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CHAPTER

Introduction and
Basic Concepts

LEARNING OBJECTIVES

The reading of this chapter will enable the students:

e Tounderstand the classification of mass transfer.

e Tounderstand the mechanism of mass transfer.

e Tounderstand the concentrations, diffusion velocities and fluxes.

1.1 INTRODUCTION

e The mass transfer is the net movement of a component in a mixture from
one location to the another location in presence of a difference in concentration
or partial pressure. So, when there is a driving force then mass transfer will
occur. The driving force over here is the concentration or partial pressure
difference. Let us consider one common example of mass transfer. Suppose,
if you have taken a lump of sugar added to a cup of tea which dissolves
and then diffuses throughout the tea cup uniformly.

e So, another examples are the deliberate use of agarbatti, the fragrance
generally spreads uniformly when we put agarbatti at home.

e The other examples is drying of clothes under the sun. Here, the drying occurs because the moisture
diffuses into the air. So, the diffusion or the mass transfer is basically occurs with a particular driving
force. Like, if we want to consider a movement of solid through the conveyer belts or movement of
liquid through a pipe is not the mass transfer operations because it is not based on the concentration
or partial pressure driving force.

Examples on Industrial Processes

e Separation of CO, from flue gas : Absorption Process

e Separation of a mixture of Ethanol and Water into its components : Distillation Process

e  Separation of mixtures of Toluene and Water using Benzene as solvent : Extraction Process
e Drying of wet solid such as wood with the help of air : Drying Process
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1.2  CLASSIFICATION OF MASS TRANSFER

1.2.1 Distillation

Distillation is a vapour-liquid operation in which the mixture components are separated by use of thermal
energy. When liquid mixture is heated, different components exert different vapour pressure, expressed in terms
of relative volatility. This pressure difference results in separation of components in such a way that the top
product contains higher amount of light component and bottom products contains higher amounts of heavier
components, as shown in figure. A distillation example is separation of crude petroleum into gasoline, kerosene,
etc.

Top Product (Distillate)

(Rich in more volatile component
i.e., Low B.P. or high vapour pressure)

Distillation Column

Bottom Product (Residue)
(Rich in less volatile component
i.e., High B.P. or Low vapour pressure

Fig. Schematic diagram of a distillation column

1.2.2 Absorption and Stripping

Gas absorption is a gas-liquid operation in which one or more constituents of a gas mixture are separated
by using a suitable liquid solvent, i.e., component moves from gas phase to liquid phase as shown in figure.
Example of gas absorption methods is ammonia washing from ammonia-air mixture by means of water. Stripping
is opposite of absorption, i.e., a component moves from liquid phase to gas phase.

Gas Out (A+ C) Solvent In (It may or may not have C)

A — Insoluble
C — Solute
B — Solvent (Non-Volatile)

Absorption Column

GasIn(A+ C)—T

Fig. Schematic diagram of an absorption column

Solvent out [B + C (more)]

1.2.3 Liquid-Liquid Extraction

It is a liquid-liquid operation, also called as solvent extraction, in which components of a liquid mixture
are separated by treating it with suitable solvent which dissolves one or more constituents of mixture more
preferably. Itis an efficient separation process in cases where separation is either not possible or not economical
by using distillation. For example, separation of components of an azeotropic mixture.

MEDE ERSYH www.madeeasypublications.org saw}“ﬁi%ﬁﬁé CH
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(A+C)— (A+ C (less))
[Feed] Extractor [Raffinate]
(B + C (more)) =—— [<—— B [Solvent]

[Extract]

Fig. Schematic diagram of a Liquid-Liquid Extractor

1.2.4 Crystallization

It is liquid-solid operation in which we obtain uniform crystals of good purity. The saturated liquid is
subjected to changes in temperature and pressure in such a way that crystals get separated from the feed liquor
as shown in the figure.

Crystal, T,(K)
Feed Liquor, T,(K) Crystallizer
Mother liquor
(T,>T,) (Saturated solution), T,(K)

Fig. Schematic diagram of a crystallizer

1.2.5 Drying

Drying is gas-solid operation in which a relatively small amount of water is removed from solid material,
by contacting it with a continuous stream of gas (air) as shown in figure.

Air (out) <=——

Air (in)
Crystallizer
Wet Solid (in) —— —— Dry Solid (out)

Fig. Schematic diagram of a dryer

1.3 MECHANISM OF MASS TRANSFER

Molecular Mass Transfer Convective Mass Transfer

foo & =°
o T% o

U f\o g
O\\Cio%(\‘ﬁ o @
D — %gg
/Oo%{‘/o ®¥> 3
o/%/i\o .

In this case, eddy diffusion by random macroscopic fluid motion is the responsible for the convective
mass transfer.

Time —>

1.4 DRIVING FORCE FOR MASS TRANSFER

1.4.1 Two-Phase System

e  Spontaneous alteration through molecular diffusion occurs.
e Ultimately brings the entire system to a state of equilibrium whereupon alteration stops.

MEDE ERSYH www.madeeasypublications.org smw}“ﬁi&gfi CH



Mass Transfer
POSTAL
MRDE ERSY BOOK PACKAGE 2025 Introduction and Basic Concepts 5

= Mole fraction of component i (ideal gas mixture)

Pi
Vi = Py
= Mole fraction of component i (gases)
C,
yi = —

s Sum of mole fractions

Nxo o= 12y =1

1.5.2 DiffusionVelocities

e Mass Average Velocity :
s Defined in terms of mass concentrations :

n

Zpi‘/z‘ " (b, n

Vmass—avg = & = 2(_[) Vi= Zwivi
2 p; i=1 i=1

i=1

>

absolute velocity of species i with respect to a fixed
reference frame

<
Il

where,

. = mass fraction of species i
e Molar Average Velocity :
s Definedinterms of molar concentrations :

n
; Cixv, c .

Vmol—avg = Ii = E;(El)vz = Z;Xivi
Cj i= i=

i=1

where, x. = mole fraction of species i

1

Example 1.1 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 0.05 m/s, 0.03 m/s, 0.02 m/s and 0.03 m/s. Calculate the mass average and
molar average velocities of the mixture.

Solution:

Rename H, =1,C0O =2,CO,=3and N, = 4.

The volume average velocity (= molar average velocity) given by

74

1
mol-avg 2(01‘/1 +CoVp + Cvg + Cyvy)

YiVi + VoVo + V3V + Y,V

Here, y, is the mole fraction of component i in the gas mixture.
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Q4 Which of the following option(s) is/are example

of gas-liquid operation?
(a) Absorption (b) Distillation

(c) Drying (d) Humidification
Q.1 !Z)nvmgforcefor mass transfer in a binary system Q5 Molecular mass transfer takes place either fluid
is .
. is
EZ)) gehzsquiﬁugitﬂ?;nce (a) stagnantorinlaminar flow
b) inturbulentflo
(c) Concentration difference (0) inturbu W . .
) Pr e differen (c) forced to flow in bulk with eddies
essure diierence (d) None of these
Q2 n/lcshtrc;fntsr;griollowmg isfare & mechanism for Q6 Molecular mass transfer (molecular diffusion) can
(a) Difference in pressure ben:creasgd b:/ t
(b) Difference in solubility (z) Dncreasqu fmpera ‘t”e
(c) Difference in volatility () | eoreagng emperature
(d) Difference in viscosity ©) ncreasmg pressure
(d Decreasing pressure
Q3 Which of the following is/are example of solid-
liquid mass transfer operation? = ANSWERS
(@) (LZrysflhzanon (t;) gdgorpt|on 1. (b) 2. (b, 0 3. (a,b, ) 4 (ab,d)
(c) Leaching (d) Drying 5. (@) 6. (a d)
EEEE
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CHAPTER

Diffusion

LEARNING OBJECTIVES

The reading of this chapter will enable the students

e To understand the concept of mass transfer coefficients.

e Tounderstand the analogies between heat, mass and momentum.

e Tounderstand the concept of mass transfer theories and interphase mass transfer.
e Tounderstand the concept of molecular and convective diffusion.

¢ To understand the concept of steady state molecular diffusion in fluids under stagnant and laminar
conditions.

e Tounderstand the concept of molecular diffusion in liquids and solids.

2.1 INTRODUCTION

Diffusion is the movement, under the influence of a physical stimulus, of an individual component through
a mixture. The most common cause of diffusion is a concentration gradient of the diffusing component. Although
the usual cause of diffusion is a concentration gradient, diffusion can also be caused by an activity gradient, as
in reverse osmosis, by a pressure gradient, by a temperature gradient, or by the application of an external force.

Diffusion is not restricted to molecular transfer through stagnant layers of solid or fluid. It also takes
place in fluid phases by physical mixing and by the eddies of turbulent flow, just as heat flow may occur by
convection. This is called eddy diffusion. Sometimes, the diffusion process is accompanied by bulk flow of the
mixture in a direction parallel to the direction of diffusion, and it is often associated with heat flow.

A distinguishing feature of diffusion is that it results in mixing or mass transport, without requiring bulk
motion (bulk flow). Thus, diffusion should not be confused with convection or advections, which are other transport
phenomena that utilize bulk motion to move particles from one place to another. The driving force of molecular
diffusion is concentration difference.

2.2 MOLECULAR DIFFUSION

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
aliquid 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.

MEDE ERSYH www.madeeasypublications.org 301vegh1€:?(gnglig; CH
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The rate of molecular diffusions is very slow. Thus we can change 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, 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.

Effect of Barrier on Molecular Diffusion :

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

surface.

e Placing a layer of stagnant air at 1 std. atm. pressure and only 0.1 mm thick above the water surface

reduces the rate by a factor of about 600.

2.3  FICK'S LAW OF DIFFUSION (STEADY STATE)
FOR A BINARY SYSTEM (A AND B)

The molar flux of diffusing component A (diffusion flux of A) in z-direction in a binary mixture of Aand B
is proportional to the molar concentration gradient.
Mathematically, Fick’s law is given by:

dc
Jy= —Dpg—2 (2.1
A A8~ (2.1)
where J, molar flux of A with respect to an observer moving with bulk velocity in z-direction.

¢, = Concentration of A [kmol/m?]

dc . — o
d—zA = Concentration gradient in z-direction
D,g = Proportionality constant known as molecular diffusivity or diffusion
coefficient, (m?/sec)
z = Distance in the direction of diffusion, (m)

“~ve” sign shows that diffusion occur in the direction of decreasing concentration.

2.4 DIFFUSIVITY

Diffusivity is defined as the ratio of the flux to the corresponding concentration gradient. It is denoted by
D. Unit of diffusivity is m?/sec. It is a characteristic of the constituent and its environment (temperature, pressure,
solution type, i.e., whether gas, liquid or solid solution). It is a measure of its diffusive mobility. Let D, =
Diffusive mobility of A in mixture of A and B.

Then, Dg,, = Diffusive mobility of B in mixture of A and B

Mathematical expression for molar flux with respect to a stationary observer.

Ny = Jy+x,(N, + Np)
where J, = Contribution due to concentration gradient, (diffusion flux)
x,(N,+ Ng) = Bulk motion contribution (flux due to bulk flow)
For a condition of steady state, the net flux is
N,+Ng=N ..(2.2)

The movement of A is made up of two parts, namely, that resulting from the bulk motion N and the

fraction x , of N which is A and that resulting from diffusion J,:

MEDE ERSYH www.madeeasypublications.org saw}“ﬁi%ﬁﬁé CH
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2.5

2.5.1

N, = Nx,+J,
ac
N, = (Na+N, —Dyg—2
( A B) c AB §_ dz

The counterpart of Eq. (2.4) for Bis

ac
Ny = (N +Ng) 8 — Dy, 28
B ( A B) c BA -~ dz

Adding these gives
Jc, dCg

—Dyg =4 = 1
0z BA Sz

(26)

ord,=-Jg If ¢, + cg = const, it follows that D, ; = D, at the prevailing concentration and temperature.

STEADY STATE MOLECULAR DIFFUSION IN FLUIDS UNDER
STAGNANT AND LAMINAR FLOW CONDITIONS

Steady State Diffusion through a Constant Area

e Assume steady state diffusion in the x-direction without any chemical reaction in a binary gaseous

mixture of species Aand B.
e For one dimensional diffusion of species A, molar flux :

N, = —CDpg dg +yuN where N=N,+ Ng
e Separating the variables in equation (2.7), it can be expressed as :
_dyA _ dx
—YaN CDsg

(2.8)

* Forthe gaseous mixture, at constant pressure and temperature, Cand D 5 are constant, independent
of position and composition. Also, all the molar fluxes are constant in equation (2.8). Therefore, the

equation (2.8) can be integrated between two boundary conditions as follows :

-dy,  _dx
Niy—yaN — CDyg
atx = xy, Ya= Yai
atx = x,, Ya=Yao

where, 1 indicates the start of the diffusion path and 2 indicates the end of the diffusion path.

Integration eqgn. (2.8) with the above BC’s :

YA2

J o - I
Var —yaN CDAB
Let N,-y,N=Z2
= -ady,N=dz
az
—dy, = —=
= Va= N

MRDE ERSY
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Substituting the values in above equation,

Taz _"f dx
JNZ " CDg
or Linz, -Inz,) = 1 (% — xq)
, N(n 2 —In 1)_CDAB 2~ X
Z5 N
= In|==| = (x5 — x4)
(21 CDu °
Ny =y 0N N
| A= YA _ _
- r{NA—YMN CD g (%2 =x1)
N i
= In N(/\?_YA2) N ( )
= Xp — X
W—Ym

Multiplying both sides with N, in above equation,

N
Ny CD (/\?‘y A2)
A % AB In

= N, = ==

N (xp = xq) (M—Ym)

N

Therefore, after integration with the boundary conditions the equation for diffusion for the said condition
can be expressed as

No
NaD)ug | N~ Y22
N, = In (2.9)
N(xz = x1) M—Ym
N

2.5.2 Steady State Diffusion through Non-Diffusing B
* For steady state one dimensional diffusion of A through non-diffusing B, Ng= 0 and N, = constant.
Therefore,
Na o Na g (As Ng=0)
N (N4 +Ng)
e Hence, equation (2.9) becomes :

N < CDyg |n|:1_YA2:|

= ...(2.10)
AT xmexy [1-ya
P
For, an ideal gas, C= L
9 RT
i i _ Pa
For, mixture of ideal gases, y, = -
t
e The equation (2.10) can be expressed in terms of partial pressure as :
MBDE EASYH www.madeeasypublications.org Theory with | &gy
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N, = DABP[ |n[FJf_pA2} (211)
A (o —x)RT | B —pa
where, P, = Total pressure

P4 and p,, = Partial pressures of A at point 1 and 2 respectively

e For diffusion under turbulent conditions, the flux is usually calculated based on linear driving force.
For this purpose, the equation (2.11) can be manipulated to rewrite it in terms of a linear driving force.

e Since for the binary gas mixture of total pressure P,

Pi=Pa+Pp
PP = P
and Pi=Pa1 = P = Pai~Paz = Pgz~ Pgi

e Thenthe equation (2.11) can be written as :

_ _Dasf [Pm —PAz]m[P_a}
RT(xp —x1)| P2 —Pa1] | Pt

_ DR

AR T(xp = x1)PgLm

where, pg, ,,= Logarithmic mean partial pressure of species B which is defined as:

Ny

or, (Pa1 = Paz) (2.12)

Pp2 — Pp1
Ps2.
Pp1

Ppim =
In

d
e The component A diffuses by concentration gradient : —%
X

e Here, fluxis inversely proportional to the distance through which diffusion occurs and the concentration
of the stagnant gas (pg, ,) because with increase in x and pg, ,, resistance increases and flux decreases.

Example 2.1 CO0, is diffusing through non-diffusing air under steady state conditions at a
total pressure of 1 atmosphere and temperature 300 K. The partial pressure of CO, is 20 kPa at
one point and 5 kPa at other point. The distance between the points is 5 cm. Calculate the flux
of CO,. Given that at 300 K and at 1 atm, Dgq,_;, = 2 x 10° m?/s

Solution:

Assume ideal gas, let air = B

_ DCOZ—air F%
%" RT(xy—x1)  Fam

= 2x10°m?s at 300 K and 1 atm

No (Feo,, — Fooe2)

Given that D

COTair
P=1atm=101.3kPa=1.013 x 10° Pa
I'=300K,x,-x;,=5cm=0.05m
Pcoz,1 = 20 kPa = 20,000 Pa

Psoss = 5 kPa = 5,000 Pa
R = 8314 Pa m3/kmol K
Py = Pi—Poopy = (101.3— 20) kPA = 81.3 kPa

MEDE ERSYH www.madeeasypublications.org smw}“ﬁ?ﬁnﬁi CH
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Pas = P~ Peos s = (101.3 - 5) kPA = 96.3 kPa
b _ Fro—Par_96.3-813

() e[ )
Po 81.3

-5 2 5
N, = 23><1O m-/sx1.013x10° Pa (20,000—5,000)
28314 Pam®/kmol K x300 K x0.05 m x88590 Pa

_ 2x10° x1.013x10° x 15000 crmolm?s
~ 8314x300x0.05x 88590

= 2.75 x 10°% kmol/m?3s

kPA =88.59 kPa = 88590 Pa

2,5.3 Steady State Equimolar Counter Diffusion

This is the case for the diffusion of two ideal gases where an equal number of moles of the gases
diffusing counter-current to each other.
In this case Ng=—-N, = constant and N, + Nz = 0.
This molar flux equation (2.7) at steady state can then be written as :
d
NA = _CDAB d)/A +yAN

X

where, N=N;+ N,
= N, = —CD,s A
dx

P
For ideal gas, C=—-L
or ideal gas BT
So, N, = _M.% ..(2.13)

RT  dx

Integrating the equation (2.13) with the boundary conditions : atx —x,, Y, — V4, alx = x,, ¥, = V4, the
equation of molar diffusion for steady-state equimolar counter diffusion can be represented as

Dash

N, = m(ym —Ya2)
DAB
= AT(x,—x) (Pat = Paz)
Example 2.2 CO, is diffusing at steady state through a straight tube of 0.5 m long with an

inside diameter of 0.05 m containing N,, at 300 K and 1 atm pressure. The partial pressure of CO,
atone end is 15 kPa and 5 kPa at the other end. Given that at 300 K and 1 atm. Given that

Dco,-n, = 4 x 107° m?/s. Calculate the following for steady state equimolar counter diffusion :
(i) Molar flow rate of CO,; (ii) Molar flow rate of N.,.

Solution:
Assume ideal gas in equimolar counter diffusion for CO, flux :

Deo,n,
Now = 200 _

MEDE ERSYH www.madeeasypublications.org saw}“ﬁﬁ%ﬁﬁé CH
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A large tank filled with a mixture of gases A and
Bat 101 kPa and 298 K (25°C) is connected to
another large tank filled with a mixture of A and
B of different compositions of Aand Bat 101 kPa
and 298 K (25°C). The tanks are connected by a
tube of inner diameter of 50 mm and is 150 mm
long. Calculate the steady state rate of transport
of Athrough the tube when the concentration of
A in one tank is 90 mole % and in the other is
5 mole % assuming uniformity in the
composition in each tank and transfer takes by
molecular diffusion. The diffusivity of A in B is
4.3 x 103 m?/s.

Methane diffuses at steady state through a tube
containing helium. At point 1, the partial pressure
of methane is 55 kPa and at point 2 it is 15 kPa.
The points 1 and 2 are 30 mm apart. The total
pressure is 101.3 kPa and temperature is 298 K
(25°C). Calculate the flux of CH, at steady state
for equimolar counter diffusion. The diffusivity of
methane at the prevailing conditions is
6.75 x 107° m?/s.

Ammonia gas (A) diffuses through a non-
diffusing nitrogen gas (B) under steady state
conditions. The partial pressure of A at location
1is 1.5 x 10% Pa and that at location 2 is
5 x 10° Pa (Pascal). The locations 1 and 2 are
0.15m apart. The total pressure is 1.103 x 10° Pa
and temperature is 298 K. Calculate the flux of
diffusion of ammonia. Also calculate the flux of
diffusion for equimolar counter diffusion
considering that nitrogen is also diffusing. The
diffusivity of ammonia at the prevailing conditions
is 2.30 x 107> m?/s.

Calculate the rate of diffusion of acetic acid (A)
across a film of non-diffusing water (B) which is
1 mm thick at 290 K if the concentrations of acetic
acid on the opposite sides of the film are 9%

soon pacwace PAVA
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and 3% respectively. The densities of 9% and
3% solutions are 1012 kg/m® and 1003.2 kg/m?
respectively. The diffusivity of acetic acid in water
is 0.95 x 1072 m?/s.

Hydrogen gas at 202.6 kPa (2 atm) and 298 K
(25°C) flows through a pipe made of
unvulcanised neoprene rubber withi.d. and o.d.
25 and 50 mm, respectively. The diffusivity of
hydrogen through rubber is 1.8 x 10°% cm?/s.
Calculate the rate of loss of hydrogen by diffusion
per meter length of the pipe. The solubility of H,
is 0.053 cm3 (NTP)/cm? atm.

In a gas mixture of hydrogen and oxygen, steady
state equimolar counter diffusion is occurring at
a total pressure of 100 kPa and temperature of
20°C. If the partial pressures of oxygen at two
planes 0.01 m apart, and perpendicular to the
direction of diffusion are 15 kPa and 5 kPa,
respectively and the mass diffusion flux of
oxygen in the mixture is 1.6 x 1075 kmol/m? sec,
calculate the molecular diffusivity for the system.

In a gas mixture of oxygen and nitrogen, steady
state equimolal counter diffusion is occurring at
atotal pressure of 101.325 kPa and temperature
of 25°C. If the concentration of oxygen at two
planes 0.16 m, apart and perpendicular to the
direction of diffusion are 20 vol % and 15 vol %
respectively. Calculate the rate of diffusion of
the oxygen as expressed as kmol/m?s. The
molecular diffusivity of oxygen-nitrogen mixture
at 101.325 kPa and 25°C is 1.56 x 10° m?/s.

Pressurized hydrogen gas is stored at 358 K in
a 4.8 m outer-diameter spherical container made
of nickel. The shell of the container is 6 cm thick.
The molar concentration of hydrogen in the nickel
at the inner surface is determined to be
0.087 kmol/m3. The concentration of hydrogen
in the nickel at the outer surface is negligible.
Determine the mass flow rate of hydrogen by
diffusion through the nickel container.

Data: D,p=12x10"2m?s
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Q9 Consider a circular pipe of inner diameter (D =

Q.10

o v w =

0.015 m) whose inner surface is covered with a
layer of liquid water as a result of condensation.
In order to dry, the pipe, air at 300 K and 1 atm
is forced to flow through it with an average
velocity of 1.2 m/s. Using the analogy between
heat and mass transfer, determine the mass
transfer coefficient inside the pipe for fully
developed flow. Data :

v =158 x 10°m?s;

D,g =254 x10°m?s

Which of the following assumption(s) is/are made

in Chilton-Colburn analogy?

(@) Only aturbulent core is present.

(b) Velocity, temperature and concentration
profiles are same.

(c) Schmidt number and Prandtl number are not
equal to unity.

(d) Schmidtand Prandtl number are necessarily
equal to one.

ANSWERS

(
(
(
(

Explanation

1.95x 1079 2. (3.63 x 10™)
748 x 107, 6.19 x 107)

772 x10%) 6. (3.898 x 107°)
2.46 x 10719 9, (0.00620)

4, (1.018 x 1079
7. 2 x107)
10. (a, b, 0

El (1.95x109)

Mole fraction of A in tank 1

90
X1 = 355 = 0-90

Mole fraction of A in tank 2

5
X = 205 =005

D,g = 43x10°m?/s

z=150mm=0.15m
= Length of diffusion path
Area = r

P2 = X y0.057
4 5 %009

1,963 x 103 m?
P = X4.P=0.9 x 101 = 90.9 kPa

soon pacwace P
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P = X45.P=0.05x 101 = 5.05 kPa
R = 8.31451 m3 kPa/(kmol.K)
Rate of transport of A
N A= DAB(:OA1_:0A2)XA
A RTz
4.3x1072%(90.9-5.05)x 1.963x 1073

8.31451x 298 x0.15
1.95 x 107 kmol/s

BN Gs3x109)

The flux for the equimolar counter diffusion is
given by
= %(Pm —Paz)
D,g = 6.75x10°m?/s
R = 8.31451 m3 kPa/(kmol.K)
T=298K,z=30mm=0.03m
P4 = 55 kPa, p,, = 15 kPa

6.75x107°(55 - 15)

8.31451x 298 x 0.03
= 3.63 x 10-° kmol/(m2.s)

Ny

where,

N, =

Bl 7.48x107, 6.19x107)

1. Theflux equation for the diffusion of Athrough
a non-diffusing Bis given by
_ DABP
A RTzpg

D,g =230x10°m?/s

(Pa1 = Paz)

where,

P =1.103 x 10° Pa

Pa = 1.5x10*Pa

P = 5x10% Pa

Pei = P~ Pa
=1.103 x 105-1.5 x 104
= 8.63 x 10* Pa

Pgo = P=Pp
=1.103 x 105-5x 1083
= 9.63 x 10* Pa
_ P2 — Pp1

p =
B, M ln(l%)
Pp1
(9.63x10* —8.63x10%)

9.63x10*
ni
8.63x10*
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= 0.121 x 10 Pa
T=298K,z=0.15m
R = 8.31451 m3.kPa/(kmol K)
= 8314.51 m3.Pa/(kmol.K)

_ 2.30x107° x1.1083x10°(1.5x 10" -=5x10°)
A 8314.51x 298 x0.15x9.121x 10*
= 7.484 x 107 kmol/(mZ2.s)
2. The flux equation for the equimolar counter
diffusion is given by

D
N, = R—;\_i(,om = Paz)

2.30x107°(1.5x10% = 5x 10°%)
8314.51x 298x 0.15
= 6.19 x 107 kmol/(m?.s)

KN (1.018x109)
D,g=0.95x109m?/s
z=1mm=1x10%m

At location 1, on one side of the film :
p, = 1012 kg/m?, Acetic acid = 9% by weight
Mol. wt. of acetic acid (CH,COOH) = 60,
Mol. wt. of water (H,0) = 18
In 100 kg mixture there are 9 kg of acetic acid
and 91 kg of water

9
Moles of A 60
X = = —
41" Totalmoles ~ 9 100-9
60 18
- 015 015 _ 4008

0.15+5.05 52
M, = Average molecular weight of solution

_ kg ofsolution _ 100 _ 49 51 kgjmol
kmol of solution 52
Since x,, + xg, = 1
xg = 1-0.0288 =0.9714

At location-2, on the other/opposite side of the

film:
Weight % of acetic acid = 3%, p, = 100.3 kg/m?
3
xp= —090  -00092
3, 100-3
60 18

soon pacwace PAVA
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1-0.0092 = 0.9908

100
2 3 100-3
—+
60 18

and X5

=18.40

Pi, P2

M, M
Cavg: %

(1012)+ (1003.2)

19.21 18.40
2

53.6 kmol/m3

_ (xg2 — xg1)

(0.9908 -0.9712)

= =0.980
n 0.9908
0.9712
The flux of acetic acid is
DAB’Cav
N, = 28 _~a&g -
b= 2 X (xa1—xa2)
-9
- 99510 (5 0288-0.0092)
1x107 x0.98

= 1.018 x 1078 kmol/(mZ.s)

Bl 7.72x10?)

Consider 1 m of the pipe,
Z=r,-r = o.d.-id.
2

50-25

2
0.0125m
1.8 x 10% cm?/s
1.8 x 10710 m?/s
L=1m

_ 2nl(,-r)  2n(1)(0.0125)
avg ol B n 0.025)
n 0.0125

=0.1133m?
At 202.6 kPa (2 atm) hydrogen pressure, the
solubility is

=125 mm

D,

A

= 0.053><% =0.106 cm3 (NTP)/cm?
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=0.106 m3 (NTP)/m3
. C,, atthe inner surface of the pipe

_ 0106 473 % 103 kmol H,/m3

22.4
At the outer surface, C,, =0
The rate of loss of hydrogen per 1 m length of the
pipe is

W= NA ) Aavg

DA : Aavg [CA1 - CA2)
z

1.8x1071°x0.1133(4.73x 102 - 0)

0.0125
7.72 x 1072 kmol H,/s per m

N .898x107)

For equimolar countercurrent diffusion:

N, = %(ﬁm = Paz)
where,
N, = molar flux of A (1.6 x 10~° kmol/m?.sec);
D ,g = molecular diffusivity of Ain B;
R = Universal gas constant (8.314 kd/kmol.K);
T = Temperature in absolute scale (273 + 20
= 293 K);
z = distance between two measurement planes
1and 2 (0.01m);

P41 = partial pressure of A at plane 1(15 kPa);

Pa» = partial pressure of A at plane 2 (5 kPa)
Substituting these in egn. (6.1);

Dag
(8.314)(293)(0.01)
Therefore, D,; = 3.898 x 10° m?/sec

(2x1077)

For steady state equimolal counter diffusion

16x 105 = (15-5)

D _ _
N, = RTAEZ (Pa1 = Paz)

Data : pay = 0.2 x 101.325 = 20.265 kPa
Pap = 0.15x 101.325 = 15.198 kPa
3
m~kPa
R =8.314 ,z=0.16m
kmol.K
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T=273+25=298K
D5 = 156 x 105 m2/s

1.56x107°
NA =
8.314%x298x0.16
N, =1.99 x 10~ kmol/m?s = 2 x 107 kmol/m?s

Bl 246x10)

The molar flow rate of hydrogen through this
spherical shell by diffusion can be determined

(20.265 - 15.198)

- Cy-C
Ndiff = 47-5/’1,’2DAB(M)
o=

r,=240m, r;=2.34m

(0.087-0)

oo —12
N = 4n(2.34)(2.40)(1.2x 107'2) (2.40-2.34)

N =1.228 x 10719 kmol/s

.. The mass flow rate is determined by multiplying
the molar flow rate by the molar mass of
hydrogen, i.e., M = 2 kg/kmol.

mdiff = 2 X 1228 X 10710
= 2.46 x 1079 kg/s

(9. C)

The Reynolds number for this internal flow is
VD 1.2x0.015
v 158x107°
which is less than 2300, thus flow is laminar.
Therefore, based on the analogy between heat
and mass transfer, the Nusselt and the Sherwood
numbers in this case Nu = Sh = 3.66. Using
definition of Sherwood number, the MTC is

Re = = 1139

i = Sh)Dag

c D
_ (366)(2.54x10°)
- 0.015

k. = 0.00620 m/s
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