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GRAIN 

V. A. Zagoruiko 

Inzhenerno-Fizicheskii ZhurnM, Vol. II, No. 5, pp. 639--645, 1966 

UDC 631. 536.2 

This paper recommends ways of determining the coefficients of heat 
and mass transfer in bulk wheat grain with due regard to molar transfer 
of moist air. 

The u n s t e a d y  t e m p e r a t u r e  and m o i s t u r e  d i s t r i -  
but ions  in a p i l e  a r e  d e s c r i b e d  by a s y s t e m  of non-  
l i n e a r  d i f f e r en t i a l  equa t ions  [1]. When the s y s t e m  is 
so lved  by the  e l e c t r o t h e r m a l  ana log  method* r e l a -  
t ive ly  s i m p l e  e l e c t r i c  m o d e l s  can be used  to i n v e s -  
t iga te  the l aws  of hea t  and m a s s  t r a n s f e r  in t ow e r s ,  
and the op t imum condi t ions  of t r a n s f e r  can be  chosen.  

Solution of the  s y s t e m  of equat ions  [1] by the e l e c -  
t r o t h e r m a l  analog  method  r e q u i r e s  a p p r o x i m a t e  e x -  
p r e s s i o n s ,  which a r e  given below, fo r  the d e t e r m i n -  
a t ion  of the t h e r m o p h y s i c a l  c h a r a c t e r i s t i c s  of bulk  
wheat  f r o m  the e x p e r i m e n t a l  d a t a  a v a i l a b l e  in the 
l i t e r a t u r e .  

Heat  capac i ty ,  The hea t  c a p a c i t y  of f r e e - f l o w -  
ing g r a n u l a r  m a t e r i a l s  i s  r e l a t e d  in a complex  m a n -  
he r  to the t e m p e r a t u r e ,  m o i s t u r e ,  mode  of c u l t i v a -  
tion, and v a r i e t y  of the  gra in .  The e f fec t s  of mode of 
cu l t iva t ion  and v a r i e t y  of the  g r a i n  have  h a r d l y  been  
i nves t i ga t ed  at  a l l ,  but  the e x p e r i m e n t a l  da ta  on the 
hea t  c a p a c i t y  of d i f f e r en t  c r o p s  and v a r i e t i e s  of the 
s a m e  p lant  c o n f i r m  that  t h e s e  e f fec t s  a r e  p r e s e n t .  
The t e m p e r a t u r e  dependence  of the  hea t  e a p a c i t y  has  
not been  adequa te ly  i nves t iga t ed .  

There  a r e  f u l I e r  e x p e r i m e n t a l  da ta  on the ef fec t  of 
m o i s t u r e  content  of the  g r a i n  on the h e a t  capac i ty .  
E x p e r i m e n t a l  w o r k  in th is  f i e ld  by  v a r i o u s  i n v e s t i -  
g a t o r s  has  been  s u m m e d  up in [2]. An a n a l y s i s  of 
t he se  and o the r  i nves t i ga t i ons  shows that  the hea t  
c apac i ty  of the  m o i s t u r e  in the g r a i n  depends  on the 
mode of b inding with the g ra in .  Hence ,  the  r e l a t i o n -  
ship  be tween  the hea t  c apac i ty  and the m o i s t u r e  con-  
tent  i s  a l t e r e d  on t r a n s i t i o n  f r o m  p o l y m o l e c u l a r  
a f l sorp t ion  m o i s t u r e  (the s u b c r i t i c a l  m o i s t u r e  con-  
ten t  of whea t  [3]) to  c a p i l l a r y  m o i s t u r e  (mo i s tu r e  
content  above  the c r i t i c a l  l eve l ) .  In the h y g r o s c o p i c  
r eg ion  

C = ( 3 U 2 @ 4 . 2 5 U - :  ~ 1.25).103 fo r  U-~ 0.18, (1) 

C = ( 4 . 1 9 U 2 §  1.03).103 for  018s . -U-~0 .3 .  (2) 

Heat  conduct ion.  Heat  t r a n s f e r  in g r a n u l a r  m a t e -  
r i a l s  i s  a f fec ted  by  the hea t  conduct ion of the p a r t i -  
c les ,  the r a d i a t i o n  f r o m  p a r t i c l e  to p a r t i c l e ,  and the 
convec t ion  of gas  and m o i s t u r e  conta ined  among the  
p a r t i c l e s .  The to ta l  con t r ibu t ion  of convec t ion  and 
r a d i a t i o n  at  low va lues  of the g r a d i e n t  t and g r a i n  

* A paper on the method of electric simulation appears 

on pp. 363-365 of this number of the journal. 

diameter d = 3-5 mm does not exceet 3-7% of the 
total heat transfer, i.e., in these conditions the 

main heat transfer is due to contact heat conduction, 

which is given by the well-known expression 

k = 2d+  [ (U, l). (3) 

Both componen t s  in Eq. (3) depend  on the na tu re  of 
the m a t e r i a l ,  i t s  s t r u c t u r e ,  p o r o s i t y ,  s ta te ,  e tc .  

An a n a l y s i s  of the e x p e r i m e n t a l  d a t a . [ 5 - 9 ]  does  
not show the ef fec t  of the  g r a i n  t e m p e r a t u r e  on the 
heat conduction, since the experimental error and 

the effect of subsidiary factors (difference in vari- 

eties of grain, porosity, size of grains, impurities, 

etc. ) are much greater than the effect of tempera- 

ture. In the hygroscopic region a satisfactory agree- 

ment with the experimental data is obtained from a 

linear relationship between X and the grain moisture 

content 

)~ = )~d-k O.1U, (4) 

whe re  the hea t  conduct ion X d of the  d r y  whea t  m a s s  
is  g iven by  the  e x p r e s s i o n  [4] 

~d = (0.01867~ + 15170 -% 25600). 10 -~. (5) 

EXpress ion  (4) is  va l id  in the e a s e  of l o c a l  con-  
vec t ion  of the air in closed pores, ff the integral 

temperature of the grain layer is higher than the 

ambient temperature then molar transfer of damp 
air (filtration) due to the different air densities be- 

gins to occur in the channels between the grains. In 
this case the additional heat transfer can be taken in- 

to account by an effective thermal conductivity k e 

For a simple model where the grain layer is open on 

both sides (free access of air to the lower and upper 
parts of the layer), the value of X e by the zonal method 

of calculation is given by the expression 

~e = ~ +- c~ ~ ~h, (6) 

where  h i s  the  he ight  of the zone. The va lue  of h is  
chosen  so that  the t h e r m o p h y s i c a l  c h a r a c t e r i s t i c s  of 
the g r a i n  a r e  p r a c t i c a l l y  cons t an t  wi th in  the  r eg ion .  
The moisture precipitation coefficient of the air fl0w 

is 

r 5 p _ .  (7) 
1+c'p At 

Heat and mass transfer between a moving stream 
of moist air and grain involves an insignificant po- 

tential difference due to the large surface of heat and 

mass transfer and the low flow velocity. Hence, it 

can be assumed with sufficient accuracy for calcu- 

lations that the moist air in the spaces among the 

grains is in thermal and moisture equilibrium with 

the grain surface. In this case the function p(U, t) 
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can be de t e rmined  expe r imen ta l l y  f r o m  the equ i l ib -  
r i u m  m o i s t u r e  content  of the m a t e r i a l  at d i f ferent  U 
and t. 

The expe r imen ta l  data of [14] were  used to obtain 
approximate  vaIues of p(U, t) in the hygroscopic  r e -  
gion (from va lues  of U >- 0.07) and the t e m p e r a t u r e  
range  0 ~ C to 50 ~ C. 

In the region  of subc r i t i c a l  m o i s t u r e  content  of 
wheat the sorp t ion  is 

ps = [(0,257t ~ - -  1.05t + 33.5)U--  

- -  (0.01435t 2 - -  0.1045t + 1.95)1.10-::, (8) 

the desorp t ion  is 

Pd = [( 0"205t~ - -  0.41t + 30.8) U - -  

- -  (0.01008t e - -  0.034t 4- 1.95)]. l0 -:~. (9) 

In the region  of subc r i t i ca l  m o i s t u r e  content  of 
wheat the sorp t ion  is 

Ps = [( 0-06293t2 + 0.1405t + 7.52)U + 

+ (0.00871t 2 + 0.03347t + 1.817)]. 10-~; (10) 

the d e s o r p t i o n  

9d -~ [(0"0607t~ + 0.33t + 8) U § 

+ (0.00933t ~ --0.0127t § 1.68}). 10 -3. (11) 

Replacing the i n c r e a s e  in vapor  concen t r a t i on  Ap in  
(7) by the total  d i f fe rent ia l  of  the funct ion  p(U, t) we 
obtain 

= 1 § c; L[-a-g-hA-i- + ~, 

The weight flowrate G is d e t e r m i n e d  f rom the con-  
di t ion of equal i ty  of the up thrus t  of the a i r  flow and the 
ae rodynamic  r e s i s t a n c e  of the grair~ l aye r .  F r o m  the 
expe r imen ta l  data [10] on the ae rodynamic  r e s i s t a n c e  
of wheat  g ra in  for  the case  of I a m i n a r  f i l t r a t ion  of a i r  

G--%a~~ ( E t i h i 1 6 2 m  ~k 2 ~h; t . ) .  (13) 

In e x p r e s s i o n  (13) 

1 

k 455/y5 4- 1.15 ' (14) 

d = 0.124 I ~ mk/yb. (15) 

Accord ing  to the data of [10], the shape fac tor  for  
wheat and rye  g ra ins  is co = 1.55.  

Po ten t ia l  conduction.  The laws of m a s s  t r a n s f e r  in 
moi s t  m a t e r i a l s  have now been  adequate ly  inves t iga ted  
in Lykov 's  works .  The theore t i ca l  cour se  of the 
curve 

a m ~ f(U, t) 

for  typical  cap i l Ia ry  and col loidal  subs t ances  is i l l u s -  
t r a t ed  in [16, 17]. Incomplete  e x p e r i m e n t a l  data on 
the m a s s  t r a n s f e r  coeff icients  for  g r a n u l a r  m a t e r i a l s  
and food products  have been  obtained in [5, 1 1 - i 3 ]  
and e l sewhere .  Yet the avai lable  expe r imen ta l  m a t e -  
r i a l  i s  s t i l l  not suff ic ient  to e s t ab l i sh  the indicated  
r e l a t ionsh ip  for  g ra in  in a wide range  of m o i s t u r e  
contents  and in r e l a t ion  to the way in  which the mofs -  
t u r e  is bound with the m a t e r i a l .  The data of [13 ] 

show that the va lue  of a m d e c r e a s e s  with i n c r e a s e  in 
the m o i s t u r e  content  of the g ra in  (from m o i s t u r e  con-  
t e n t s  co r r e spond ing  approx imate ly  to the s t a r t  of po ly -  
m o l e c u l a r  adsorp t ion  up to the m a x i m u m  hygroscopic  
state).  There  is  a p a r t i c u l a r l y  pronounced reduc t ion  

o f  a m  in  the reg ion  of the subc r i t i c a l  m o i s t u r e  con-  
tent  of g ra in .  The coeff ic ient  of potent ia l  conduct ion 
a l so  depends on the t e m p e r a t u r e  and i n c r e a s e s  with 
i n c r e a s e  in  the l a t t e r .  F r o m  the expe r imen ta l  data 
of [13] we obta in  the following e m p i r i c a l  r e la t ionsh ip  
connect ing the m a s s  t r a n s f e r  coeff icient  with the 

m o i s t u r e  content  and t e m p e r a t u r e  of the grain:  

0.002125t 2 § 0 . 3 6 6 t -  5.9 
am = �9 10 -~. (16) 

100U - -  4.2 

F o r m u l a  (16) is  va l id  in the reg ion  0.2 <- U -< 0.3 
and 20 -< t -< 60 ~ C. The de t e rmina t ion  of a m for  
wheat in the r eg ion  of subc r i t i ca l  m o i s t u r e  content  
will  r e qu i r e  f u r t he r  expe r imen ta l  inves t iga t ions .  

The r ma l  m o i s t u r e  conduction, The r ma l  m o i s t u r e  
conduct ion in  bulk  gra in ,  as  in hygroscopic  m a t e r i a l s  
of inorgan ic  or igin,  depends on the way in which the 
m o i s t u r e  is bound with the m a t e r i a l .  In the region  
U = 0 - 0 . 0 3  (monomolecu la r  adsorp t ion  moi s tu re )  the 
t h e r m o g r a d i e n t  coeff ic ient  is  zero.  In the reg ion  of 
po lymolecu l a r  adsorp t ion  (approximate ly  up to the 
c r i t i ca l  m o i s t u r e  content) the value of 5 is not zero  
and depends weakly on U: 

6 = (g -- 0.02),/260. (17) 

In the reg ion  above the c r i t i c a l  m o i s t u r e  content  
of g r a i n  t he r e  i s  a sharp  i n c r e a s e  in  5, which reaches  
i ts  g r e a t e s t  value at the point  of the m a x i m u m  hy-  
groscopic  s ta te .  The d e t e r m i n a t i o n  of 6 for  wheat 
wil l  r e qu i r e  f u r t h e r  inves t iga t ions .  

As ment ioned  above, in bulk wheat g r a i n  the re  is  
t r a n s f e r  of heat  and mo i s tu re ,  which f i l t e r s  through 
the channe l s  between the g ra ins  in  the fo rm Of a vapor -  
a i r  mix ture .  With due r e g a r d  to the mo l a r  t r a n s f e r  
of mo i s t  a i r  the specif ic  m o i s t u r e  flux is 

] = --amyovU--amYo6V t ~ Ghvp.  (18) 

The value  of Vp is found f r o m  the exp re s s ion  [15] 

OU ]~ 

It follows f r o m  exp re s s ion  (19.) that  mo i s tu r e  t r a n s -  
f e r  by a v a p o r - a i r  m i x t u r e  conforms  to the same  law 
as m o i s t u r e  t r a n s f e r  in hyg r osc op i c  m a t e r i a l s .  Then, 
on the bas i s  of r e l a t ionsh ips  (18) and (19) we can 
wr i te  

] = -- ameYo V U--  am % 6eV t, (20) 

where  

ame= am ~ G h (  Op ) 
% \ 0U ]t '  (21) 

5 e ~ 5 •  Oh ( O p I 
amY--~-\ Ot ]u" (22) 

Biochemica l  p r o c e s s e s ,  p a r t i c u l a r l y  the r e s p i r a -  
t ion of the grain ,  have a s igni f icant  effect on the t e m -  
p e r a t u r e  and m o i s t u r e  d i s t r i bu t ion  in  bulk gra in .  It 
is known that  in r e s t i ng  (nongerminat ing)  seeds the 
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amount  of hea t  r e l e a s e d  dur ing r e s p i r a t i o n  is a l m o s t  
exac t ly  equal  to the to ta l  amount  of heat  p roduced  by 
the combust ion  of sugar .  

A cons ide r a t i on  of this and the e x p e r i m e n t a l  data 
of [18] for  the evolut ion  of CO2 dur ing ae rob i c  r e s -  
p i r a t ion  gave  e x p r e s s i o n s  fo r  the spec i f ic  ra te  of 
heat  and m o i s t u r e  r e l e a s e  in bulk wheat  g ra in :  

Q = Yo (2,24P -- 74.4F" -,~- 1708t -- 7140) x 

x (U/(1 + U ) - - 0 . 1 5 2 5 ) .  10 -~, (23)  

D = ~o(0.856t  a - -  28.52t 2 § 6541 - -  2740) x 

x (U/(1 4- U ) - -  0.1525).  10 - u .  (24)  

F o r m u l a s  (23) and (24) a r e  val id  in the t e m p e r a t u r e  
range  t = 0~ ~ C and fo r  m o i s t u r e  content  U = 

= 0 . 1 9 - 0 . 3 .  
The p roposed  ana ly t ica l  r e l a t i onsh ips  give mean  

e r r o r s  in c o m p a r i s o n  with the data of the e x p e r i m e n t s  
used  in the work  in  the fol lowing range :  f o r m u l a s  (1) 
and (2)---109; f o r m u l a  (4)--5%; f o r m u l a s  (8) and (11) 
--1.5%; f o r m u l a  (16)--59;  f o r m u l a  ( 1 7 ) - 0 . 5 9 ;  f o r -  
mulas  (23)and (24)--4%. 

The mean  e r r o r  of f o r m u l a s  (8)-(11) was  d e t e r -  

mined  in r e l a t i on  to the mean  squa re  va lues  of the 
e x p e r i m e n t a l  f i g u r e s .  

The e x p r e s s i o n s  fo r  the d e t e r m i n a t i o n  of the 
t h e r m o p h y s i e a l  c h a r a c t e r i s t i c s  of g ra in  w e r e  used 

to i nves t iga t e  the t e m p e r a t u r e  and m o i s t u r e  d i s t r i -  
butions in wheat  g ra in  by the e l e c t r o t h e r m a l  analog 

method.  The r e s u l t s  showed a s a t i s f a c t o r y  a g r e e -  
ment  be tween  the e l e c t r i c  s imu la t i on  data and the 
data of n o r m a l  e x p e r i m e n t s .  

E x a m p l e  of  ca l cu la t ion .  We wil l  d e t e r m i n e  the 

t h e r m o p h y s i c a l  c h a r a c t e r i s t i c s  and the spec i f ic  heat  
and m o i s t u r e  r e l e a s e  of the su r f ace  l a y e r  of wheat 

grain in the following conditions: height of pile I = 

= 2m; mean integral temperature of pile tg = Etihi/ 

/Ehi = 30 ~ C; height of surface layer h = 0.I m; 

temperature of grain on inner boundary of surface 

layer tin = 27 ~ C; temperature of grain on outer 

boundary of surface layer t s = 23 ~ C; temperature of 

outer air tex t= 20 ~ Yb =720kg of moist grain / 
/m 3 ; moisture content of grain on inner boundary of 

surface layer Uin = 0.22 kg of moisture/kg of dry 

matter; moisture content of grain on outer boundary 

of surface layer U s = 0.18 kg of moisture /kg of dry 

matter; shape factor of wheat grain w = I. 55; weight 

of i000 grains m = 0.07 kg; free acess of atmo- 

spheric air to bottom of stack. 

Solution. In view of the small height of the sur- 

face layer (0. Ira) we take a linear law for the tem- 

perature and moisture distribution over the height of 

the surface layer. Then the mean integral values of 

the temperature and moisture content of the surface 

layer are t m = 25 and Um = 0.2. 
The heat capacity of the grain, from (2), is 

C = [ 4 . 1 9 ( 0 . 2 ) ' - '  ~ 5 . 2 2 . 0 . 2  : 1.03].!,0 :~ 2241. 

The density of the dry matter is 

% =Yb (1 --t,m):= 72(! 1.2=:5~!~) 

The t h e r m a l  conduct iv i ty  of the d ry  m a t t e r  is,  

f r o m  (5), 
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)',d [0,0186-(600)'-' -.} 15! .600 -}. 25600]. 10 -U = 0.1229 

and of mo i s t  gra in ,  f r o m  (4), is 

;, ..... 0.1229 + 0 .1 .0 .2  = 0.1429. 

We d e t e r m i n e  the equ i l i b r i um concen t ra t ion  of 

mo i s t  a i r  in the su r f ace  l a y e r  f r o m  Eq. (10) with tin= 
= 25 and U m = 0.2 (sorpt ion  at  s u p e r c r i t i c a l  m o i s t -  
u re  content).  The pa r t i a l  d e r i v a t i v e s  a r e  

(0~7-~, t = 10- :~,0.06293(25)~-~ 0. I 4 0 5 . 2 5 - !  7 . 5 2 j - : 0 0 5 0 3 ,  
\ ou / l 

Op ! = [ 0 . 2 ( 0 . 0 6 2 9 3 . 2 . 2 5 + 0 . 1 4 0 5 ) + 0 . 0 0 8 7 1 . 2 . 2 5 _ 4 _  
-at  /u 

+ 0.033471- 10 -'~ = 1.1264" 10 --3. 

The coef f ic ien t  of m o i s t u r e  p r ec ip i t a t i on  of the 
mo i s t  a i r  in the su r f ace  l aye r ,  f r o m  (12), is 

~ = = 1 +  

2444'10a [0.0503 0.27--0.18 +0.001126]=,=4.88, 
+ L 2 7 - 2 3  _L 

The coef f i c i en t  of packing dens i ty  of the gra in ,  

f r o m  {14), is  

1 
k = = 0.56. 

455/720 q- l .  15 

The equ iva len t  d i a m e t e r  of a s ing le  grain,  f r o m  

(15), is 

d = 0 .1241 ~ 0 .07 .0 .56 /720  = 0.0047. 

The weight  r a t e  of f i l t e r i ng  a i r ,  f r o m  (13), i s  

G = 1.293.9.81. (0.0047) 2 �9 ( I --  0.56) 3 (30 - -  20) ~= 
273. 162,15.5.10-6.(1.55)2(0.56)2 

= 46.25.10 -6. 

The e f f ec t ive  t h e r m a l  conduct ivi ty ,  f r o m  (6), is 

~ e =  0.1429 ~' 1025.4.88.46.25.10-G-0.1 = 

= 0.1429 ~- 0.0232 = 0. 1661. 

The m o i s t u r e  diffusion coeff ic ient ,  f r o m  (16), is 

0.002125 (25) 2 ~- 0.366.25 - -  5.9 
am = �9 10 -9 = 0.29. i0-L 

100.0.2--4.2 

The e f f ec t ive  m o i s t u r e  diffusion coeff ic ient ,  f r o m  

(21), is  
46.25.10-6.0.1 

a~e=  0_29- 10 -9 -t- 0.0503 = 0.68.10-% 
600 

We d e t e r m i n e  the t h e r m o g r a d i e n t  coef f ic ien t  ap-  

p r o x i m a t e l y  f r o m  (17), s ince  the l a t t e r  is val id  only 

in the reg ion  of the s u b c r i t i c a l  m o i s t u r e  content  of 

wheat  (U < 0o 18): 

6 = (0.2 - 0 .02) '260 = 0 .692 .10  :L 

The effective coefficient of thermal moisture con- 

duction from (22) is 

5e = 0.692. I0 -a + 

-I- 46.25.10 -6. 0.I. 1.1264.10-'3,,0.29 , I0-9.600 = 0.0307. 

The specific rate of heat release of the grain from 

(23) is 

Q = 600, I0 -~ [2.24 (25) :~ -- 74.4 (25) ~ q- 1708.25 --7140] • 

"4 l0 2 / ( t  q- 0.2) - -  0.1525] = 20.45. 
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The specif ic  ra te  of mois tu re  r e l e a s e  of the grain 
f rom (24) is 

D = 600. l0 -11. [0.856(25) 3 - -  28.52 (25) 2 + 654.25 - -  27401 • 

• [0.2/(1 -~ 0.2)--0.1525] = 7.83. l0 -7. 

NOTATION 

C is the reduced specif ic  weight heat  capaci ty  of 
gain, J / k g  of dry m a t t e r ,  deg; c~ is  the reduced spec i -  
fic weight heat capacity of mois t  air ,  J / kg  of mois t  
a i r -  deg; X is the the rmal  conductivity, W/m �9 deg; 
~,i 0 is  the densi ty of dry ma t t e r  of grain,  kg of dry  
mat te r /m~;  70a is the densi ty of a i r  in normal  condi-  
t ions,  kg of mois t  a i r /m3;  ~/b is  the bulk densi ty of 
grain,  kg of mois t  grain/m3; a m is the mois tu re  dif-  
fusion coefficient,  m2/sec;  5 is  the thermogradien t  
coefficient,  kg of m o i s t u r e / k g  of dry  m a t t e r ,  deg; 
p is the concentrat ion of vapor  in v a p o r - a i r  mixture,  
kg of m o i s t u r e / k g  of mois t  a i r ;  r is  the heat of phase 
t ransi t ion,  J /kg;  v is the k inemat ic  v i scos i ty  of air ,  
m2/sec;  g is the gravi ta t ional  constant, m / s e c t ;  /3 0 
is  the coefficient of bulk expansion of air ,  1/deg; d 
is the equivalent d i ame te r  of grain,  m; k is the co- 
efficient of packing density of grain; w is the grain 
shape factor ,  m is the weight of 1000 grains,  kg; Q 
is the specif ic  ra te  of heat  r e l e a s e  of grain,  W/m 3 ; 
D is the speci f ic  ra te  of mois tu re  r e l e a s e  of grain, 
kg of mo i s tu r e /m3 ,  sec; G is the weight ra te  of a i r  
f i l t ra t ion,  kg of mois t  a i r /m2 ,  see; t is the t e m p e r -  
ature,  ~ U is the mois tu re  content of grain,  kg of 
mo i s tu r e /kg  of dry mat ter .  Subscr ipts :  H denotes 
ambient  medium; i denotes regions of grain mass ;  e 
e means  effective.  
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