= I*V*VT 

+L*(l ---E)P~: (enthalpy) (5) 

where (PC)* = s&(C,+ YC,)+(l-&)p,(C,+XC,). 
Considering the low temperature level, it is con- 

venient to consider the factor C,+ YC, as a constant, 
C,. No information is available on the drying rate 
under these conditions. It must express a drying or 
imbibition phenomenon around the equilibrium. One 
can expect a linear dependence as : 

(1 -&)&A? = -p&(X-X,,) (6) 

where X,,(T, Y) is given with experimental 



1704 J.-P. FOHR and H. BEN MOUSSA 

correlations [13], and k is the equivalent mass ex- 
change coefficient. Besides, when we consider the siow 
evolution in air temperature and moisture, it seems 
right to write : 

Thus 

X = X,,(T, Y). (7) 

Some experimental data should be necessary to specify 
this point. 

The correct form of dimensionless equations is tied to 
physical adequate reference parameters. The leading 
idea is that the problem is a conductive one, perturbed 
by the natural convection. As the periodic flux at the 
wall governs the exchanges and the natural convec- 
tion, the first parameters to consider are the ‘excitative 
period’ r,, and a conductive length Stood such as : 

This length is obtained in a classic manner with a 
balance between the transient term of energy equation 
and the conductive one : 

dT 
(PC)*~ y il*V*VT. 

For this axisymmetric problem 

the Darcy law, buoyancy and viscosity terms are of 
the same order of magnitude : 

Thus 

The air moisture scale is defined with adiabatic satu- 
ration conditions from ambient air : 

AY = Y,,,(T,+AT,,,,)- Y,. (12) 

The scale of grain water content is deduced from the 
equilibrium function (so~t~on or desorption law) 
X& Y) : 

The scale of pressure following natural convection is 
obtained when we write that the pressure gradient is 
of the same order of magnitude as the viscosity term 
(equation (3)) : 

iv = f ~“c.&o”d. (14) 

With these scales, the convenient dimensionless vari- 
ables and physical functions are : 

gives 

and thus 

X- Xi, 
X,=7; 

Y-Y, p J--p, Y,=dy; c -- 

The system of equations (l))(5) becomes: 

v;v, =o 11% 
%x &,d 

which fixes the value of S&,, as 

z,;c(*; (u* =&). 

A conductive celerity is expressed as : 

v 
6 cond 

con* = -. (9) 
L 

The silo dimensions give two other geometrical scales : 
R, H. 

As the heat flux density at the wail is imposed 
q(t) = ~*(~Tj&),, a reference flux, qren is given and a 
temperature scale is : 

ALm, = q,r+. (10) 

A scale for natural convection velocity is deduced 
from equations (3) and (4) when we consider that, in 

x V+P,+V++ (17) 

J/n.,.&m~Vt * V,T, = Vi T, 

where : 

L*(l -~)y,hX 2X+ 

+ (pC)*AL,, + 
‘K (18) 

l in the operator V,, the factor d,,,,,/H appears 
before a/&,. 
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l i is the unit vector in the direction of G, 
l the static relation -VP,+p,G = 0 is used for 

equation (17). 

Some dimensionless numbers appear in this system. 
Now we are going to discuss the physical interpret- 
ation and the order of magnitude of the terms. 

Y cond 

V n.c. 

is the ratio of the conductive celerity on the natural 
convection velocity. 

is the coefficient of the source term of humidity in 
equation (16). 

v =Ep~Ay 
d.f. -V 

1 _ E ppAx ‘.‘. 

is the celerity of a drying front in a fixed bed sub~tted 
to the velocity Vn.,. [14], thus v is the ratio of two 
celerities : 

9_=Vcond. 
vd.f. 

The coefficient which appears in the momentum equa- 
tion (17) can be transformed into : 

%nd 1 -,_ 

K Re 

where Re = V,,c.8w,,d/v is the Reynolds number of the 
flow in the conductive layer. 6&,JK scales the medium 
permeability with the thickness of the conductive 
layer. 

,&2 
BAT 

is the classical number which scales natural mass 
convection before the thermic one. 

The numbers which appear in the energy equation 
(18) are: 

Ru = 
Po~~..~ d g nc con 

A* 

which is the Darcy modified Rayleigh number with 
the conductive length Scond ; 

Q = L* (1-4~p Ax 
(PC)*= 

which is the ratio of the latent heat for drying on the 
sensible heat provided at the wall. 

The dimensionless system of equations, where we 
omit the subscript + , becomes : 

v*v=o (19) 

WI 

V cond I av -__= 
vn.c. E at -+$[VP+V+(T+NY)i] (21) 

(22) 

Let us consider the magnitude of these dimensionless 
numbers which appear as coefficients. We assume a 
representative maize silo submitted to the daily atmo- 
spheric variations. The magnitude of the heat flux 
depends on meteorological data and wall constitution. 
A ‘near wall temperature’ is evaluated from exper- 
imental recordings [12, 141 as Ax,,,, = 20°C. The 
medium characteristics are chosen as [ 151: 

K=3.5x10-sm2; 1*=0.15Wm-‘K-‘; 

CC* = 8.8x 10-*m2s-‘~ 9 (1 --E’&, = 815 kgme3 ; 

p. = 1.2kgme3; E = 0.4; p = 1.8x 10e5Pas; 

p=3.3~10-~K-‘; &=0.6, 

C,= 103Jkg-‘K-l; AX=2xlO-‘; 

AY = 7 x lo-“; L* = 2.5 x lo6 Jkg-‘. 

With z,, = 24 h, it follows that : 

6 cond = 8.7x lo-‘m; vCond = 10-61nS-‘; 

V 
V,,=,= 1.5x10-3ms-‘; F=0.67x103; 

Il.‘?. 

1v= 0.06; v = 3.2; Re = 8.7; 

+ = 2.1 x 105; Ra = 1.04; Q = 1.2. 

We can make some conclusions about the equations : 

l the nonstationary terms C?Yjat, dV/at are negli- 
gible, 

l the thermic natural convection is predominant 
over the mass one. 

The convenient system becomes : 

v*v=o (23) 

.._.vy= _&?z V 

& at 

VP+V+Ti = 0 (2.5) 

aT 
;ji fRaV*VT= V’T+Qg (26) 

and an adequate form for the drying rate (equation 
(6) or (7)). With the chosen numerical values, the 
conductive and convective terms of energy equation 
(26) have the same order of magnitude. As the boun- 
dary condition is a heat fhtx at the vertical wall, one 
can expect mainly a conductive transfer normal to the 
wall and a convective transfer along the wall. This 
fact is also seen with the condition vC,,nd/v”,C. << 1. At 
each moment the convective boundary layer can be 
considered as established upon a nonstationary con- 
ductive layer. 

This transfer model is based on some physical con- 
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siderations which induce a choice of scales. In order 
to determine the feature of the transfer phenomenon, 
we carried out an experimental study in a laboratory 
with a smaller silo. 

4. SIMILITUDE PROBLEM 

A cylindrical silo of scale about 115 to l/IO was 
built (H = 1.86 m; R = 0.20 m). Since agricultural 
grains are not convenient for successive drying and 
rewetting, we used a porous mineral grain of expanded 
clay pellets : 6 mm mean diameter, (1 - s)pP = 497 kg 
m-j; K = 3.6 x lo-* m’; L*(dry grain) = 0.138 W 
nr-’ Km’ ; i*(wetted to 5% d.b.) = 0.153 W rn~-’ 
Km’;C*=836Jkg-‘Km’. 

The true similitude would be to impose the same 
values for the dimensionless numbers 7’, Ra, Q. The 

constitutive main factors are related to the conductive 
transfer determined with the boundary conditions r,,, 
qrrF or ATTcond. The choice of these factors is guided by 
the necessity to simulate a conductive layer at the wall 
whose thickness should be smaller than the radius. 
The fixed value z,, = 2 h leads to bcond = 5.4 x IO ’ m 
compatible with the value of R and convenient for the 

sensor equipment. 
As the periodic heat flux at the wall cannot be 

obtained with a zero mean value, a square pulse heat 
flux (180 W mm ‘) is applied during a small part (I 18) 
of the period (2 h). The mean flux (22.5 W In’) 
remains a secondary factor. As we shall see later on, 
the applied flux does not diffuse entirely towards the 
interior. 

FIG. 5. Silo constitution and localization otmeasurlng instru- 
ments. H = 1.86 m; D = 0.4 m; (a) rockwool insulation; 
(b) metal wall with electric coil rolling around ; (c) rockwool 
insulation; (d) annular electric film heater which constitutes 
the inner cylinder full of expanded clay pellets. (0) Ther- 

mocouple inside pellet, (i- ) air moisture sensor 

The temperature scale ATcond (45 K) can be esti- 
mated for an intermediate flux between the maximum 
and the mean value. In this medium, with the physical 
data, the characteristic numbers arc : 

The temperature held is investigated with 3X 
thermocouples introduced into individual pellets. The 
air moisture is measured by 6 sensors. 

Two particular sections of the silo are plentifully 
equipped (Fig. 5). A microcomputer associated with 
a regulation module assures the acquisition and treat- 
ment of the data. The granular medium is poured into 
the silo with a uniform water content of 5%. 

I‘= 2.25; Ru = 1.15; Q = 3.32. 
6. GLOBAL BALANCES FOR MEASUREMENT 

INTERPRETATION 

As for a real corn silo, the values of the numbers ‘/ ‘. The evolution of the temperature field T(r, .w, 1) in 
Ra, Q are close to unity. the silo is the key to reach natural convection and 

5. EXPERIMENTAL APPARATUS 

The heat flux is furnished by an electric annular film 
at the wall of the cylinder, constituted of 8 elements 
with individual regulations (Fig. 5). Around the cylin- 
der a rockwool thickness, another metallic cylinder 
and another insulation establish a good boundary 
condition for the granular medium. Indeed the exter- 
nal metallic cylinder is surrounded by a roll of electric 
tape and the regulation attempts to assure the same 
temperature at the wall on the two cylinders. This 
process is efficient for a stationary case but less so 
when the heat flux moves. Thermal capacities of walls 
and insulations disturb the regulation. Consequently 
the real flux injected in the granular medium is 
deduced from temperature measurements (Fig. 6). 

200 

180 

160 * 

140 

NT 120 . 

a 100 P II\ 

-20 1 I I I I I I I I 
0 900 1800 2700 3600 4500 5400 6300 7200 

f (a 

FIG. 6. Periodic thermal flux at the wall of the silo. (a) 
Applied to the wall ; (b) injected through granular medium 
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FIG. 7. (a) Damping of the temperature profile after the square heat flux. T(r, x, t) ; x = 0.58 m; 
t=r,,(n+(l/p));n=i20;r,,=2h;p=$(a);$(b);f(c);~(d);1(e).(b)Temperatureprofileinasemi- 

infinite medium after a square heat &IX. q = 180 W m-‘, t = ~~%/p with same values forp as in (a). 

drying phenomenon. As the flux at the wall is periodic 
we can note t = T&Z+ (l/p)), n and p integers. The 
conductive layer associated with the periodic flux 
agrees with the previous theory (Fig. 7(a)). We can 
compare the measured field to the temperature profiles 
T(r, t) resulting from an analytical solution of a simi- 
lar problem : a square heat flux at the wall of a semi- 
infinite medium (Fig. 7(b)) [16]. 

The natural convection velocity is linked to the 
temperature field and can be extracted through a glo- 
bal balance in the silo. Following a previous physical 
description, we first focus on the low part of the silo, 
where the effect of the recirculation is negligible, i.e. 
v << u. Using the system (23)-(26) written in cylin- 
drical coordinates, after elimination of P, equation 
(25) becomes : 

au (Tcon,j au aT -_--__= 
& H ax ar 0. (27) 

The cylindrical conductive layer phenomenon allows : 

and thus equation (27) is integrated as 

24 = T+a(x). (29) 

Equations (23), (24) (26) are expressed in cyhn- 
drical coordinates as 

(30) 

(31) 

(32) 

The boundary conditions are : 

v(rw,x) = 0; v(o,x) = 0 

Tfr, o) = To ; Y(r, a) = Y, 

aT C-1 ar w 

= 4(t)* 

We note that: 

w u,s = 
I 

u(r, 0)2xr dr, 
0 

The global heat and mass balance of the granular 
medium are obtained with integration over the whole 
section and over a part of the height : 

---2nrdrdx. 

Equation (30), taking into account (29), gives : 

44 = a,- (T)(x) 

where (T) is the mean temperate in the section : 

S(T)= ‘w 
i 

TdS; S = nr$ (33) 
0 

It follows that : 

u = u,+T-(T). 

Equation (31) gives : 
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uY2nrdr-u,Y,S 1 = -M’S$ 

(34) 

where (X) is the mean water content in the section. 
Equation (34) expresses the decrease of water content 
with the air moisture convection. 

Equation (32), taking (30) into account, gives : 

S; 
s 

’ (T)dx+Ra+ r”uTdS-u,T,S 
0 [I 0 1 

Equation (35) expresses the relation between the 
convective heat flux, the cumulative sensible heat, the 
conductive flux through the wall and the limit sections, 
and the latent heat flux of evaporation. 

The system (33))(35) allows us to deduce the natu- 
ral convective velocity II,. We remember that the 
validity of equation (33) is related to the condition 
(&~/ax) << (&/&), which means that the influence of 
a top aspiration is negligible. 

The convective terms of equations (34), (35) 
become : i s uYdS= (u,(Y)+(TY)-(T)(Y))S 

0 

s 
‘* uTdS = (u,(T) + ( T2) - ( T)2)S. 
0 

As expected, the quadratic terms (TY)-( T)( Y) 
and (T2)- (T)’ are negligible compared to the 

others (- lo-‘). 
Equations (34), (35) become : 

“~rro((Y>- Y,) = -& 
i 

‘(Qd.r 
?f 0 

(36) 

Ro+j%,,//T)-TJ = - (T)d.w 

+’ c s 0 

The elimination of the drying rate 

between (36), (37) gives the expression for u, : 

&ond 
H Ra(<T)--T,)+$(o’)-Y.,) K, 1 
= _; 

+‘s q(t)27rr,Vdx. (3X) 

7. 

(8) (b) 
90 90 

80 80 

IO IO 

-f 60 60 

a :: 50 40 

L 30 30 

20 20 

10 10 

0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0 

X (ml 
FIG. 8. Natural convection velocity uO, obtained from equation (38). (a) Period 66 (durmg the drying). (b) 

Period 132 (after the drying). t(s) : a 450; + 900; 0 1800; 0 2700; x 3600; + 7200. 
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Table 1. Enthalpy fluxes which constitute the energy equation (39) (W). Period 66 (during the drying) 

r(s) 
--ll. 

450 
900 

1800 
2700 
3600 
7200 

En~alpy flux Enthalpy flux Conductive Heat flux at Rate of heat 
at the silo top at the silo bottom loss the wali storage 

#(H) #(o) ~*(~(T)j%$S 2xR1* j:: (U,,ar), dx (pc)*s(a/ar) j: <Vdx 

86 6 -1 150 63 
87 34 -7 157 97 

180 18 -7 143 -26 
86 5 -7 62 -26 
42 2 -7 21 -26 
28 1 -7 8 -26 

Table 2. Enthalpy fluxes which constitute the energy equation (39) (W). Period 132 (after the drying) 

r(s) 

450 
900 

1800 
2700 
3600 
7200 

Heat flux 
at the silo top 

rP(H) 
_. 

63 
188 
113 
50 
14 
8 

Heat flux Conductive Heat flux at Rate of heat 
at the silo bottom loss the wall storage 

#J(o) ~*(~~~)/~x)~~~ 2nR1* j: @T/8& dx (~c)*~(~/~~)~~ <T) dx 

10 -16 161 92 
32 -16 296 124 
17 -16 88 -24 
7 -16 35 -24 
3 -16 3 -24 
2 -16 -2 -24 

important when the grain is dry. Indeed, the mainly 
thermic natural convection is weaker during the dry- 
ing when a part of the heat flux at the wall is used for 
evaporation. 

The value of the convective velocity U, (Fig. 8 ; 
x < 1 m) is suitable for an evaluation of the flow 
enthalpy in the top section of the silo. 

We can eliminate the latent flux of evaporation 
between equations (34), (35), and integrate the result 
over the distance O-H. The dimensional expression 
is : 

4(H) = &o)+A*S %&f-~(o)] 

+ 2aRl* du+C)*S; H<T)dx 
s 

(39) 
0 

where the enthalpy flux is : 

4 = A 
s 
A (C,T+ YL*)udS. 
0 

Tables 1 and 2 show the value of the terms of equation 
(39) for the same periods used for the determination 
of u,. When the grain is dry (2), the enthalpy flux 
reduces to a heat flux. 

We note the delay between the admittance of the 
heat flux through the wall and the convective outlet 
at the silo top. The heat storage in the ‘conductive 
layer’ is the predominant factor. 

8. DRYING EVOLUTION IN THE SILO t (h) 

As the mean heat flux at the wall is not null, the 
entire mass of grains is affected by the drying. We 
should consider that the heat flux applied can be Four- 

FIG. 9. Drying of the grain : grain temperature (T) and air 
moisture (S). RH is the relative humidity. T(r,x, r) ; 
x/N = 0.3 12 ; t = T,,(B f 0.5) ; Q__ = 2 h. 1 : r/R = 0.92 ; 2 : 

r/R = 0.50; 3 : r = 0. 

ier decomposed into a series of sinusoid terms and the 
mean value. Although this problem is not linear as 
a purely conductive one would be, we can roughly 
interpret the experimental results as a superposition 
of solutions. 

We examine the drying of all the mass through the 
recorded temperatures (and moistures) in the middle 
of the period Tfr, x, t = z&+0.5)). The drying is 
determined by two factors : the heat flux from the wall 
and the drying capacity of air (Y,,(T) - Y) which 
issues from the bottom and the top of the silo through 
natural convection. We note that the drying front 
mainly moves from the wall towards the axis (Figs. 9 
and 10) and secondarily from the bottom towards the 
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80 

70 
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60 

g 50 
k 

40 

30 

20 

10 - 

II I I ,, , , , , 

0 
, 

24 48 72 96 120 144 168 192216240 264 
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100 
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70 

60 

30 

20 
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1, , , , ,y&==, 
24 48 72 96 120144 168 192 216240264 

FIG. 10. Drying of the grain : grain temperature (T) and air 
moisture (S). RH is the relative humidity. T(r,.u, t); 
u/H= 0.687; I = ~,,(n+0.5); T,, = 2 h. 4: r/R = 0.92; 5: 

75 

65 

55 

G 
e 45 
h 

25 

r:R = 0.50 : 6 : )’ = 0. 

6th S. 7th S. 

151 ’ ’ ’ ’ ’ ’ ’ ’ ’ 1 1 
0 24 48 72 96 120 144 168 192 216 240 264 

t (h) 
FIG. 1 I. Drying of the grain : axial temperature. T(r, A-, t) : 
I’ = o : f = r,,(n + 0.5) ; r,, = 2 h. The positions of the sections 
are (x/H): 1st S. (0.062); 2nd S. (0.187) ; 3rd S. (0.312) ; 4th 
S. (0.437) ; 5th S. (0.562) ; 6th S. (0.687) : 7th S. (0.812) ; 8th 

S. (0.937) : T,> : ambient temperatrure. 

top (Fig. 11). However, this front is very particular. 

The heat flux and the air drying capacity are not 
associated with the air flow as for the usual convective 
drying in a static drier. We must consider a front shape 
in the space which moves in two directions. We can 
see (Figs. 9913) that the drying is over at approxi- 
mately the same time in the whole bulk (hour 192), 
which means that the natural flowrate induced by the 
temperature field is not much different from one point 
to another. We remember that the top aspiration is 
probably negligible during the second part of the 

65 

s v 45 
h 

35 

25 

6th S. 

151 ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 1 
0 24 48 72 96 120 144 168 192 216 240 264 

t @) 

FIG. 12. Drying of the grain: temperature at the wall. 
r(r. Y. t) ; v = R: I = r,,(rr$-0.5); rcn = 2 h. Positions of the 

sections : see Fig. I I 

75 

65 

55 

u^ 
e 45 
k 

35 

25 

15 
0 : 

6th S.7rb s. 

I III I I ’ 11 , , 

24 48 72 96 120 144 168 192 216 240 264 

t 00 

FE. 13. Temperature profiles along a vertical straight. 
T(r. Y. t) : r = q,(n+0.5) ; r,, = 2 h : r = R- 1 cm. Positions 

of the sections : see Fig. II. 

period and thus the ‘chimney’ type convective 
phenomenon facilitates a good irrigation of the 
medium. 

We remark that the temperature evolution of the 
points situated on the 8th section (12 cm under the 
top) is specious. The initial temperature increase is 
followed later by a phase of temperature decrease 
(Figs. 11 and 13). The decreasing temperature means 
that a part of the evaporative latent flux is taken from 
the enthalpy flux of air and this air mainly issues from 
the top space (recirculation). 

From the mean heat flux 4 applied at the wall. 
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FIG. 14. Sketch of natural convective flow and moisture transfer expected into two types of silos. (I- 
bottom opened ; II-bottom closed). Two seasonal periods are considered : from winter to summer (north 

latitude) (a) ; from summer to winter (b). Hatched areas are the forseeable condensation places, 

we can have a good approximatian of the moisture 
evaporation. The natural convection velocity (equa- 
tion (1 I)) is obtained from the scaies : 

where 

ATcond = $8 

With q = 24 W mS2 and the given parameters, 

ATcond = 31°C; V,,c. = 2.4mms-‘. 

If we admit a chimney type convective effect, equa- 
tion (39) can be integrated over a period : 

i ;($@I)-$(o))dt = rl*S 

-2nRHqz - (pC)*S [r VW]:, (40) 

The last term of equation (40) is negligible. Indeed, 
over a period the increase of the sensible heat stored 
in the grain is less than the latent heat of evaporation. 
The conductive loss from the silo extremities is 
roughly constant during the evaporation phase (Table 
1). The convective enthalpy flux is only a function of 
the outlet air temperature : 

JO JO where 
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<YW) = y,,, (<n(w). (41) 

We supposed that the outlet air was saturated and at 
a constant temperature. The registered temperature 
variations over the top surface are nearly constant 

(< 1’C) during the period. The numerical resolution 
of equations (40), (41) gives (T)(H) = 39’C. The 
moisture flow from the silo top during a drying period 
is (dimensional form) : 

which gives 0.101 kg for the test period. 
We can compare this value to the mean values of 

the drying rate. The grain bulk contains 5 kg of water 

which is evaporated during 84 periods, i.e. a mean 
value of 60 g per period. If we consider that the rate 
is less at the beginning (heating of the grain) and at 
the end of the experiment (partially dry bulk), this 
evaluation is close to the real value. 

9. CONCLUSION 

The experimental investigations carried out on a 
silo maquette are interpreted in regard to dimensional 
analysis of the mathematical model. The drying of the 
grain bulk is the result of the natural convective flow 
which is induced by the temperature field. As the heat 
flux applied to the wall is periodic but with a mean 
value different from zero, the natural velocity field 
follows two configurations. 

During the first half period the main part of the 
heat and mass transfer takes place in a boundary 
convective layer established on a conductive hot layer. 
This layer is fed with fresh air from the bottom and 
from the top through a central aspiration. 

During the second half period the stored heat pro- 
vides the convective flux as a chimney type without 

top aspiration and the drying leads to a reduction in 
the differences of water content. The order of mag- 
nitude of evaporated water flowing through the upper 
level can be obtained with a sufficient accuracy. 

The transfer mechanisms examined here can give 
indications for real silos which are somewhat different 
from this model. Some additional particular features 

may be considered : 

l strictly airtight at the bottom ; 
l a closed upper airspace ; 
l the daily alternance from winter to summer and 

inversely (Fig. 14) ; 
l the exposure of the wall to the sun (the transfer 

mechanism is probably limited around the most 

exposed surface) ; 
l the ratio (rcond /R (if the boundary layer thickness 

is very narrow, the chimney type does not occur) ; 
l the variation of the heat flux along the wall (the 

atmospheric factors, solar radiation, air temperature. 
wind velocity, do not create a uniform heat flux) ; 

l the constitutive shape of the silo roof (the moist 
air flow out of the bulk grain can condense on the 
colder walls and be transformed into water drops). 

In order to clarify the third point. we note that 
the period from winter to summer is critical for the 

condensation in the grain bulk, whereas the period 
from summer to winter is favorable for the stored 
grain. A very cold winter is considered as ideal by the 
silo managers. 
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