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A concept is descr ibed  f r o m  which it is poss ib le  to  fo rmula te  an effect ive heat  conduction 
equation in which the p a r a m e t e r s  a r e  functions of the p rope r t i e s  and the s ta te  of the m a t e r i a l .  
A method is p roposed  for  the solution of s i m i l a r  p r o b l e m s ,  noting the difficulties which occur  
at each s tage  of the s i m i l a r  approaches .  

In the cou r s e  of many  yea r s  the author has solved a va r i e ty  of p rob lems  in the determinat ion of the 
t empora l  and spat ia l  dis tr ibution of t e m p e r a t u r e s  in the mos t  var ied  d i s p e r s e  objects (soil,  physiological  
solutions and compounds,  semiconduc tors  and d ie lec t r ic  composi t ions  having in addition adsorpt ion qual i -  
t ies) ,  and also in other va r ie t i e s  of s t r uc tu r e s  of a d i s p e r s e  na ture .  

The m o s t  common d i s pe r s e  m a t e r i a l  is a two-phase  (dry) or a t h r e e - p h a s e  (moist) sy s t em:  a f r a m e -  
work  or skeleton compr i s ing  a col lect ion of l a rge  numbers  of solid par t i c les  of var ious shapes  and s izes  
sepa ra ted  f r o m  each other by gaps which a r e  fi l led with gas ,  mo i s tu re ,  or  both s imul taneously .  In other 
c a se s  this f r a m e w o r k  can be a gas or a liquid containing solid pa r t i c les  of ex t r eme ly  smal l  dimension,  
down to 10 -~ c m.  

If we study only c o m m e r c i a l l y  impor tant  d i spe r s e  m a t e r i a l s  we shall be dealing in the f i r s t  c l ass  with 
powdered,  g ranu la r ,  sca ly ,  and f ibrous  m a t e r i a l s  which a r e  widely used in engineering p rac t i ce .  A c h a r a c -  
t e r i s t i c  of the objects just  enumera ted ,  which should be  cal led c a p i l l a r y - p o r o u s  subs tances ,  is the c o m -  
pa ra t ive ly  l a rge  dimension of the par t i c les  f r o m  which the solid f r a m e w o r k  of the s y s t e m  is cons t ruc ted  
( f rom 0.1 m m  upwards) .  

Building m a t e r i a l s ,  heat  insu la tors ,  soi ls  and ea r ths ,  coal,  nu t r i t ives ,  e t c . ,  for  a l a rge  pa r t  consis t  
of a solid base ,  the par t i c les  of which a r e  m e a s u r e d  in tenths of a 'mi l l imeter  or  in whole m i l l i m e t e r s .  

Noting the mul t iphase  nature  of c a p i l l a r y - p o r o u s  subs tances ,  we have  to imagine that  the following 
m e c h a n i s m s  for  heat  t r a n s f e r  opera te  in them:  

1) the rma l  conductivity along the s epa ra t e  pa r t i c les  or e lements  of the solid skeleton of the m a t e r i a l ;  

2) heat  t r a n s f e r  due to t he rma l  conductivity f r o m  one par t i c le  to its neighbor where  they a r e  in d i rec t  
contact;  

3) mo lecu l a r  heat  conduction in the med ium filling the gaps between the pa r t i c l e s ;  

4) heat  t r a n s f e r  at the boundary between the solid par t i c les  and the medium;  

5) radiation from one particle to another; 

6) convection of the gas and m o i s t u r e  between the pa r t i c l e s .  

All these  p r o c e s s e s  can be reduced to four  types  of p r o c e s s :  1) heat  conduction; 2) convection of the 
gas or  liquid; 3) radia t ion in the po res ;  4) t r anspo r t  of mo i s tu r e  by the liquid. 

The determinat ion of the t e m p e r a t u r e  field in a ma t e r i a l  in which all t hese  f ac to r s  opera te  is a p rob-  
l e m  of exceptional complexi ty  and a single ru le  fo r  its solution would be the construct ion and solution, fo r  
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each actual case, of a system of four initial equations: heat transport by conduction, convection, radiation 
and moisture. 

The theory of heat and moisture exchange is at the present time a very strict and fruitful concept which 
can conveniently be used to solve the above problems on the basis of the theoretical and experimental re- 
sults obtained by Lykov and his colleagues in the most diverse branches of science and technology [1-3]. 

Much more restricted, but frequently leading to a positive result, is the author's approach, which he 
calls the method of the field of thermal characteristics. It should be emphasized that neither in scale, nor in 
breadth of application, nor in their actual potentialities, can the methods developed by the author, which 
are essentially rather special, be compared with the universal and widely developed ideas of heat and mass 
transport. In addition, in no case does the author propose that they be considered in opposition to the 
theory of heat and mass transport; rather, they are a useful, albeit restricted, complement. 

We are discussing here the proposition which must be considered in constructing and solving the equa- 
tions describing effective heat conduction in a disperse material [4-5]. We have to regard the material as 
a quasihornogeneous substance to which we can apply the equation of heat conduction, which takes into ac- 
count the real and specific features, structure, properties, and state of the material. To accomodate the 
specific characteristics of the material, the thermophysical characteristics in the equations of heat conduc- 
tion for such multiphase and complex systems are assumed not to be constant, as is usual for solid bodies, 
but to be functions of the temperature, the time, and the coordinates. These functions must reflect the true 
relations between the thermophysical characteristics and the properties and state of the substance which 
occur in the actual conditions. Because radiation, convection, and mass transport occur in disperse sys- 
tems, these characteristics are effective or equivalent quantities. The essence of our assumption is that 
in analyzing and determining the temperature field in disperse materials it is possible to use not only the 
system of equations for conductive, radiative, and mass-transport conduction, but also a single heat con- 
duction equation in which because of the processes mentioned, the coefficients are complex functions of the 
coordinates, t~me and temperature 

0 1 51 I ] I ] c - - =  ;~r (x, T, t) + ;~,~(x,-c, 0 a t ]  + o at o at 
o.~ Ox Ox _I ~ z ,  (x, -~, t ) ~  x + 7x Zm(x, ~, t)-ff[ x . (1) 

Here c is the volumetric  heat and ~ is the coefficient of thermal  conductivity. One-dimensional (this r e -  
s t r ic t ion is assumed only for simplicity of exposition) and unsteady heat propagation is based on the equation 

Ot Oq 
c O~ Ox (2) 

which states that the heat content of the mater ia l  is equal to the derivat ive of the total heat flux q which is 
the sum of four fluxes qT, qc, qr,  and qm'  determined respect ive ly  by the conductive heat liberation, con- 
vection, radiation, and mois ture  t ransport :  

q = qr 4- qc -[- q.~ + qm (3) 

With the familiar expression 

Ot 
q=  ~ . r - -  

Ox (4) 

we introduce fo rmal ly  the coefficients of heat conduction by convection (kc), radiation (Xr) , and mois ture  
conduction (Xm) and express  the remaining equations in the fo rm (4): 

0t 
q ~ = ~ . - - ,  i = c ,  ~, m. 

Ox 

The solution of each actual problem reduces  to an ability on the basis of experiment and physical con-  
s t ruct ions ,  to express  explicitly the relat ion between the thermal  charac te r i s t i c s  /~T, ~c, kr, and c on the 
one hand and the t empera ture ,  the t ime, and the coordinates on the other.  We substitute the relat ions 
obtained in the equation, which we integrate to obtain the solution in the fo rm t = f(x, T, t). The greates t  
difficulties ar ise  at the s tage when we have to express  the proper t ies  and state of the substance in the fo rms  
X(t, x, ~-) and c(t, x, ~-). We call this stage the establishment of the field of thermal  cha rac te r i s t i c s .  

If the field of thermophysical  charac te r i s t i c s  is explicit and established, we can, with its help, approach the 
mas t e r y  of the second stage of the problem - the determination of the solution of the equation of heat conduction 
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with var iable  charac te r i s t i cs .  Although this approach cannot be considered easy,  the resul ts  achieved by 
its use in the solution of problems in the thermal  conditions of a soil tes t i fy  in its favour [6, 7]. Of course ,  
these resul ts  are  achieved after  a whole se r ies  of simplifications.  The fundamental simplifications a re :  1) 
that in soils the variable nature  of k and c, par t icu lar ly  in diurnal p rocesses  is determined essent ial ly  by 
the change in the proper t ies  and state of the object along the coordinate,  the depth, and with t ime, and does 
not change as a function of the tempera ture ;  2) that there is a la rge  volume of experimental data for  actual 
soils which makes it possible to express  h i and c i analytically as explicit functions of x and ~- ; 3) that in 
diurnal p rocesses  it is justified to assume that the t empera tu re  varies  periodical ly at the surface  and at 
any depth where the diurnal t empera tu re  wave is shifted in phase and reduced in amplitude. Thus we can 
seek the solution in the f o r m  of a periodic ser ies  and avoid introducing the complicating problems of the 
initial conditions. 

The practical  implementation of the method of the field of thermal charac ter i s  tics in softs was facili tated 
by the fact  that the author and his colleagues have surveyed the fundamental types of soils of the Soviet Union 
in all regions and Republics which has made it possible to handle the mos t  difficult stage of the problem 
- the establishment of the field of thermal  charac te r i s t i c s  - in l abora tory  and field conditions. Each of the 
coefficients hT, ~c, hr,  km is a ve ry  complex and varied function of the proper t ies  and states of the ma te -  
is/ .  Thus h T depends on the s t ruc ture  of the par t ic les ,  their  density and packing, the nature of the contact 
between them, the tempera ture ,  the mois ture  content and density of the mate r ia l .  There  are  dozens of 
equations expressing h T for  the assumed model of the s t ruc ture  of a d isperse  sys tem in t e rms  of the m o i s -  
ture  and air  contents and the ra t io  of their  sum to the total volume of the mater ia l .  

There  are many calculations in which it is proposed to consider  a d ispers ive  object as a sequential 
se r ies  of thermal  res i s tances  of the solid and intermediate  :media along the path of the thermal  flux by anal- 
ogy with electr ical  r es i s tance .  Even :more frequently we encounter empir ical  equations obtained f rom the 
analysis  of satist ieal  data on the corre la t ion  between the coefficient of heat conductivity and the various 
fac tors  affecting it. 

To i l lustrate  the complexity of the problem we note that even in the s implest  case  of a two-phase 
sys tem,  when it is assumed that all the par t ic les  have approximately the same dimension, which is fa r  f rom 
rea l i s t ic ,  the resul ts  of calculations on the coefficient of conductive heat conduction for  s imi lar  sys tems  
a re  great ly  lacking in uniformity.  Depending on the assumed f o r m  of the par t ic les ,  their  packing, the nature 
of their  relat ive disposition, and the direction of the thermal  flux in relat ion to the planes of the par t ic les ,  
many equations have been proposed (the following notation has been introduced in them:  P is the porosi ty,  
i. e . ,  the ra t io  of the air  of :moisture content to the total volume of the sys tem;  h 0 and hi a re  the coefficients 
of thermal  conductivity of the solid phase and the intermediate  medium) of the for  m 

= f (P, Xo, ;~i). 

For  actual mater ia ls  and conditions these equations have been derived and justified by many authors [8-15]. 
All the equations for  h(P, h 0, h i) express  the relat ion between the coefficient of thermal  conductivity and one 
pa ramete r  of the substance,  the poros i ty .  The inclusion of a second paramete r ,  for  exs:mple, the grain 
dimension d, even for  the simple case  of a continuous medium with spherical  impuri t ies ,  leads to complex 

equations of the form 

= [(P, ~o, ~ ,  d). 

It can be imagined how complex is the calculation of other fac tors  affecting the thermal  conductivity 
such as the t empera tu re  and mois ture  content of the sys tem.  But calculations which would take into account 
the effect of all the fac tors  on conductive heat conduction are  as yet impossible to c a r r y  out. Evidently, it 
is a reasonable  approach to analyze the actual conditions of each problem and establish the principle in-  
f luences,  neglecting second-order  effects.  Even m o r e  complicated a re  calculations to es t imate  the coef-  
ficients of convective and radiat ive heat conduction ~c and hr. 

The coefficients h r and kc a re  functions of a whole se r ies  of fac tors ,  p r imar i ly  of the t empera ture .  
The fo rm of these  functions depends on the t empera tu re  gradient in the mater ia l ,  its ra te  of change, and the 
fo rm of the s t ruc ture  of the par t ic les  and it may  be explicit only in the s implest  cases .  In a specimen of 
small  volume and in a specimen which is open at both ends, in a one-dimensional heat flux and at small  
val~es of the t empera tu re  gradient,  ~t/Sx, k c is smal l .  An increase  in 8t/Sx leads to an increase  in ~c; 
the m o r e  rapidly the gradient increases ,  the s t ronger  is the increase  in ~c, most  probably according to an 
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exponential  law. In a vesse l  open at one or both ends, the pa t te rn  is m o r e  complex,  and ~c cannot be r e -  
p resen ted  as an exponential function of 8 t /0x .  

An impor tant  r e su l t  in p rac t i ce ,  following f r o m  exper iments  with a i r  cavi t ies ,  is the poss ib i l i ty  of 
indicating l imi t ing  t e m p e r a t u r e  d i f ferences  in the l a y e r  At and a l aye r  th ickness  h, above which t he rma l  
convection begins [16-17]. It  follows f r o m  these  exper iments  that  in thick l aye r s  convection begins even at 
smal l  t e m p e r a t u r e  d i f ferences  At > 0.3 ~ in l a y e r s  of th ickness  down to 10 m m  convection begins at At ~ 5 ~ 
while in l a y e r s  of th ickness  l e s s  than 5 m m  convection is in general  absent  up to t e m p e r a t u r e s  approaching 
100 ~ It  is in te res t ing  to note that  a m a rked  i n c r e a s e  in the equivalent t he rma l  conductivity occurs  even in 
thick l a y e r s  only fo r  t e m p e r a t u r e  d i f ferences  l e s s  than 15 ~ Fu r the r  i nc r ea se  in At at the edges of the 
l a y e r  ve ry  weakly effects  the i nc r ea s e  in the t he rma l  conductivity.  In the case  of thin l a y e r s  of the o rder  
of 1 m m  and l e s s ,  no i nc r ea s e  in the coefficient  of t he rma l  conductivi ty is obse rved  during the whole in-  
vest igat ion in the t e m p e r a t u r e  in terval  At = 0 - 1 0 0  ~ Approximate  p r e l i m i n a r y  calculat ions m a k e  it poss ib le  
to e s t ima te  the propor t ion  of heat  t r a n s f e r  by natura l  convection in the total  heat  t r a n s p o r t .  At 40~ the 
pe rcen tage  of the total  heat  t r a n s f e r  coming f r o m  convection is 0.13; 0.28; 1.6; and 5.5 r e spec t i ve ly  for  
m a t e r i a l s  c o m p o s e d  of pa r t i c les  with dimensions 0.1; 0.2; 1.0; and 3.0 ram.  Thus,  we can es tabl ish  
approx imate ly  a) the l i nea r  behavior  of this component  of heat  t r a n s f e r  as the dimension of the par t i c les  
changes and b) the vir tual  absence  of convect ion for  f ine -g ra ined  s y s t e m s  (maximum 5%). At m o d e r a t e  
t e m p e r a t u r e s ,  as a l ready  explained, the definit ive f ac to r  is the t e m p e r a t u r e  d i f ference .  The effect  of the 
absolute  value of the t e m p e r a t u r e  appea r s  in the coeff icient  of r ad ia t ive  heat  conduction k r .  In addition, 
k r is a lso affected by the d imension of the po res ,  the degree  of b lackness  of the rad ia t ing  walls  of the po res .  
The re  a r e  a number  of pape r s  in which a theore t ica l  approach is given to the es tab l i shment  of the rad ia t ive  
heat  conduction. Unfortunately,  the g rea t  ma jo r i t y  of the r e su l t s  obtained in these  paper s  a r e  of only a 
ve ry  p r e l i m i n a r y  na ture  in view of the a r b i t r a r i n e s s  in the initial a s sumpt ions .  The l a t t e r ,  as a ru le ,  
amount to the poss ib i l i ty  of rep lac ing  the actual  radia t ing walls  of the pores  in the d i spe r s ive  m a t e r i a l  by 
infinite para l le l  f ia t  plates  or  to the assumpt ion  of an ideal ized s t ruc tu re  with c o r r e c t l y  a r r anged  spher ica l  
g ra ins ,  the t he rma l  conductivi ty of which is a s sumed  to be infinitely l a r g e  by compar i son  with the t he rma l  
conductivi ty of the in te rmedia te  med ium.  All the known equations have to be improved  since they take no 
account of the angular  dis t r ibut ion of the radia t ion (the cosine law) and also they do not take into account 
suff icient ly accu ra t e ly  the deg ree  of b lackness  of the pore  s u r f a c e s .  These  improvemen t s ,  which we have 
under taken,  lead to the following re su l t :  

r : 2s2crTSh" 

Rough preliminary calculations make it possible to establish the percentage of the radiation component in 
the total heat transfer in a dispersive material as a function of the temperature and the dimension of the 
particles. It follows from these calculations that the effect of the temperature on the thermal radiation 
appears only in materials with particles of dimension greater than 1 ram. For very large particles, of 
dimension 6 ram, the fraction of heat transfer by radiation does not exceed 7 per cent of the total heat 
transfer. The radiation has little effect on heat transfer only at low temperatures. 

The rate of increase of X r becomes extremely intense as we move towards particles of largegrain size. 

The approximate nature of similar calculations is expressed in the neglect of the temperature gradient 
inside the grain and in other inac~missible assumptions. The fundamental defect, however, in all the pos- 
sible calculations is the artificial distinction between heat transfer by conduction and by radiation. It re- 
mains to consider the effect of the last factor - moisture transport - on heat transport. The problem of 
estimating the degree of change in the coefficient of heat conduction of a disperse medium due to the effect 
of vapor transport can be discussed on the basis of papers [18-19] comparing the equation of heat conduction 
without a heat source and the equation complicated by the presence of a term taking into account heat transfer 
by vapor, LSM/0x, where L is the latent heat of vaporization, IV[ is the vapor flux, 

M ~ 23.10 -4 ~PIIL OT 
~TO, 7 �9 0--~-, g/ore 2. seo 

Thus, 

~'m = 23.10- 4 q ) P H L  
~ T O , 7  , 
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where  ~ is a coefficient defining the s t ruc tu re  of the mate r ia l ,  P is its poros i ty ,  II is the water  vapor p r e s -  
su re  at t empera tu re  T, H = e ~ T  l + e~T2/2 is the ar i thmet ic  mean of the values of the vapor p r e s s u r e  at the 
water  sur face  at t empera tu res  T 1 and T 2, 8T/Sx is the t empera tu re  drop at the sur faces  of a p lane-para l le l  
l aye r  ac ross  which the re  is a one-dimensional  vapor flux through the t empera tu re  drop. 

Analysis of the solution leads to the conclusion that while the t empera tu re  of the medium is less  than 
50~ the proport ion of the fac to r  determining the heat  t r anspor t  by the vapor is 10% of the total effect of 
vapor t r anspor t .  Thus, to de te rmine  the t empera tu re  field in d i sperse  sys tems ,  the unusual, complex 
equation of heat conduction can be used only at high t empera tu res  and t em p e ra tu r e  d i f ferences ,  when the re  
is considerable  overhumidificat ion,  and when the f ine-gra ined na ture  of the mate r ia l  is c l ea r ly  expressed .  

h~deed, in solving many actual problems to de te rmine  the t empera tu re  f ields in d ispers ive  media  by 
the method descr ibed  above, we have in fact  to m e a s u r e  Xi(x, ~) and ci(x, ~-) in d i rec t  exper iments  using in-  
s t ruments .  F o r  this purpose we have developed a l a rge  number  of probes  for  measur ing  the f ield profi les  
of the thermophysiea l  cha rac te r i s t i c s  [20]. In addition, such proper t ies  of the soil as the moi s tu re  content 
w, the density p, the mechanical  composit ion of the soil d (d is the grain dimension), exper ience  initial 
changes with t empera tu re  through the depth of the l ay e r .  None of these  var iables ,  w, d, p, occur  in the 
initial differential  equations for  effective heat conduction. Hence,  in addition to d i rec t  depth and tempora l  
probing to obtain the behavior  of Xi(x, ~) and ci(x, ~) in field conditions, we have to c a r r y  out an immense  
amount of l abora to ry  work on the ma te r i a l s  under investigation, taken f rom various soil depths; fo r  this 
we have studied s imultaneously re la t ions  of two types 

k i(~, p, d)andc i(~, p, d), 

: f (~, ~), o = f" (x, ~), d = f'" (x, ~) 

Only after  this do we obtain the equations ki = ~i(x, ~); ci ~ ~ ( x ,  ~5 requ i red  for  substitution in the initial 
re la t ions  (1)-(4). 

This has been done for  not l e ss  than 20 soil types .  Finally,  substituting the field or l abora to ry  p ro -  
f i le  and tempora l  re la t ions  for  the thermophysical  cha rac t e r i s t i c s ,  expressed  in analytic fo rm in Eq. (15, 
and solving the equation fo r  various boundary conditions, we find it possible to implement  the method of the 
field of thermal  cha rac te r i s t i c s  on a solid base  and thus re f lec t  the actual pat tern of the thermal  state of 
soils  or any other d ispers ive  object.  

Pa r t i cu la r ly  in this di rect ion t h e r e  have a r i sen  a number  of solutions which can be used in p rac t ice  
in agricul tural  physics ,  soil science,  physical hydrology,  etc.  These  problems include heat improvement  
m e a s u r e s ;  intrasoft  condensation; conditions fo r  the safe f reezing of soils;  the use of fu r row r idge plant- 
ing of plants,  the effect  of soft compacting or cultivation; calculation of the heat supply of soft;  engineering 
calculations on the protect ion of softs against excess  evaporation,  etc.  
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