Mass Transfer Operations - 1
Prof. Bishnupada Mandal
Department of Chemical Engineering
Indian Institute of Technology, Guwahati

Diffusion Mass Transfer
Lecture — 02
Molecular and Eddy Diffusion, Diffusion Velocities and Fluxes

Welcome to the second lecture on Mass Transfer Operation 1. In this lecture we will
discuss on Diffusion Mass Transfer, before starting this lecture let us have small recap on
the earlier lectures. The last lecture I have introduced to the mass transfer operation

concepts.
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The definition of mass transfer, then we have discussed on the classifications of mass
transfer based on phases of contacts. And then finally, we discussed the mechanism of

mass transfer and the driving force. In this lecture we will start with the molecular

diffusion.
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Molecular Diffusion
» Movement of individual molecules - . )
through a substance by virtue of AT A i..
9y - W |

Explanation by simplified Kinetic Theory

O A molecule is imagined to travel in a straight 0
line at a uniform velocity until it collides with
another molecule, whereupon its velocity 0 L
changes both in magnitude and direction. Q" 0

So, the molecular diffusion is defined by the movement of individual molecules through
a substance by virtue of their thermal energy. Let us take a beaker and keep some water,
if we put a drop of dyes or any ink into a liquid drop then it will try to distribute
throughout the solutions. The process by which it takes place without any external effect

is known as the molecular diffusion and which is based on their thermal energy.

This can be explained by simplified kinetic theory. Let us consider two different types of
molecules: molecule A and molecule B. A molecule is imagined to travel in a straight
path at a uniform velocity until it collides with another molecules, whereupon its velocity

changes both in their direction as well as magnitudes.
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Mean Free Path

OAverage distance the molecule travels
between collisions is its mean free path

v Molecules travels through a highly
zigzag path.

v'Net distance travels in one direction in
a given time is the rate of diffusion.

The net distance or the average distance the molecules travels between this two collisions
is known as the mean free path. You can see that the molecules travels through a very
highly zigzag path, as you can see over here the molecules starts over here. And, then it
goes in a straight path until it collides, it travels through a straight path and then its after
the collisions it changes its direction as well as the velocity. And, it moves to a very
highly zigzag position and at finish you could see it reaches over here and the net
distance travels d between the start to the finish is the rate of diffusions. So, we define

the net distance travel in one direction is given by the rate of diffusion.
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Rate of Molecular Diffusion

» Rate of Molecular Diffusion is
very slow.

» Increase  with  decreasing
pressure (reduces number of
collisions).

» Increase with increasing temperature
(Increases the molecular velocity).




The rate of molecular diffusions is very slow. This we can change this know the rate of
diffusion by two ways: one is to reduce the pressure. If we reduce the pressure like if you
can consider an example of pressure cooker releasing pressure at a certain time, you can
see the it reduces the number of collisions because the number of molecules present in a

per unit volume is less.

So, the collisions will be less and its diffusion will be higher. The other way to change
the rate of molecular diffusion is to increase the temperature. If we increase the
temperature of the system its molecular velocity will increase and hence, it will increase

the rate of molecular diffusion.
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Effect of Barrier on Molecular Diffusion

v Rate of evaporation of water at
25°C into a complete vacuum is
roughly 3.3 kgl/(s m?) of water
surface

v Placing a layer of stagnant air at 1
std. atm. pressure and only 0.1mm
thick above the water surface
reduces the rate by a factor of
about 600

Effect of barrier on the molecular diffusions, as you can see if we take a system which
where you have a water and kept on a reservoir and it is vacuum above heat. And, if you
we can create this system the rate of evaporation of water at 25 degree centigrade if we
can keep complete vacuum then the rate is quit high which is around 3.3 kg per second
per unit area of water surface. However, if we place a small layer on top of this water
surface a may be a thickness of around 0.1 millimeter. Then the rate of diffusion will
reduce by a factor of about 600. This shows the barrier has immense importance on the

molecular diffusions.
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Effect of Barrier on Molecular Diffusion

++Consider a tank 1.5m in diameter.

Pure water is carefully placed over the a
it impeller
brine without disturbing the brine. L/
» Salt solution depth = 0.75m.
» Pure water depth = 0.75 m.
0.75m
» Salt conc. at the top surface will be pure water
~ 85% of its final value after 10 years. 0.75m
brine

~~98-99% of its final value after 28 years.

» Impeller rotating in the tank at 22 r/min will bring about complete uniformity
in about 60s.

Let us take another examples: consider a tank of around 1.5 meter diameter and pure
water is carefully placed over brine without disturbing the brine. So, at bottom we have a
brine solutions of height of about 0.75 meter and top of that we can place a pure water of
0.75 meter height. The salt solution depth is 0.75 meter, pure water depth is 0.75 meter.
And, we can see without disturbing it if we can keep it for a longer period; we can
calculate the salt concentration at top surface over here, will reach about 85 percent to its

final value after 10 years.

And, this concentration will reach about 98 to 99 percent of its final value after 28 years.
This signifies that the rate of diffusion is hindered by the effect of the barrier. Now, if we
take you know an impeller arrangement and keep the same systems in place and rotate
the impeller just about 20 rpm. So, this small revolution of the impeller into the system
will lead to the complete uniformity in about 60 seconds. So, this implies that because of
the external force the liquid which are over there and mixes well because of the eddy
diffusion, which created by the impeller. And, that is why the rate of diffusion by eddy

diffusion is much higher compared to the molecular diffusion.
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Concentrations

Concentrations can be represented in different ways.

+»*Mass Concentrations

» Mass concentration of component i » Sum of mass fraction
n n p
m W=y
p=g 2L
» Mass fraction
)
W= —— =t
" Lp e

Now, we have to understand different concentration terms which we use for the
calculation in the diffusion mass transfer. One of them is the concentration that can be
represented in terms of the mass concentration. So, mass concentration is defined for a
component 1 is tho 1 is equal to m 1 by V; m 1 is the mass of that component and V is the

volume of that components. So, m i by V is the mass concentration.

The total mass concentration of for a particular mixture can be calculated, if you have n
number of components then we can calculate by using this formula rho is equal to
summation over 1 is equal to 1 to n rho 1. The sum of all mass fractions we can calculate
summation over i is equal to 1 to n W i is equal to summation over i is equal to 1 to n rho
1 by rho. So, this will give the total mass fractions. So, which will be essentially equal to
1. Mass fraction can calculated w i is equal to rho i divided by summation over i to n rho

1 which is equal to rho 1 by rho.
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Concentrations

“*Molar concentration

¥ Molar concentration of component i
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» Total molar concentration

» Total molar concentration for ideal gas mixtures
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The other way to represent the concentration is the molar concentration. The molar
concentration of component i is defined as C i is equal to p i by RT; p 1 is the partial
pressure of particular component, R is the universal gas constant and T is any
temperature. Total molar concentration can be calculated using this equation C is equal to
summation over i is equal to 1 to n C i. So, total molar concentration for ideal, if we
consider ideal gas mixture, we can represent C is equal to 1 by RT summation over i is

equal to 1 ton piis equal to P t divided by RT. So, we can calculate using this relation.
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Concentrations

» Mole fraction of component i (liquid or > Mole fraction of component i (ideal
solid) : gas mixture):

» Mole fraction of component i (gases) : » Sum of mole fractions :

Rix=LYiy=1




The mole fraction of a component i in the liquid phase or solid phase can be calculated x
1 which is equal to C i by C. And, then mole fractions of component i for gases is defined
by y 1 which is equal to C i by C which is equal to concentration in the gas phase for a

particular component divided by the total concentration.

The mole fractions of component i for ideal gas mixture can be represented by y i is
equal to p 1 by p t where, p 1 is the partial pressure of component i and p t is the total
pressure for in the system. So, some of the mole fractions in the liquid phase it will be
summation over or in the solid phase is summation over 1 is equal to 1 summation over i

x 1 equal to 1 and summation over iy i equal to 1.
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The feed gas to an absorber has the following composition at 313 K and 200

kPa in the figure.
Liquid in Gasout

Calculate :

i. Composition of the feed gas

in terms of mass fractions.

ii. Total mass concentration of 80%CH,
l T 5%C:Hs
the feed gas. 4% nC:Hs

Liquid out ~ Gasin 19%nCeHeo

Let us take an example to calculate different concentration terms. The feed gas to an
absorber has the following composition at 313 Kelvin and 200 kilo Pascal as given in the
figure. So, the composition to an absorber this is the composition which is 90 percent

methane, 5 percent ethane, 4 percent normal propene and 1 percent normal butane.

So, we need to calculate the composition of the feed gas in terms of the mass fraction

and then total concentration in the feed gas.
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Solution of Example 1.1

The feed gas to an absorber has the following composition at 313 K and 200 kPa in the figure.
Basis: 100 kmol of feed gas mixture

Unudin ~ Gasout
1
1
150.00 0.08
176.00 0.09
N
38.00 003 90%CH,
[T { e
R astod Gun | SO

: _b_ w0 _ kmol
Total molar concentration (C) S 0.077 s

Average molecular weight( Ma,,g} = % = 18.24 kg/kmol

Tomas camentaton(5) = g = 0077 (2 1874 (7%) = 140 -
So, to calculate this let us take a basis of 100 kilo mole of feed gas mixture. So, then we
can calculate out of 100 kilo mole we have 90 percent methane. So, 90 kilo mole and
ethane is 5 kilo mole, propene is 4 kilo mole and butane is 1 kilo mole. So, total 100 kilo
mole and we know their molecular weight and then we can calculate the mass of each
components. And, then total mass which is calculated over here and then we can
calculate mass by total mass, mass of individual components divided by total mass to

calculate the mass fractions.

So, for methane it is 0.8, for ethane it is 0.08, for propene it is 0.09, for butane it is 0.03.
So, total mole fraction is 1; total molar concentration we can calculate P t by RT. So, P t
over here is 200 kilo Pascal as given in the problem and divided by RT. So, it is equal to
200 divided by R is 8.314 into 313 Kelvin. So, it will give around 0.077 kilo mole per
meter cube. So, average molecular weight we can calculate the total mass of the
component is 1824 and if we divide by 100 it will give because, that is our basis it is 100

kilo mole.

So, we will get 18.24 kg per k mole is the average molecular weight. Then we can
calculate the total mass concentration which is rho is equal to C into average molecular
weight. So, both we have calculated 0.077 kilo mole per meter cube and 18.24 kg per k

mol. So, we will get 1.4 kg per meter cube is the total mass concentration.
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Example 1.2

A liquid mixture contains 30 wt.% NaNO, and 70 wt.% H,0. The solution
temperature is 300K and the density of the solution is assumed to 1050 kg/m®.

Calculate :
i. The composition in terms of mole fractions.
ii. The total molar concentrations,

Let us take another examples: A liquid mixture contains 30 weight percent sodium nitrate
and 70 weight percent water. The solution temperature is 300 Kelvin and the density of
the solution is assumed to be 1050 kg per meter cube. Now, we need to calculate the
composition in terms of the mole fraction and the total molar concentration, let us solve

this.
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Solution of Example 1.2

A liquid mixture contains 30 wt.% NaNO, and 70 wt.% H,0. The solution
temperature is 300K and the density of the solution is assumed to 1050 kg/m®,

Basis: 1 kg of liquid mixture

Components | Mass (kg)| Molecular wt, | kmol | Mole fractions

03 8 00035 008

H,0 0.7 18 0.0389 092
Total 1.0 0.0424 1.0

Average molecular weight (M) = Ta;ﬁm:m;ﬁmmz 23.585159//kml

Total mol ion (€)= —— = s e g
‘otal molar concentration (C) = MW_ZS‘SSS kg/kmol -44,5%0701%11

The basis for this let us consider 1 kg of the liquid mixture. So, we can calculate sodium

nitrate is 0.3 kg because, it is 30 weight percent and water is 70 weight percent is 0.7 kg.



So, total mixture is 1 kg molecular weight of sodium nitrate is 85 and for water is 18. We
can calculate the kilo mole of the each components that can be calculated mass by the
molecular weight, we can get kilo mole of the components. The mole fractions can be
calculated with the moles for each component divided by total mole which is for sodium

nitrate is 0.8, for water is 0.92. So, total mole fractions is 1.

So, average molecular weight we can calculate over here 1 kg divided by total kilo mole,
total kilo mole over here is total basis we have considered of the mixture is 1 kg divided
by 0.0424 kilo mole. So, it will lead to 23.585 kg per k mole. The total molar
concentration is rho by M average which is the density of the solutions is given 1050 kg
per meter cube divided by 23.585 kg per k mole. So, the total molar concentration comes

out to be 44.52 kilo mole per meter cube.
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Diffusion Velocities

o Mass Average Velocity :

# Defined in terms of mass concentrations:

LIy Piti/, P;
Vinass -avg = JZ?:T =l ( Ji p) v = Kiny wfj”i/

v; = absolute velocity of species i with respect to
afixed reference frame

o; = mass fraction of speciesi .

Now, we have to understand the different diffusion velocities. The diffusion velocities
are of two types: one of them is the mass average velocity. The mass average velocity is
defined in terms of the mass concentration. So, if were consider mass average velocity V
mass average which is equal to summation over i is equal to 1 to n rho i v i and divided

by summation over i is equal to 1 to n rho 1.

So, this is we can write summation over i is equal to 1 to n rho i1 by rho into v i and rho 1

by rho is equal to w i. So it will be equal to summation overiis equalto 1 tonrhoivi;v



1 is the absolute velocity of species 1 with respect to a fixed reference plane and w 1 is

equal to mass fractions of species i.
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Diffusion Velocities

¢ Molar Average Velocity :

# Defined in terms of molar concentrations

Bi=1 Cigir” G _
Vinol-avg = Ef: i Z?:i( i/(;) v = i %V,
o

+x; = mole fraction of species i

The molar average velocity is defined in terms of the molar concentration, as we have
discussed before. The V mole average is the molar velocity which is equal to summation
over iis equal to 1 ton C1iinto v i divided by summation over i is equal to 1 ton C i. So,
it would be equal to summation over i is equal to 1 to n C 1 by C into v i. So, C i by C is
the mole fractions. So, we can write summation over i is equal to 1 to n x i v i, where x 1

is the mole fractions of species 1.
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Example 1.3

A gas mixture containing (H,=15%, CO= 30%, CO,=5% and N,= 50%) flows
through a tube of 1 inch diameter, at 15 bar total pressure. If the velocities of
the respective components are 0.05m/s, 0.03m/s, 0.02m/s and 0.03m/s,
calculate the mass average and molar average velocities of the mixture.

Let us take an example: A gas mixture containing hydrogen 15 percent, carbon monoxide
30 percent, carbon dioxide 5 percent and nitrogen 50 percent flows through a tube of 1
inch diameter, at 15 bar total pressure. If the velocity of the respective components are
0.05 meter per second, 0.03 meter per second, 0.02 meter per second and 0.03 meter per

second then calculate the mass average and molar average velocities of the mixture.
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Solution of Example 1.3

Rename H,:1,C0: 2, CO,:3 and N;: 4
The volume average velocity (= molar average velocity) given by
1
Vinol-avg = E(Cﬂﬁ +Cyvp + G303+ C4vy) = )’1?1_*‘ yz'iz_"‘ }’3_”3.'" YaVs

Here y, is the mole fraction of component i in the gas mixture,

Putting the values, we get

Vinol-avg = (015)(0.05) + (0.3)(0.03) + (0.05)(0.02) + (0.5)(0.03) = 0.0325%

Let us solve this. For the simplicity let us rename the component hydrogen 1, carbon

monoxide 2, CO, 3 and nitrogen 4. The volume average velocity which can be related



with equal to the molar average velocity and is given by V mole average would be equal
to 1 by total concentration into the concentration of component 1 into the velocity v 1
plus C 2 v 2 and plus C 3 v 3 plus C 4 v 4 which is equal to if we just divide by the total
concentration; it will lead to y 1. The mole fractions of that components y 1 v 1 y plus y

2v2plusy3v3andplusy4v4.

So, y 1 is the mole fractions of mole fraction of component i in the gas mixture. Putting
the values we get V mole average velocities. So, our velocity for each component are
given and then their mole fractions are given in the problem. So, 0.15 into 0.05 plus 0.3
into 0.03 plus 0.05 into 0.02 0.5 into 0.03. So, which is equal to 0.0325 meter per second.

So, this is molar average velocity.
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Solution of Example 1.3

The mass average velocity is given by

1
Vmass—avg = I-T’(pl Uyt vyt pavs +.P41’4_) e

[# Maug where, p; = mass density of the ith component

PiM;
where p; = I andP = T

p = total mass density of the mixture
M; = molecular weight of the i th component

o P M, M, Mgyg = average nfnleculm‘ weight of the mixture

D PMuy My o

The mass average velocity is given by V mass average is equal to 1 by rho into rho 1 v 1
plus rho 2 v 2 plus tho 3 v 3 plus rho 4 v 4; rho 1 is equal to P 1 M 1 divided by RT and
rho is equal to PM average divided by RT. So, rho i by rho is equal to P i by P into M i by
M average which is equal to y i M 1 by M average. So, if we just see rho 1 is the mass
density of the ith component, rho is the total mass density of the mixture, M i is the
molecular weight of component 1 and M average is the average molecular weight of the

mixture.
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Solution of Example 1.3

Now, Mayg = y1My + YoMy + M3 + }’4M4\/

= (0.15)(2) + (0.3)(28) + (0.05) (44) + (05)(28) = 24.9
'.'1=4-/

1
Vinass-avg = _Z yiMv;
M i=1 /
1
Vinass-avg = 0 (1 Moy + yaMavs + yaMav; + s Myvy
avg \

Vinass-av
_ 85?15“)%2)(0.05} + (0.3)(28)(0.03) + (0.05)(44)(0.02) + (0.05)(28)(0.03)

249

Vnass-avg = 0014 m/s

Now, M average we can calculatey 1 M 1 plusy 2 M 2 plus y 3 M 3 plus y 4 M 4 using
this relation. Now, if we substitute it would be equal to 0.15 into 2 plus 0.3 into 28 plus
0.05 into 44 plus 0.5 into 28; so, it is 24.9. V mass average we can calculate is equal to 1
by M summation over 1 is equal to 1 to n, here the n is the total number of component

whichis 4. So,nisequalto4yiMivi.

So, this would be equal to 1 by M average y i M, this would be equal 1 by M average y 1
MIviplusy2M2v2plusy3M3v3plusy4 M4 v4. So now, if we substitute it

will come around the mass average velocity would be 0.014 meter per second.
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Fluxes

v Flux: Rate of transport of species i through unit area
normal to the transport.

v Flux of a given species is a vector quantity.

v Flux may be calculated w.r.t coordinates fixed in space and
coordinates moving with the mass or molar average
velocity.

Now, we will discuss the fluxes. The flux of a particular component is defined as the rate
of transport of species i through unit area normal to the transport. The flux of a given
species is a vector quantity and flux may be calculated with respect to coordinates fixed

in space or coordinates moving with the mass or molar average velocity.
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Fluxes

+ Calculated w.r.t coordinates fixed in space or Relative to stationary
observer

* MassFlue: N = pv .~

¢ Total Mass Flux: N = pV

mass_avg

+» Calculated w.r.t mass average velocity or relative to an observer moving
with the mass average velocity

» Mass Flux: Ji-mags =5)! (v - Vmass-avg]

Let us consider mass flux. It is it can be calculated with respect to the coordinate fixed in
space or relative to stationary observer. Mass flux is defined by N i mass is equal to rho 1

v 1. So, the total mass flux can be calculated N mass is equal to rho into V mass average.



Now, you can calculate with respect to mass average velocity or relative to an observer
moving with the mass average velocity. So, that is defined by mass flux in terms of J i

mass is equal to rho i v i minus V mass average velocity.
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*Molar Flux

+ Calculated w.r.t coordinates fixed in space or relative to stationary
observer

* Molar Flux: N = Cv e

o Total Molar Flux N = CV

mal ml _avg

+ Calculated w.rt mass average velocity or relative to an observer moving
with the mass average velocity -

. Ma!arﬂux:j[m= Cl(vi-V )

mal _uvg

The molar flux of component for a particular component can be calculated with respect
to the fixed phase or relative to stationary observer. It is calculated as molar flux N 1
mole is equal to C i v i or total molar flux N mole can be would be equal to C into V
molar average velocity. This also can be calculated with respect to the average velocity
or relative to an observer moving with the mass average velocity; that is J 1 mole would

be equal to C i1 v i minus V molar average velocity.
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Relation between Fluxes

i-mass =P (Vi = Vmass—ﬂvg)\//

N iomass = pivi

Ni-mass

Ji-mass =P; % = PiVnass-avg

1

Ir"'(I'—mass = J'i—mass + i Vmass—awg

P
Simiary, e o

Ni-mor = Ji-mat + Civmoi-avg

Ci
= Ji-mot + C Nomot l//

Now, we need to find out the relation between these two fluxes: one is N another is J,
how they are related. The J i mass as you defined is equal to tho i v i minus V mass
average. Now, N i mass is equal to rho i v i. So, if we substitute over here rho i v i, it
would be N 1 mass by rho 1 minus rho 1 V mass average. If we just rearrange it, we can
write N 1 mass would be equal to J 1 mass plus rho 1 V mass average and then we can

write it is J 1 mass plus rho J i mass plus rho i1 by rho into N mass.

Similarly, in terms of the N i mole we can write J i mole plus C i V mole average which
is equal to J 1 mole plus C i by C N mole. This actually we will use these two relations

later in our discussion.
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Questions and Answers

1. Under what conditions are the mass average velocity

and molar average velocity of the components of

a mixture equal?

Answer: When the molecular weight of the components

are same.

Let us have some simple questions on the topic which we have covered today. Under
what conditions are the mass average velocity and molar average velocity of the
component of a mixture are equal. The answer is when the molecular weight of the
components are same. If the molecular weight of the components are same, then they
will give the both the mass average velocity and molar average velocity of the

component of the mixture would be same.
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Questions and Answers

2. What is SI unit of molar flux?

Answer: kmol/m?s ‘




The next question is: What is the SI unit of molar flux? The molar flux can be, the SI unit

of molar flux is kilo mole per meter square second.
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Questions and Answers

3. Identify the correct answer to the following

Which of the following relations is correct for a gas mixture
containing 40% CO, yd 60% C,;Hg at 1 atm and 30°C?

@) V..... m > Vﬂ -

(i) Vn‘---.n:= an.m

| Answer: (ii) =

Identify the correct answer to the following; which of the following relation is correct for
a gas mixture containing 40 percent carbon dioxide and 60 percent propene at 1
atmosphere and 30 degree centigrade. Option 1 is mass average velocity is greater than
molar average velocity, mass average velocity is equal to molar average velocity. And,
then third option is mass average velocity is less than molar average velocity. Under, if
we look into the composition given in the mixture: one is carbon dioxide another is
propene. And, if we look into the molecular weight of both the systems or the mass both

for carbon dioxide and propene are 44.

So, since their mass is constant for both the components. So, answer would be V mass
average would be equal to V mole average that is mass average velocity would be equal

to the molar average velocity.
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Questions and Answers

4, Pick up correct statement :
Molecular diffusion is caused by ?

v Transfer of molecules from low concentration to high concentration
region.

v' Thermal energy of the molecules.

v Activation energy of the molecules.

v' Potential energy of the molecules.

¢ Answer: Thermal energy of the molecule

Pick up the correct statement: molecular diffusion is caused by? Transfer of molecules
from low concertation to high centration region. The second option is thermal energy of
the molecules, third option is activation energy of the molecules and the fourth option is
potential energy of the molecules. As we have discussed at the beginning the molecular
diffusion is basically caused by the thermal motion of the molecules that is with thermal
energy of the molecules. So, the correct answer for this is the thermal energy of the

molecules.

Thank you very much for listening this lecture. And, in the next lecture we will start with

the Fick’s law of diffusion.



