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Steady-state diffusion in multicomponent mixtures 
Diffusion in multicomponent system is very complicated, but they can 
frequently be handled by using an effective diffusivity. 
Where the effective diffusivity of a component can be synthesized from its 
binary diffusivities with each of other constituents. 
Thus in equation NA + NB is replaced by ∑ ��

�
��� , where Ni is positive if diffusion 

is in the same direction as that of A and negative if in the opposite direction 
and DAB is replaced by the effective DA,M. 
 
 
 
 
 
 
 

Where DAi are the binary diffusivities. 
DA,M may vary considerably from one end of the diffusion path to the other, but 
a linear variation with distance can be assumed. For this situation, assume all 
but one component is stagnant, then equation becomes, 
 Where yi is the mole fraction 

of component i on an A-free 
basis. 
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Diffusivity prediction in gases 
Diffusion coefficient is a significant parameter  which depends upon 
temperature, pressure and composition of the components (Advanced kinetic 
theory predicts that in the binary system effect of composition is very small). 
Diffusivity can be determined experimentally and their dimension is 
length2/time. 
Hirschfelder-Bird-Sportz developed an empirical relation to determine the 
diffusivity for mixtures of non-polar or a polar with non-polar gas. 
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The value of r and ε such as those 
listed in Table can be calculated 
from other properties of gases such 
as viscosity. They can also be 
estimated empirically by 
 
 
 
Where ν is the molal volume of 
liquid at normal boiling point, 
m3/kmol and Tb is the normal 
boiling point, K. 
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Molecular diffusion in Liquids 
In the case of diffusion in liquids, C and DAB may vary considerably with respect 
to process conditions. Hence equation can be modified to  
 
 
 
 
 
Where ρ is solution density and M is solution molecular weight. 
 

Case 1- Diffusion of liquid A through a stagnant liquid B 
In this case, NB = 0 and NA = constant. Hence 
 
     where 
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Case 2 – Equimolar counter-diffusion 
In the case NA = -NB  
Hence, 
 
 
 

Diffusivity Prediction in Liquids 
The dimensions for diffusivity in liquids are the same as those for gases. 
However, the diffusivity varies appreciably with concentration. For dilute 
solutions of nonelectrolytes, Wilke and Chang  given the empirical 
correlation. 
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The value of νA may be true value or, if necessary, estimated from the data of 
Table, except when water is the diffusing solute  
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The diffusivity in concentrated solutions differs from that in dilute solutions 
because of changes in viscosity with concentration and also because of 
changes in the degree of nonideality of the solution 
 
 
 

Where  ��
�� is the diffusivity of A at infinite dilution in B 

 ��
�� is the diffusivity of B at infinite dilution in A 

 γA activity coefficient (obtained from vapor-liquid equilibrium data as 
 the ratio (at ordinary pressure) of the real to ideal partial pressures 
 of A in the vapor in equilibrium with a liquid of concentration xA 

 
 
 
 

And the derivative (d log γA )/(d log xA ) can be obtained graphically as the slope 
of graph of log γA  vs. log xA . 
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Pseudo Steady State Diffusion 
In many mass transfer operations, one of the boundaries between the fluids may 
move with time. If the length of the diffusion path changes over a period of 
time, a pseudo steady state develops. Here, the molar flux is related to the 
amount of A leaving the liquid by, 
Flux = rate of change of liquid level × molar concentration of A in liquid phase 
 
 
 
 
 
 

Integrating the equation between t = 0, Z = Zto and t = t, Z = Zt 

 
 
 
 
 
 

After integration and simplification , 
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i.e 
 
 
i.e 
 
 

Equation is the form of 
 
 
 
 
 
 
 
 
 
Since equation is linear, by plotting t/(Zt – Zt0) against (Zt – Zt0), from the slope of  
Line, DAB can be calculated, as other parameter of equation are all known. This 
equation is called as Winkelmann’s relation. 
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Diffusion through a varying cross-sectional area 

In the case so far at steady state we have considered NA and JA as constant in the 
integrations. In these cases the cross-sectional area A m2 through which the 
diffusion occurs has been constant with varying distance Z.  

In some situations the area A may vary. Then it is convenient to define NA as  

 
 

Where ŇA is kg moles of A diffusing per seconds or kg moles/s. At steady state, 
ŇA will be constant but area will be vary. 
 

• Diffusion from sphere 

       Diffusion from sphere in a gas will be considered. This situation appears 
often in such case as the evaporation of a drop of liquid, the evaporation of a 
ball of naphthalene, and the diffusion of nutrients to a spherical like 
microorganism in a liquid.  

In figure shown a sphere of fixed radius r1 m in an infinite gas medium. 
Component (A) at partial pressure pA1 at the surface is diffusing into the 
surrounding stagnant medium (B), where pA2 = 0 at some large distance away. 
Steady state diffusion will be assumed. 
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The flux NA can be represented by equation, where A is the cross-sectional area 
4πr2 at point r distance from the center of the sphere, Also ŇA is a constant at 
steady state. 

Since this is a case of A diffusing through 
stagnant, nondiffusing B. Equation will used 
in its differential form and NA will be 
equated 

dr was substituted for dz. Rearranging and integrating between r1 and some 
point r2 a large distance away, 
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Since r2 >> r1, 1/r2 ≡ 0. Subs�tu�ng pBM from equation 
 
 
 
This equation can be simplified further. If pA1 is small compared to P (a dilute 
gas phase), pBM ≡ P. Also, setting 2r1 = D1, diameter, and cA1 = pA1/RT, we obtain 
 
 
 
This equation can also be used for liquids, where DAB is the diffusivity of A in 
the liquid. 

 
Case:  
If the sphere is evaporating, the radius r of the sphere decreases slowly with 
time. The equation for the time for the sphere to evaporate completely can be 
derived by assuming pseudo-steady state and by equating the diffusion flux 
equation to the moles of solid A evaporated per dt time and per unit area as 
calculated from material balance.  
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Let us consider an evaporating drop that has radius rs at any instant t. Imagine 
a thin spherical shell of inner radius r and thickness ∆r around the drop as 
shown in figure. This is binary system involving diffusion of water vapor (A) 
through air (B). Then  

Rate of input of A into the thin shell (at r = r) 
  (4πr2)NA│r 

Rate of output of A from the thin shell (at r = r+ ∆r) 
  (4πr2)NA│r+∆r 

By steady state mass balance  
 
 
Dividing both side by ∆r and taking the limit ∆r  0 

Equation is very important result for steady state diffusion through a variable 
areaand can be generalized as 
   (Area)(flux) = constant 
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In this case water vapor diffuse out, but air does not diffuse because it is not 
soluble in water. So the case corresponds to diffusion of A through non-
diffusing B. since diffusion occur in radical direction, we replace z by r in equ. 
 
 

Putting NB = 0 and rearranging  
 
 
Putting NA value and rearranging  
 
 
The above equation can be integrated from r = rs (i.e. the surface of the drop) 
to r = ∞ (i.e. far away from the drop) where pA = pA∞. Here pAs is the vapor 
pressure of water at the temperature of the drop and pA∞ is the partial 
pressure of water vapor in the ‘bulk air’. 
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Since W is the constant molar rate of mass transfer, it is equal to the rate of 
vaporization of the drop at any instant . This rate can be related to the change 
in the drop radius by the following equation. 
 
 
The negative sign is incorporated because the size of the drop decreases with 
time. Equating the equations 
 
 
According to pseudo steady state assumption drop size changes so slowly that 
the diffusion of water vapor through the surrounding air occurs virtually at 
steady state at all time. The change in drop size over a considerable period of 
time can be determined by integrating the above equation. If at time t = 0, the 
radius of the drop is rs0 and at time t’ is rs’, 
 
 
 
 

Time for complete evaporation rs’ = 0 
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• Diffusion through a conduit of nonuniform cross-sectional area 
     Diffusion of component A at steady state through a circular conduit which is 
tapered uniformly. At point 1 the radius is r1 and at point 2 it is r2. At position z in 
the conduit, for A diffusion through stagnant, nondiffusing B,  

 
 
 
Using the geometry shown, the variable radius r can be 
related to position z in the path as follows: 
 
 
 

This value of r is substituted into equation to eliminate r and 
the equation integrated.  
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Knudsen Diffusion, Surface Diffusion and self diffusion 
The kind of diffusion phenomena discussed so far relate to transport in the 
presence of a concentration gradient in a continuum. 
These are other important diffusional phenomena occur in solids shown in 
figures.  
 

Knudsen Diffusion 

The movement of molecules in a mixture is 
governed by molecular velocity as well as collision 
with other molecules. 
Collision of the diffusing molecules with others 
present in the mixture offers the resistance to 
diffusion.  
If gas diffusion occur in very fine pore, particularly 
at a low pressure, the mean free path of the 
molecules may be larger than the diameter of the 
passage.  
Then collision with wall becomes much more 
frequent than collision with other molecules. 



1/19/2022 ABHISHEK KUMAR CHANDRA 44 

The rate of diffusional transport of species is now governed by its molecular 
velocity, the diameter of the passage and the gradient of concentration or 
partial pressure. This is called ‘Knudsen Diffusion’ and become important if the 
pore size is normally below 50 nm.  
Such a situation commonly occurs for intra-particle transport in a catalyst 
containing fine pores. 
A few model have been proposed to describe and quantify Knudsen Diffusion. 
A simple approach based on the Kinetic theory of gases yields the following 
expression for Knudsen diffusivity. 


