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SIMULTANEOUS DETERMINATION OF THERMOPIIYSICAL CHARACTERISTICS 
OF MOIST MATERIALS FOR ANY VALUES OF THE FOURIER NUMBER 

A. A. Lisenkov 

Inzhenerno- Fizichesldi Zhurnal, 

UDC 536.37 

An improved method of simultaneous determination of the thermo- 
physical characteristics of moist materials, applicable at any (small 
or large) values of the Fourier number, is discussed. 

In a n u m b e r  of c a s e s ,  combined  me thods  of d e t e r -  
min ing  s e v e r a l  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  u s ing  
a s t a n d a r d  subs t ance  a r e  v e r y  e f fec t ive  and convenien t  
[ 1 -3 ] .  One of  t h e s e  i s  t h e  method of N. N. Bab 'ev ,  
which i s  used  to d e t e r m i n e  f ive coe f f i c i en t s  (k, a, e, 
am,  5) in one e x p e r i m e n t  and does  not involve  cut t ing 
up the s a m p l e .  A d i s a d v a n t a g e  of  the method i s  tha t  
i t  i s  usefu l  fo r  d e t e r m i n g  the hea t  t r a n s f e r  coe f f i c i -  
en ts  only  at  s m a l l  va lue s  of  the  F o u r i e r  n u m b e r  (Fo -< 
<- 0 .5 ) .  

The method  of  N. N. BabTev invo lves  a s y s t e m  con-  
s i s t i ng  of a finite (test) and an infinite (standard) cylin- 
der butted together at the ends and thermally insulated 
on the lateral surfaces. The free end of the finite 

cylinder is heated by a constant heat source. The 
basis of this approach is the analytical solution of 
problems of heat conduction by an operational method 

using an expression for representing the unknown 

function (temperature) in a form convenient for prac- 

tical use at Fo _< 0.5, i.e., 

T(x, S) = A iexp (~ / -~ax )  + Blexp(V-g~ax)  �9 ( la )  

We sha l l  i n v e s t i g a t e  the  p o s s i b i l i t y  of so lv ing  the 
p r o b l e m  in a f o r m  conven ien t  fo r  Fo > 0 .5 .  In th i s  
c a s e  the  so lu t ion  m u s t  be  sought  in the  f o r m  

T (x, S ) = A  co th  l f lS /ax  , B s m h ~  S/a x, (Ib) 

Then,  on t r a n s f o r m i n g  to the  o r i g i n a l ,  f o r  the  condi -  
t i ons  of  the  p r o b l e m  we obta in  

cot  ,% = K~i; i=] / -~~- i .  

Since the  quant i ty  K e i s  a lways  pos i t i ve ,  the  equa-  
t ion  h a s  only  i m a g i n a r y  r o o t s  Pn,  and to e x p r e s s  the  
o r i g i n a l  by  m e a n s  of funct ions  of  r e a l  v a r i a b l e s  i s  
i m p o s s i b l e .  Th is  exp l a in s  the  i n a p p l i c a b i l i t y  of the  
g iven  me thod  fo r  v a l u e s  of  Fo > 0 .5 .  

Our  o b j e c t  i s  to mod i fy  the  i n i t i a l  da ta  so  as  to ob -  
t a i n  r e a l  so lu t ions  in a f o r m  conven ien t  fo r  l a r g e  
v a l u e s  of  Fo .  A c c o r d i n g l y ,  we sha l l  e x a m i n e  a s y s -  
t e m  of  two f in i te  c y l i n d e r s  ( tes t  and s t anda rd )  of  s i m -  
i l a r  length,  touch ing  at  the  ends  and t h e r m a l l y  i n s u -  
l a t ed  on t h e i r  l a t e r a l  s u r f a c e s .  The f r e e  ends  of the  
c y l i n d e r s  a r e  h e a t e d  b y  c o n s t a n t  hea t  f luxes  of  the  
s a m e  magn i tude .  The so lu t ion  of  the  p r o b l e m  us ing  
equa t ion  ( lb)  l e a d s  to  the  c h a r a c t e r i s t i c  equa t ion  

K f lan  :,. + tg K~/~ ~,~ = 0 

with r e a l  r o o t s  # n. 
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t l (x ,  ~ ) - - t o  = 

Assuming ,  as  usua l ,  tha t  at  Fo >- 0 .5  exponent ia l  
funct ions  of the  f o r m  exp ( - k a g ~ F o )  a r e  equal  to 
ze ro ,  a f t e r  s i m p l i f i c a t i o n  we obta in  the  fol lowing e x -  
p r e s s i o n  fo r  the  t e m p e r a t u r e  of  the t e s t  (tt) and s t an -  
da rd  (tz) s p e c i m e n s :  

2qc K~. / al ~ x2 + R ( 1 - -  KT ~ Ka ) x 

>,~(Kx + Ki) [ -R - -  q 2R ' 

4-  
12 (K~. -i-/(~) 

( a , , ,  x 2 + R ( K x  K : ' - - l ) x  2qc Ka . _} _{_ 

M (K~ + K.) I - - R -  2R 

, (K~--3Kx + K ~ K ~ - - 3 ) R  (2b) 
7 

12 (K~, + K~) 

F r o m  the so lu t ions  (1) and (2) the  v a l u e s  of  a 1 and 
k 1 can  be  d e t e r m i n e d .  F o r  t h i s  we c o n s i d e r  the  fo l -  
lowing e x c e s s  t e m p e r a t u r e  r a t i o s  d e t e r m i n e d  f r o m  
e x p e r i m e n t :  

q(O, . r  _ t~(O, { " ) - - t o  , (3) " 
tl (0, z") - -  to G (0, T") - -  to 

t i ( - - R ,  ~ ) - - to  = ~, ( 4 )  
ti (0, z) - -  to 

t~(R, ~) to = ~ .  (5) 
t2 (0 ,  z )  - -  to 

The  unknown va lue  of  a 1 i s  obta ined  f r o m  the s i m u l -  
t aneous  so lu t ion  of (3) and (5): 

K~, (1 - - m ) R  2 a l  = ( 6 )  
2(1 - - ~ ) [ ( ' d " -  m . ( ' ) - -  ( i - -  m) ~] 

The number K X i s  determined from the simultan- 
eous solution of ( la ) ,  (3), (4), and (6): 

K~. = { 4a~ (1 - -  ~:) [ ( z " - -  rn C ) - -  (1 - -  rn)~] - - (1  - - m ) R  2 } X 

X (2no. ( 1 -  ~l) I (~"- -  m C ) - -  (1 - -  m)-c] }-k (7) 

In g e n e r a l ,  the  va lue  of ~ m a y  l i e  in  the  r ange  ~-" -< 
s T <-- ~" .  F r o m  the condi t ions  of  a v e r a g i n g  we s h a l l  
he nc e fo r th  t ake  

= 0.5 ({" + {). (8) 

to ( x ,  ~ )  - -  to - 

The unknown v a l u e s  of h 1 and C 1 a r e  d e t e r m i n e d  
f r o m  the f o r m u l a s  X i = Kk~,2; c 1 = hi~alP I. 

The t h e r m a l  g r a d i e n t  coe f f i c i en t  5 i s  d e t e r m i n e d  
f r o m  the b a s i c  equa t ion  of s t e a d y - s t a t e  m e t h o d s :  

a u = - ~  a_[Q. (9) 
ax ax 
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We wi l l  f i r s t  c l a r i f y  the c h a r a c t e r  of the c u r v e s  
r e p r e s e n t i n g  the t e m p e r a t u r e  d i s t r i bu t ion  a l o n g t h e  
length of*the c y l i n d e r s  Fo >- 0 .5 .  

/ / / J / / / / / / / ~  r  

~,.a,.c, a,.a~,c~ ! q, 
,r ,q 

~ ' / / / / / I / / / / /  I / / I / I / 1 1 1 / /  

:  51o/: 

Fig.  I .  D i s t r ibu t ion  of t e m -  
p e r a t u r e  and m o i s t u r e  con-  
ten t  a long the length of the  

s a m p l e s .  

A n a l y s i s  of the so lu t ions  ( la )  and ( lb)  shows that  
t he se  c u r v e s  a r e  p a r a b o l a s  u n s y m m e t r i c a l  with r e -  
s p e c t  to the  o r d i n a t e  ax i s  (Fig.  1). The a b s c i s s a s  of 
the  v e r t i c e s  of t he se  p a r a b o l a s  a r e  

Xo, = - - R ( K ' ~  K - ~ ' - -  1)/2K~ K7 ' ;  Xo. = - -  R(Kz  K a  1 -  1)/2. 

Consequen t ly ,  two c a s e s  a r e  pos s ib l e :  

1) K~.K~-'~. 1; Xo,<0; Xo,<0; (10) 

2) K~/~- ,~<I ;  Xo,>0;  Xo,>0.  (11) 

In the f i r s t  c a s e  the  v e r t i c e s  of the p a r a h o l a s  l ie  
in the  r eg ion  of  the t e s t  s a m p l e ,  and in the second  in 
the  reg ion  of the s t anda rd .  With r e s p e c t  to conven-  
i ence  of a n a l y s i s  of the e x p e r i m e n t a l  da ta ,  i t  i s  n e c -  
e s s a r y  to c o n s i d e r  the c a s e  

K~Kg'=c ,~ /c ,p ,~>l  o r  c2p2>qp , .  (12) 

Thus ,  the  vo lume  heat  c a p a c i t y  of  the s t a n d a r d  m u s t  
be  g r e a t e r  than that  of the  t e s t  s a m p l e .  

In d e t e r m i n i n g  the p r o p e r t i e s  of many  f ib rous  m a -  
t e r i a l s ,  d r y  qua r t z  sand was  taken  as  a s t anda rd .  

S t a r t i ng  f r o m  (9), we a s s u m e  tha t  in the q u a s i -  
s t e a d y  s t a t e  a p a r a b o l i c  t e m p e r a t u r e  d i s t r i b u t i o n  
c o r r e s p o n d s  to a p a r a b o l i c  m o i s t u r e  content  d i s t r i b u -  
t ion.  On a s ec t i on  of the  t e s t  s a m p l e  the  equat ions  of  
t h e s e  p a r a b o l a s  can  be w r i t t e n  in the  f o r m  

atx'--  btx = t(x, x) -- t(O, ~), ( l aa )  

- -  a . x '  -a: b . x  = - =  u (0,  ~) + u (x,  ~). (13b) 

Hence  it fo l lows tha t  a u = 6a t ,  b u = 6b t.  
We e x p r e s s  the  unknown coef f i c i en t  a s  

The  coef f ic ien t  a u can be d e t e r m i n e d  f rom the fo l -  
lowing c o n s i d e r a t i o n s .  The mean  m o i s t u r e  content  of 
the  t e s t  s a m p l e  i s  a s s u m e d  cons tan t ,  s ince  i t  i s  h e r -  
m e t i c a l l y  s e a l e d  and insu la ted  f r o m  m o i s t u r e .  Under  
the ac t ion  of a t e m p e r a t u r e  f i e ld  r e d i s t r i b u t i o n  of 
m o i s t u r e  t akes  p l a c e  ins ide  the t e s t  s a m p l e ,  l ead ing  
to d i s t u rbance  of the equ i l ib r ium of the s y s t e m .  F r o m  
e x p e r i m e n t  i t  is  p o s s i b l e  to d e t e r m i n e  the i n c r e m e n t  
Am needed  to r e s t o r e  the s y s t e m  to equ i l ib r ium.  
S ta r t ing  f rom (13b), by the methods  of g e o m e t r i c a l  
s t a t i c s  we find the a b s c i s s a  of the point  A and the cen -  
t e r s  of g r a v i t y  C ' and C of the c o r r e s p o n d i n g  to f ig -  
u r e s ( F i g .  1): 

r37 X A = - - / 3 /  [ . + Jr' 

3 b, I n/2 (14) 

x c, = (15) 

3 ( . t  + P )  - 2 _b~_ (x~ - 2R 3) - 6 .~ R' + 8 b .  xA R, 
a u a u  

212(2x3a--Ra)--3 bu ( x ~ - L I ~ ) + 6 x ~ R - - 6  bu :cAR] 
( l  u a u 

X C = 

The r a t i o  bu/a u i s  

x A (3x a - -  2b,,/a.) 
2 (4xa - -  3 bJa.)  

(16) 

found f r o m  the so lu t ion  of (i):  

b, b, R (& - -  K~ 

a u a t K~, 

(17) 

This  r a t io  can be r e p r e s e n t e d  in ano the r  f o r m ,  by 
c o n s i d e r i n g  equ id imens iona l  f i gu re s  KLMN and ADB. 
F r o m  the equa l i ty  of the a r e a s  of t h e s e  f i gu re s  we 
have 

Mdry' 

whence 

bu _ 2(2x~ -k- 3AMR/auMdry) 
a. 3x~ (18) 

The quant i ty  AM can be c a l c u l a t e d  f rom the va lue  
A m  and the g e o m e t r i c a l  c h a r a c t e r i s t i c s  

A M = 2 A mR/(x c, - -  xc). 

Equating the right hand sides of (17) and (18), we 
obtain 

- -  6A MK~ R 
am = MdryX2 A [4K~ x A - -  3R (K~ - - K , ) I  " (19) 

To c a l c u l a t e  the  coef f i c ien t  a t  we t ake  (13a), put t ing 
X = - R :  

o --- a. /a t. a tR z + btR - -  A t. (20)  
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From (20), with account for (17), we obtain 

at = Kx h t /R  2 (2Kx + Ka) 

from which we get, in final form, 

~ = a__s_. = 6 A  M ( 2 K ~  - -  K ~ )  R 3  

a, x~ [4K~ x A - -  3R (Kx - -  K~) A t Mciry ]' 

The coefficient a m is determined using 

(21) 

where 

I at + a. ]1-, a,, = i Pc\ Ox Ox l J ' (22) 

A (A M) 4R (Am" - -  Am') 
i 

S A~ S (~"-- ~') 

It is important that this interval of time &T must  
precede and immediately adjoin the moment co r r e -  
sponding to onset of the quasi-steady state. In p rac -  
tice we determined the value of r" f rom the cessation 
of the moisture flow when the equilibrium of the sys-  
tem was not disturbed. This was further  checked 
against the emergence of a l inear dependence of the 
change of temperature  with time. 

Numerical  values of 8t/Sx and 8u/0x are found from 
(13a) and (13b) for a value of the time corresponding 
to the condition ~ = 0.5 (T' + r"). We established by 
direct  experiment that in a given time interval &7 = 
= T" -- r '  a parabolic law of distribution temperature  
and moisture  gives a bet ter  approximation than a lin- 
ear  law. The developed form of (22) is 

a m = i { Pc [~ (2a~x--bt) -- 2aux + bu] }-~ 

at x = x A. 

The complexity of (7), (14), (15) and (21) is only 
apparent. In pract ice  the computation takes a few 
minutes. 

Fig. 2. Schematic of experimental  setup: 1) green 
corn (test sample); 2) quartz sand (standard); 
3) infrared lamp; 4) PP  potentiometer;  5) galvano- 

mete r ;  6) thermal  insulation. 

The experimental setup is shown schematically in 
Fig. 2. The samples were placed in a glass cylinder 
36 mm in diameter and 150 mm in length. In the mid- 
dle and at the ends of the cylinder copper foil discs 
were placed to give a thorough hermetic s e a l  The 
temperature  of the samples was measured at the indi- 
cated points by copper-eonstantan thermocouples. The 
"cold" junction was placed in the standard substance 
at the temperature  of the surrom~ding medium, which 
was checked by the galvanometer. Consequently, the 
readings of the potentiometer gave the excess tempera-  
ture. All the experimentally determined quantities 
were measured every 3-5  rain. 

5 ~ ~ z5 25 
! 

3 ~ - -  /.5 ' Z5 

/ ~ r--- 0.5 0 9  

o! .... o .o 

a,n./O r b 

~*--Z-A]~'-- ~ --'-'-~ ,'~c-~ !5 O J5 

7.5 O.05 

0 mO 2OO 3OO ~00 5OO 

Fig. 3. Dependence of thermophy- 
sical charac ter is t ics  of green corn 
on moisture  content, %: I) X; 2) a; 
3) c; 4) am; 5) 6; 6) Lu; tile con- 
tinuous lines correspond to sam- 
ples obtained by chopping at right 
angles to the fibers; the broken 

lines to crushed samples. 

The apparatus is so designed that Babev's method 
and our proposed method can be combined in one ex- 
periment. In this case at first only the 1eft lamp was 
switched on, then after the temperature at the right 
free end began to rise, the right lamp. Figure 3 
shows the results  of determining the coefficients of 
heat and r~ass t ransfer  by this and other methods~ 

As test mater ia l  we took green corn of the Odessa 
10 var ie ty  in the state of milky-waxy ripeness.  Test  
samples were prepared from ears  of different mois -  
ture contents chopped at right angles to the f ibers 
(distance between chops 30-40 mm) and crushed be-  
tween rol lers .  Comparison of the curves shows that 
crushing significantly changes near ly  ail the the rmo-  
physical  charac te r i s t i cs  (apart f rom the specific heat) 
both in absolute magnitude and in the form of their  
dependence on mois ture  content. The general  nature 
of these changes corresponds  to a "weakening" of the 
bond between mois ture  and mater ia l ,  to an increase 
in the quantity of free water. In par t icular ,  the points 
of inflection of the k and a curves (Fig. 3) are  shifted 
to the left. The same shift is observable in the curves  
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of both a m and 6. In this  case  the n u m e r i c a l  va lues  of 
a m in the range  of m o i s t u r e  contents  f rom 50 up to 
400% a re  cons ide rab ly  h igher  for  the c rushed  corn.  
The m a x i m u m  value of the t h e r m a l  g rad ien t  coeff i-  
c ient  6 is reduced by crushing .  The value of 6 ap-  
p roaches  zero  at a lower  m o i s t u r e  content  (of the 
o r d e r  of 300-350%) than for  chopped corn.  The m o i s -  
t u r e  content  co r re spond ing  to a zero  value of 6 i s ,  as 
is  known, the approximate  boundary  between a dso r p -  
t ion-bound and f ree  mo i s tu r e .  This  in some m e a s u r e  
con f i rms  the a s s u m e d  i n c r e a s e  i n  the quant i ty  of f ree  
m o i s t u r e  on crushing .  A fu r t he r  indica t ion  is  the 
s t eepe r  slope of the l ine cha rac t e r i z ing  the change in 
the Lu n u m b e r  for  the c rushed  corn.  

As our  d i r ec t  expe r imen t s  show [4], c rush ing  the 
g r e e n  c o r n  s igni f icant ly  shor tens  the dry ing  t ime  and 
sharp ly  i n c r e a s e s  t h e q u a l i t y  of the d r i ed  product .  

NOTATION 

- - ;  K~ = Ko = - -  - -  ) coefficients char- 

acterizing the thermal properties of the first cylinder in relation to 
the second; c) specific heat; am) mass-transfer coefficient of poten- 
tial conduction; to) temperature of surrounding medium; At) tern- 

perature difference of ends of test sample determined by experiment: 
qc) heat flux density; R) length of cylinder; m) ratio of excess tem- 
peratures of abutting ends of cylinders at times r"  and r"; r ' )  time 
corresponding to beginning of quasi-steady state; 8) ratio of excess 
temperatures of heated and abutting ends of cylinders at time r; 
S) cross-sectional area of cylinders; AM) m a s s  of displaced moisture; 
Mdry ) dry mass of sample; P0) density of dry sample; i) mositure flux; 
Am) mass increment restoring system to equilibrium; Lu) Luikov num- 
ber; Fo) Fourier number. Indices: 1) test sample; 2) standard. 
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