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A method of analysis is shown which is based on the principle of a constant heat flux. The 
resul ts  of measurements  made on broad bean, bean, pea, corn, rape, and lupine seeds are 
given. These resul ts  are  presented in a general  form. 

Heat conduction in a layer  of moist broad bean, bean, pea, corn, and rape was studied with an appa- 
ratus shown schematical ly in Fig. 1. A transient  mode of heat conduction was maintained here  as that in 
a semi-infini te  body thermally insulated along the sides and heated at one end. Under such conditions, and 
also after  the carefully mixed grain had been placed inside the apparatus, the equation of heat conduction 

at (x, T) O2t (x, T) a - -  (1) 
O ~ Ox ~ 

was defined inside the body 

O-<.x< § 

for T ~ 0 with the initial condition: 

t(x,  O) = to : const (2) 

/I 

g 

Fig. 1. Schematic diagram of the test apparatus:  1) vol-  
tage stabil izer;  2) autotransformer;  3) heater; 4) mea-  
surement  chamber;  5) thermocouples;  6) switch; 7) gal-  
vanometer .  
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TABLE 1. Solution to Eq. (1) 

Secondary boundary Equation Solution ]Equation 
condition 1 

t (o ,  ~) = t, 

t(O, x ) = k z  

t (o, ~) = ~ V T  

(4) 

(5) 

(6) 

I 
t (x ,  *)- - to  x I 

[ 

~,(x, T)--lo=4k*~i2erfc 2 - - ~ i  

t (x, ~) - -  t o 

X 
= k I /~ ' i  erfc 2VE~-~ 

(a) 

(b) 

(c) 
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Fig. 2. Graph of the function Y 
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and with the f i rs t  boundary condition: 

t ( +  ~ ,  ~) = to = const. (3) 

The approximate solution to Eq. (1) is shown in Table 1 for the 
following second boundary conditions, of possible pract ical  signifi-  
cance: 

t (0, "0 = tl = const, (4) 

t (0, "0 = k T, (5) 

/ (0 ,  "0 = ' % / ~  (6) 

F r o m  the pract ical  point of view, it is worthwhile to pe r fo rm tests 
under the conditions defined by Eqs. (4) and (6). 

The boundary condition defined by Eq. (4) is real izable in p r ac -  
lice by passing a s t r eam of liquid at a constant temperature  over the 
heater  surface.  It is impossible to attain the desired constant tem- 
pera ture  at the heater  surface immediately. This temperature  will 
be reached only after some time and, in pract ical  te rms,  the bound- 
ary  condition thus becomes distorted. The e r r o r  ar is ing as a con- 
sequence depends on the heater  construction and on the temperature  
at which it is desirable  to measure  the thermal conduetivity. The 
boundary condition defined by Eq. (6) is real izable in pract ice  by 

maintaining the e lec t r i c -hea te r  voltage and cur ren t  constant. Under these conditions we obtain a constant 
heat flux f rom the heater  surface.  Measurements  of the heater  surface tempera ture  make it possible to 
determine the coefficient in Eq. (6) with an accuracy  which will make this method suitable for thermal -  
conductivity meansurements .  

The thermal  conductivity was measured with the initial condition as defined by Eq. (2) and with the 
boundary conditions as defined by Eqs. (3) and (6). 

F r o m  Eq. (a) (Table 1) and the Four ie r  number Fo x we obtain an equation which defines the thermal 
conductivity of a grain layer :  

~ =  cyx~F% 
(7) 

In o rde r  to pe r fo rm calculations with this equation of thermal conductivity for a grain layer,  the spe-  
cific heat of the seeds in the special  apparatus was varied as a function of the moisture content. This yielded 
the following equation 

c == c o q 4186.8 u, (8) 

valid within the tested range of mois ture  content not exceeding 0.4 kg water  per  1 kg of dry  mass.  Also the 
specific and the layer  bulk densities of the various seeds were measured,  It had been established, as a r e -  
suit, that the specific mass of seeds within the tested range of moisture content was independent of the lat- 
ter .  The bulk density, however, varied together with the moisture  content in the seeds.  
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T A B L E  2. R e s u l t s  of T e m p e r a t u r e  M e a s u r e m e n t s  in a G r a i n  L a y e r  

! 

Distance from the heater 

0 20 30 40 60 80 "~ 

division on the galvanometer scale 

0 0 59 52 52 52 52 52 

30 0 185 81 64 57 53 52 52 

35 0 53 52 
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T A B L E  3. T h e r m a l  Conduc t iv i t y  of B r o a d  Bean,  Bean ,  P e a ,  Corn ,  
Lupine ,  and Rape  Seed L a y e r s  a long with Some  Other  P a r a m e t e r s  
R e f e r r e d  to Seeds  wi th  a Z e r o  M o i s t u r e  Conten t  

Thermal con- 
Seeds [ductivity, W 

I 
/ m -  ~  

Broad bean I 0,140_+0,001 

Bean 1 O, 136• 
Pea 0,129_+0,001 
Corn 0,158 _+ 0,002 
Lupine 0,123 _+ 0,002 
Rape 0,160 ~=0,001 

1344 
12t0 
1231 
1679 
1285 
2244 

Density, kg/m3 [ .~ 

bulk ma~ J~ ~ 

763 1305 440,0 

808 1316 177,6[ 
774 1321 171,6 I 
708 1212 301,11 
753 1247 118,5 
553 1003 4,9 

0,008~ 

0,606~ 
0,00628 
0,00780 
0,005~ 
0,600~ 

O 

41,5 
38,6 
41,4 
41,6 
39,6 
44,9 

In o r d e r  to d e t e r m i n e  the F o u r i e r  n u m b e r  Fo  x f r o m  Eq. (b) (Table  1), the fo l lowing e x p r e s s i o n  

t (x ,  ~ ) - - t  o ierfc 1 (9) 
k V n~ 2 ~ Fo~ 

was  d e r i v e d  and p lo t t ed  on a g r a p h  (Fig .  2) wi th  the a id  of the  t ab le  of funct ion v a l u e s  fo r  

Y --  i erfc Z. (10) 

On the b a s i s  of F ig .  2, fo r  any  ins t an t  t(x, v) of t ime  d u r i n g  the t e s t ,  we cou ld  f ind the c o r r e s p o n d i n g  
va lue  of Fox .  As had been  men t ioned  a l r e a d y ,  the va lue  of p a r a m e t e r  k in Eq. (9) was  d e t e r m i n e d  by  nu -  
m e r o u s  m e a s u r e m e n t s  of the  h e a t e r  s u r f a c e  t e m p e r a t u r e  as  a funct ion  of the hea t ing  t i m e .  

The  m e a s u r e m e n t  e r r o r s  w e r e  e s t i m a t e d  c o n s i d e r i n g  the m e a s u r e d  quan t i t i e s  to be  m u t u a l l y  indepen-  
dent .  Th i s  c o n f o r m s  to r e a l i t y ,  s i n c e  the e r r o r  in m e a s u r i n g  the t ime  is m i n i m a l .  It fo l lows f r o m  Eq. (7) 
that  the r e l a t i v e  e r r o r  in the  t h e r m a l  conduc t i v i t y  m e a s u r e m e n t  which  is due to s y s t e m a t i c  e r r o r s  can be  
e s t i m a t e d  f r o m  the equa t ion :  
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Fig. 3. Thermal  conductivity and thermal  diffusivity 
(m2/sec) in a layer  of moist grain. 
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Fig. 4. Bulk density (kg/m 3) of a pea layer  as 
a function of the moisture content (kg/kg) in 
the peas of the layer.  

Fo x (11) 

where, according to (9) and (10), the procedure  for 
est imating the e r r o r  in the Four ie r  number is: 

1) assuming t(x, r) - t o = t we have 

2) on the basis of this equation, the e r r o r  AZ 
is found f rom Fig. 2; 

3) the e r r o r  in the Four ie r  number is then de-  
termined f rom the relation: 

(12) 

AFo~ I AZ 
= 2 - : - .  (13 )  

z 

After the values of the individual te rms in Eqs. (11), (12), and (13) have been determined,  the range 
(x, v) is then determined within which the Values of t(x, ~') make it possible to calculate the thermal  conduc- 
tivity in a grain layer  so that under given conditions the e r r o r  of a single measurement ,  due to the total of 
sys temat ic  e r ro r s ,  is minimal. Such a range is shown, for illustration, in Table 2. 

The resul ts  of thermal  conductivity measurements  in a layer  of perfect ly  dry grain, with a zero  mois -  
ture content, are shown in Table 3 along with some physical  pa ramete r s .  

The graph in Fig. 3 represents  the thermal  conductivity in a grain layer  re fe r red  to the thermal con-  
ducttvtty of a layer  with perfect ly  dry grain. F r o m  this graph follows the equation: 

~.(u) = 1 + 2 .668u,  (14) 
~0 

which has been established by the method of least squares  with a 0.97 corre la t ion  coefficient. This equa- 
tion allows one to find the thermal  conductivity o f a  layer  of a given grain species within the range of mois-  
ture content 

0 ~. u .(.. 0.4 kg/kg, (15) 

if the thermal  conductivity is known for a layer of that grain when perfect ly  dry. 

F r o m  the thermal  conductivity in a layer  of moist grain one can determine the thermal  dtffustvtty m 
a layer  of moist  grain:  

a (u) = ~ (u) ( ~ 6) 
c ( . )  ~ (u) 

Using Eq. (14) and also Eq. (8) in the form:  

c(u) = Co + 4186.8u, (17) 

1153 



we obtain the following equation for the the rmal  diffusivity in a layer  of mois t  grain:  

a (u )=  ~0(1 ~- 2,668 u) 
(c o -}- 4186.8 u)u (u)" (18) 

It has not yet been establ ished mathemat ica l ly  how the l ayer  bulk density of gra ins  in a tes t  setup de-  
pends on the mois tu re  content in the grain,  but calculat ions can be  p e r f o r m e d  using the exper imenta l  data 
shown here  graphical ly .  Fo r  pea, the the rmal  conductivity of which has been determined,  the layer  bulk 
densi ty as a function of the mois tu re  content in the seed is shown in Fig. 4. This re la t ion  is of the same  
kind for  other seeds  as well.  The the rma l  conductivity of a pea l ayer  (Fig. 3) has been determined with 
the aid of Eq. (18), Fig. 4, and the data in Table  3. Even with the relat ion between the bulk density of a 
grain l ayer  and the mois tu re  content in the l aye r  r ep re sen ted  by an empi r ica l  equation only, it becomes  pos-  
s ible  to express  the diffusivity in a l ayer  of mois t  gra in  mathemat ica l ly  as a function of the mois ture  con-  
tent in the grain.  

NOTATION 

t is the t empera tu re ;  
x is the dis tance f r o m  the hea ter  surface;  
v is the time; 
a is the the rmal  diffusivity; 
k is the t e m p e r a t u r e  r i se  coefficient ,  at the hea te r  surface;  
~. is the t he rma l  conductivity of a grain  layer;  
~,(u) is the the rma l  conductivity of a grain layer  with a mois tu re  content; 
~0 is the the rmal  conductivity of a l ayer  with pe r fec t ly  d ry  grain; 
u is the mois tu re  content in the grain  of a layer;  
c is the specif ic  heat of the grain; 
~/ is the bulk density of a grain layer;  
Fo x is the F o u r i e r  number  at a dis tance x; 
e 0 is the specif ic  heat of pe r fec t ly  dry grain.  

1~ 

2. 
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