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The author proposes a genera l iza t ion of the known part icular  laws of mass and energy transfer and their 
extension to non-equi l ibr ium processes. 

In recent years thermodynamic methods have been widely used to investigate mass and energy transfer processes. 
This has resulted in the development  of a branch of science,  ca l led  the thermodynamics of irreversible processes, whose 
main hypothesis, local  thermodynamic equil ibrium, enables the first and second laws of thermodynamics to be applied 
to nonequilibrium systems. 

The new principles in the thermodynamics of irreversible processes are the l inear law and the Onsager reciproci ty  
relat ion.  

According to the l inear law, the flux I i due to forces X i is proportional to these forces: 

k = n  

I i= E Lik X~ (i = l, 2, . . . ,  n). 
k = l  

The l inear law has no theoret ical  basis, being purely empir ica l .  

The Onsager reciproci ty  relat ion is formulated as 

L , . ~ = L k i  (i,  k =  1, 2, . . . ,  n) .  

The relat ion written indicates that the separate irreversible processes are interrelated.  They are superposed one on 

another and give addit ive mass and energy transfer effects. 

In [1] the new principles of thermodynamics of irreversible processes were applied to the separation of molecular  
solutions and gaseous mixtures, the authors managing without the second law of thermodynamics.  

In [2] the thermodynamics of irreversible processes was applied to flow of a monocomponent liquid through a 
porous medium.  Here the l inear law was used as an independent pr inciple  unrelated to the second law of thermodynamics.  

In the thermodynamics of irreversible processes, the second law is formulated essentially in the same way as in 
classical  thermodynamics.  For the thermodynamics of irreversible processes this formulation is insufficient, and we are 
compel led  to introduce the l inear law as a new independent pr inciple .  

The introduction of the l inear law without relat ion to the second law is a definite shortcoming of the thermody- 
namics of irreversible processes. 

Even in a more specific formulation [3], the second law remains a part icular  law that determines only temperature 
heat  transfer processes. 

For the theory of irreversible processes, a mass and energy transfer law is required, the genera l iza t ion of which 
would correspond to the laws of conservation of mass and energy. 

The author has a t tempted [4, 5, 3] to formulate the law of mass and energy transfer in a more general  form than 
usual. In the papers c i ted assumptions were made regarding the mass and energy capaci ty  of a physical  body. These 
assumptions are essentially ident ical  and may be combined into one assumption about the spatial  capac i ty  of the 

physical  body. 

Increase of the spatial  capaci ty  of the physical  bodies par t ic ipat ing in mass and energy transfer processes leads 

to corresponding expressions for the mass and energy transfer vectors. These expressions, however, prove to be only 

part icular  expressions, which are valid for steady mass and energy transfer processes, whereas, str ictly speaking, they 
do not hold for unsteady processes. 

A more detai led examinat ion of mass and energy transfer processes leads to the conclusion that these processes 
are determined by variat ion of the quantity k, which is measured as the product of the body volume V and the t ime  of 

its existence r (k = V r ) .  
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Tile quantity k characterizes the space- t ime  region of existence of the body, and may be cal led its stereochrone 
(the space- t ime  continuum of the body). 

Let a continuous medium be in an unsteady equilibrium process of change of state. In this medium at the final 

instant of t ime T we select a volume V. The mass M and energy E of the medium in volume V will depend on the 
values of V and r .  

The process under examination is characterized by the mass and energy transfer of the medium in volume V, to 

and from the external medium surrounding it. We shall designate by M s and E s the amount of mass and energy which 
pass through the surface S of volume V in t ime r,  and call  them the mass and energy surface fluxes. Clearly, M s and E s 

wilt be functions of V and r .  

The medium may have mass and energy sources. Let M v and Ev be the mass and energy liberated in volume V in 

t ime r .  The quantities M v and E v, cal led mass and energy source fluxes, will be functions of V and T. 

The equations of conservation of mass and energy for an unsteady equilibrium process of change of state of the 

medium may be written as 

M -riMs +My : O, (1) 

k + Es -5 Ev = O. (2) 

The medium included in region V may be in an isochoric, isochronic, or total process of change of state. 

In an isochronic process the t ime of existence of the medium r remains unchanged, while the volume V of the 

medium varies. 

In an isochoric process the volume V of the medium remains constant, but the t ime T of existence of the medium 

varies. 

An isochronic and an isochoric process form the total process of change of state of the medium.  

Carrying out partial differentiation of (1) with respect to V, we obtain 

OM OMs OMv 
--+ ~ =0.  

8V OV 8V 

The derivatives OM/OV and OMv/OV are, respectively, the density p of the medium, and the mass source flux density 

PV" 

or  

The derivative Olkls,/CgV is the divergence of  the total mass transfer vector QM, which is related to t ime r: 

OMs ~OF = d iv QM. 

TaRing the above into account, we may write 

9 @  d i v Q ~  @ 9v = O, 

, ,% 9 ~'-- div "- q - -  0. (3) 
T T I; 

Equation (3) is the equation of conservation of mass in an isochronic process. 

Carrying out partial differentiation o f ( l )  with respect to r ,  and multiplying the sum obtained by V, we have 

1 OM 1 cgA/Is 1 OMv 
+ --o, 

V O': V 8"~ V 8,: 

o r  

09 OPv 
div  q .  q- - -  O, 

Ow O~ 

where 

q~ = C~M/d T. 

229 



Equation (4) will be the equation of conservation of mass in an isochoric process. 

Combining (3) and (4), we have 

oR _~_ (QzM _i_ )_}_ 91, 09,, 
P i d i v  qM - -  -I- - -  - -  O, 
t t ~ a t  

o r  

% -i- d iv  q,~k + ,~162 - -  O. (5) 

Equation (5) is the equation of conservation of mass in the total  process. 

Differentiating (1) with respect to k, we have 

dM dMs dMv 
1 I O .  

dk dk dk 

Evidently, 

dM OM OV aM a t ~,, a p 
r 1 

dk OV Ok d "~ dk t a t 
m ~ K ,  

dMs _ div ( Q~ 
dk \ t 

OQ'~' / - d iv  qMk, 
+ a t /  

dMv 9 O Pv 
. . . .  ~, = f'vk" 
dk T a t 

The sum of the right sides of these equations gives (5). Similar  calculat ions may be carried out with the equation 
of conservation of energy (2), and the following modified form obtained: 

e 4 - d i v  Oe  + - - Z v  = 0 ,  
t ~ "c (6) 

0~_~ + d iv  OQe + = O, (7)  
a r a~ a t  

% q - d i v  q e k +  %'k = 0. (8) 

Here e, O e  and e v are the energy density, the vector sum of energy transfer, and the energy source flux density. 
The discussion has shown that the total  mass transfer vector q•k is composed of the mass transfer vector in an isochronic 
process Q~/T and the mass transfer vector in an isochoric process OQJOt, i .e. ,  

qMk - -  

The same may be said of the total  energy transfer vector 

Qe ~  
q e ~ =  q- - -  

T O'r 

The above equations were obtained for an unsteady equilibrium process. Using the hypothesis of local  equilibrium, 
it is not hard to show that these equations will also be valid for an unsteady nonequilibrium process. 

A viscous physical  body changes its mass and energy in space and t ime.  

The space and t ime changes of mass and energy of the body are related to changes of volume and t ime of existence 
of the body, and therefore, to its stereochrones. 

Changes of mass and energy of a body require corresponding changes of mass and energy of other bodies surrounding 
it, producing mass and energy transfer between the bodies. 

Mass and energy transfer between the bodies is determined by the law of conservation and transformation of mass 
and energy, mentioned above. 
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This law, however, proves insufficient for a complete description of mass and energy transfer processes. The law 
of mass and energy transfer is also necessary, a generalization of which would correspond to the generalization of the 
laws of conservation and transformation of mass and energy. 

The stereochrones of bodies vary in the process of mass and energy transfer between bodies. 

The law of variation of stereochrones of interacting bodies will also be a law of mass and energy transfer. 

This law is based on experimental data, generalized in the form of known particular laws of mass and energy 
transfer. 

The law of mass and energy transfer is phrased for equilibrium processes with constant rate of change of the body 
parameters. The hypothesis of local equilibrium gives a basis for extending it to nonequilibrium processes. 

For isochronic, isochoric, or total processes, the law of mass and energy transfer may be expressed thus: the total 
change of the stereochrone of physical bodies taking part in an isochronic, isochoric or total mass and energy transfer 
process has the largest positive value. 

Let us take n physicaI bodies participating in a mass and energy transfer process. 

Let the stereochrone of the i - th  body have th'e value k i, and receive the increment 5k  i in the mass and energy 
transfer process. 

The law of mass and energy transfer requires that the relation 

i~ r t  

V kki - + m a x  

i = l  

hold in the processes concerned. 

t ime. 

i.e., 

(9) 

The right side of the equation represents the greatest positive value under the conditions of the process. 

We shall designate by ~ i  the specific increment of the stereochrone per unit volume of the i- th body per unit 
Clearly, 

X i = A X i / X  i .  

On the basis of the law of mass and energy transfer we may write 

i = n  

~ z  i max, (10) + 

i = 1  

the total specific change of the stereochrone of the physical bodies taking part in an isochronie, isochoric or total 

mass and energy transfer process has the greatest positive value. 

We shall apply the law of mass and energy transfer to a continuous medium. The unsteady nonequil ibrium process 

of change of state of a continuous medium may be represented in the form of a spatial series of processes in unsteady 
equilibrium in space, each proceeding in a local volume v. 

An unsteady process in equilibrium in space in a local volume v may be represented in the form of a t ime series 

of unsteady processes in equilibrium in t ime, each existing in volume v in a local t ime interval r v with severally con- 
stant rates of change of parameters of state of the medium. 

The process of change of a constant medium in a local volume v during a local t ime interval r v is a local process. 

The total process of change of state of a medium, as has been pointed out above, comprises an isochoric and an 

isochronic process. 

In an isochronic process of change of state of a continuous medium, the stereochrone changes because of an in-  

crement in the volume of the medium its transport by the moving medium, and also because of the action of the mass 

sources of the medium. 

In the process described the volume V of the medium receives an increment v, with constant t ime of existence r ,  

in consequence of which the mass content M of the medium per unit volume changes by an amount OM/O V, equal to p. 

(oM t The mass increment per unit stereochrone is determined by the derivative \ clt~ ] , - - a ~ - - , =  �9 Since 
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and 

OM "~ = aM Ov [ 

/~ = V ' g ,  

T 

Consequently, a volume increment V, equal to unity, causes stereochrone increment equal to 0/(0/7"). 

The mass transfer process in an isochronic process is characterized by the total transfer vector QM. 

We shall divide this vector by p / r .  The result is a vector QM/(p/z), whose modulus is equal to the amount of the 
stereochrone carried by the medium through unit area of an area e lement  located perpendicular to the direction of 

motion of the medium, during the t ime of existence of the medium r .  The vector QM/(p/T) may be called the total 

stereochrone transfer vector. 

The medium sources per unit  volume give a medium mass PV' which causes a change p v / ( p / r )  in the medium 
stereochrone. 

In an isochoric process of change of state of a continuous medium, the stereochrone changes due to an increment 

of t ime  of existence of the medium, its transport by the moving medium, and due to the action of the medium's  mass 

and energy sources. 

The increment in medium existence t ime changes the medium mass per unit  volume v per unit  t ime  by an amount 

Oplar. 
[ O('~ l The mass increment per unit stereochrone per unit volume v is determined by the derivative [ - - - ~ - - J v  

Since 

L--&-Jv at 
and 

k --- VT, 

[ aIp ) _ =ei.  1 O9 

Therefore, a t ime  increment r ,  equal to unity, causes a stereochrone increment equal to l}p. 
at 

The mass transfer process in an isochoric process is characterized by the transfer vector q~r We shall divide this 

vector by the rate of change of mass density # .  

The result is the vector qM/#p, whose modulus is equal to the amount of stereochrone carried by the medium 

through unit area of an area element  situated normal to the direction of motion of the medium, per unit  t ime.  The 

vector qM/~p may be called the stereochrone transfer vector. 

The action of the medium sources changes the stereochrone of the medium by the amount (O pv/O'~)/~p per unit 

volume and unit t ime.  

In a total change of state process, a change of stereochrone arises from a change of the volume of the medium and 

the t ime of its existence, from transport of the stereochrone by the moving medium, and from a change of stereochrone 

due to the action of mass and energy sources. 

The change of medium volume and of its existence t ime change the stereochrone of the medium by an amount 

Pv/%" 
The total stereochrone transfer vector is 

q~k/Pk. 

Mass sources cause a stereochrone change of f';,/9k, 
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Let us turn to an isochrone change of state process, in which the existence t ime r of the medium remains un- 
changed, but the volume V changes by an amount v. 

An increment  of volume V equal to v causes an increment  of the stereochrone of the medium equal to p v / ( p / r ) .  

A local  volume surface increment d o  causes an increment of  mass surface flux QM.s do ,  which changes 
the stereochrone of the medium surrounding volume v by an amount Q~. s d ~/(r,/~). 

For the whole surface o the change is ; QM.S?/~ d~. 

The change of the stereochrone of the medium surrounding volume v due to the action of mass sources has the 

value PvV/(p/~'). 
On the basis of the law mentioned above, it  may be asserted that for the total  change of stereochrone of the 

medium surrounding local  volume v, and of the medium in volume v, we have the relat ion 

pv, _L_ f QM.s p v ,  = - } , - m a x .  A r k =  P ,. ~ d a @  ,~ 

Hence 

z v = - - ~  div ~- - -  @ max. 
P P 

Since 

On the right side of these relations appears the largest posit ive value in the given conditions of the process. 

Z V - -  
- - l ~ ( p @ d i v Q M q - g v ) - } - ( Q , ~ ,  g r a d ~ ) - = 4 - ,  m a x ,  

P 

or, taking (3) into account, we may write 

zv=(Q~'  grad 1 ) = - k m a x ' r j  

Evidently, 

1 1 grad . . . . .  grad p, 
p p~ 

which gives 

1 
"Zv p2 

(QM, grad  p) ----- + max. (11) 

Hence 

(Q~, g r a d  p) = - -  max, 

i. e . ,  the scalar product of vectors QM and grad O has the largest negat ive value.  

The relat ion obtained requires that vector QM be para l l e l  to the vector grad p and opposi tely directed,  i . e . ,  to 

ensure the equal i ty  

QM = - -  AM grad p. ( i 2 )  

Equality (12) also determines the absolute value and the direct ion of the total  mass transfer vector in a continuous 

medium in an isochronic process. 

In the equal i ty  stated, the var iable  A m character izes  the mass transfer intensity in an isochronic process and may  

therefore be ca l led  the mass transfer coeff ic ient ,  This coeff ic ient  is an increasing function of the existence t ime  r of  

the medium.  
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Dividing both sides of(12)  by v, we obtain 

Q .  A. grad O. (13) 
T T 

The vector QM/T is the specific mass transfer vector in the isochrone process. It relates to the final instant of the 
existence t ime  r of  the medium.  

Above we established relat ion (11). It determines the value of the specific increment  of  stereochrone ~t V. 

Substituting (12) into the lef t  side of(11) ,  we obtain 

% = A N (grad p/p)h (14) 

Relation (14) states that the transfer coeff icient  A m is a real  posit ive value.  

Let us now examine an isochoric change of state process. 

We reca l l  that in this process volume V remains unchanged, while the existence t i m e  r of the medium is changed 
by the value of  the local  interval v v. 

change of  medium mass in volume V in unit t ime ,  equal to .t#odV, changes the stereochrone A o f  the medium in 
V 

vS~ unit t ime  by an amount dV. 

Through the surface e lement  dS of volume V at the instant of t ime  v in unit t ime,  a mass qM.s dS of medium 
flows. This mass changes the stereochrone of the medium surrounding the volume by an amount q~.s dS/#~ in unit t ime .  

For the whole surface S, the change in question will  be 

~qM.sdS/~e or S div(%/~p)dV. 
8 V 

The change of stereochrone of the medium surrounding volume V due the medium sources in unit t ime  will  be 

mv dY, my= Oo___.Z_v 

From the law of  mass and energy transfer, it may be stated that for the total  change of stereochrone of the medium 
surrounding region V, and of the medium in region V, in unit t ime  we have the relat ion 

On the right side of this relat ion there is the greatest posit ive value in the given conditions of motion of the 

medium.  Since this relat ion is valid for a sufficiently smal l  volume V, 

x -- ~-. q -d iv  P + #P - - + m a x .  

Recalling the formula 

div qM 1 ( - ~ )  =-)---air qM + (q~, grad ~), 

we obtain 

1 
~ = ~ (~p + d iv  qM + my) +(qM, grad  ~p) = -+- m a x ,  

or, taking (6) into account, we obtain 

~h = (q~,  g r a d + ) = @ m a x .  
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Evidently, 

Therefore 

1 1 grad 0~. grad  Op - -  ~p . 

Hence 

i.  e . ,  the scalar product of vectors 

hold. 

1 
x~ (q"' grad Op)= + max .  

(q~,~, grad ~}p) = - -  max ,  

q~, and grad &p must have the largest negat ive  value.  

The relat ion obtained requires that the equal i ty  

qM = - -  AM grad  ~o 

(is)  

We note that in (12) and (16) the transfer coefficients A m are ident ical ,  since they are determined by ident ica l  
values of the existence t ime  r of  the medium.  

Let us return to relat ion (15). This relat ion gives the value of change of stereochrone of  the medium per unit 

volume and uni t  t ime  in the isochoric process. 

Allowing for (16), we may  write (15) in the form 

z = A M (grad ~p/~)2. (17) 

Relation (17) again shows that the transfer coeff icient  A m is a real  posit ive value.  

The isochronic and isochoric processes form the total  process of change of state of the med ium.  

The specific mass transfer vector in the total  process qs, k is equal to the sum of vectors (13) and (16) 

,4,, 
qMk -- " grad 9 - -  AMgrad x~. (18) 

This same expression may  be obtained from the following considerations. 

? 
In the total  process a change of mass of medium in volume V, equal to ~ %  dV, changes the stereochrone of the 

O 

medium in volume V by an amount dV. 

V 

Through the surface e lement  dS of volume V at t ime  r there flows in unit t ime  a mass of medium qMkS dS, which 
changes the stereochrone of the medium surrounding volume V by an amount (qMles/gk)dS. 

For the whole surface S the change in question is 

i d iv  (q.,~JPk) dV. 
P 

The change of  stereochrone of  the medium surrounding volume V due to the act ion of sources of  the medium in unit 

t ime  is equal to 5 (mvjC"k) dV. 
V 

From the law of mass and energy transfer we may write the relat ion 

l~ dV+ div q~ dV+' . ..... dV= +max. 

9k 
V V V 

This relat ion is valid for an arbitrary object .  Therefore 

% }- div qMk 
9~ 9k 

mvk + - -  = -~- max.  
9k 
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Taking (5) into account,  we have 

This relat ion leads to the expression 

(q.~, grad p~) = -- m a x .  

qM~ ---- - -  A~ g rad  Pk. 

9 0 p  % =  + - - ,  
,~ O,c 

which also determines the total  mass transfer vector.  

Since 

(19) 

(19) is identical to (18). 

Expression (18) shows that the mass transfer vector is determined not only by the mass density gradient, but also 

by the gradient of rate of change of  mass density. 

If the medium is in a steady nonequilibrium change of  state process, the equal i ty  c3 p/0 ~ = 0 holds, and (18) takes 
the form 

AM 
q ~  = - -  ~ grad 9. 

For sufficiently large T I~ -+ oc t, A m becomes sufficiently large [A,~ ~ oo [ in consequence of which • '~ ~ / ' ~  

Removing the indeterminacy,  we obtain 

A~/ :  = OAJO ~. 

In the case examined 

QM dQ~ q~k . . . .  qM. 

Therefore 

qM = __OA" grad  9. 
0~  

Introducing the notation c3Affc3,~ = % ;  we have 

q= = - -  a= grad p. (20)  

This expression also determines the mass transfer vector in an unsteady process that is only slightly different from the 
steady. 

Let the medium be in a steady change of  state process, i . e . ,  let  the medium be in a state of  equil ibr ium during 
an inf ini te ly  large t ime  interval .  In this case the total  mass transfer vector equals zero, and from (18) we obtain the 
equation 

A~ g rad  p A~ grad  ~ O. 
.g 

This equation shows that in a medium in a prolonged equil ibr ium state, two mass transfer vectors exist; these are equal 
in modulus but opposite in direct ion.  

Above we have examined mass transfer processes in a continuous medium.  A similar  examinat ion may  also be 
made for energy transfer processes in a continuous medium.  Such an examinat ion leads to the relat ion 

A e & 
qe ~ . . . . . .  g rad  ~ - -  A e g rad  - -  (21) 

T c~T 

This relat ion shows that the t o t a l  energy transfer vector is determined not only by the energy density gradient,  but also 
by the gradient of  rate of change of energy density. 
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