Module 3 Lecture IlI

CM3120: Module 3

Diffusion and Mass Transfer |

I Introduction to diffusion/mass transfer

Il.  Classic diffusion and mass transfer—Quick Start a): 1D Evaporation

IIl.  Classic diffusion and mass transfer—Quick Start b): 1D Radial droplet

IV.  Cycle back: Fick’s mass transport law

V.  Microscopic species A mass balance

VI.  Classic diffusion and mass transfer—c): 1D Mass transfer with
chemical reaction
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CM3120 Transport/Unit Operalions 2

Diffusion and
Mass Transfer
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bit later.

Continuing...
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Last time...

QUICK START
Example 1: Water (40°C, 1.0 atm) slowly and steadily evaporates into
nitrogen (40°C, 1.0 atm) from the bottom of a cylindrical tank as shown in the
figure below. A stream of dry nitrogen flows slowly past the open tank. The
mole fraction of water in the gas at the top opening of the tank is 0.02. What
is the rate of water evaporation?
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Last time...

Interrogating the e Wotr(10°C10t) sy s sty saprstes oo
. (40°C, 1.0 atm) from the bottom of a cylindrical tank as shown in the figure
problem : below. Astream of dry nitrogen flows slowly past the open tank. The mole
fraction of water in the gas at the top opening of the tank is 0.02. What is the
rate of water evaporation?
We sought to "
. — = —n-1im
com plete thlS Why does the water ! |
evaporate? “‘5 !
- b 22—
problem. ot ; :
at limits the rate ol — N D,
evaporation? ~ 1o *
. o
The primary goal —
P yg ) What could be done to
however, was (|s) accelerate the
— evaporation?
to grow our ability
What could be done to What is the
to troubleshoot slow down the driving physics?
. . evaporation?
engineering
problems.

We take note of the questions that were
productive in leading us to the solution.
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Last time...

QUICK START
. Example 1: Water (40°C, 1.0 atm) slowly and steadily evaporates into
The qUGStIOﬂS nitrogen (40°C, 1.0 atm) from the bottom of a cylindrical tank as shown in the
|ed us tO figure below. A stream of dry nitrogen flows slowly past the open tank. The
mole fraction of water in the gas at the top opening of the tank is 0.02. The
refi ne the geometry is as shown in the figure. What is water mole fraction as a function
of vertical position in the tank? You may assume ideal gas properties. What
problem; to is the rate of water evaporation? N
2
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Example 1

Seek concentration distribution

= microscopic species A mass balance.

©)

.« Equation of Species Mass Balance in Terms of -
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Example 1
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First, we obtained the flux N, ,

—

Y

and the concentration
distribution x4 (z).
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Example 1
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Then, we answered the question: cDyp 1— x4
NA,Z = C1 = In
(71 — 23) 1— x4
) The rate of evaporation
A, = anfnk AysNy, = 3.9 X 1076 mol/s.
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The primary goals are QUICK START
* to grow our ability to troubleshoot engineering
problems

* To explore “classic” mass transfer circumstances
and add them to our tool belt

Let’'s do another problem

Example 2: A water mist forms in an industrial printing operation. Spherical
water droplets slowly and steadily evaporate into the air (mostly nitrogen).
What is the rate of evaporation and how does the water concentration vary in
the gas?

2R,

Ver 1
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QUICK START

Example 2: A water mist forms in an industrial printing operation. Spherical
water droplets slowly and steadily evaporate into the air (mostly nitrogen).
What is the rate of evaporation and how does the water concentration vary in
the gas?

Let’s Interrogate
the problem. Ver 1
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QUICK START

Example 2: A water mist forms in an industrial printing operation. Spherical
water droplets slowly and steadily evaporate into the air (mostly nitrogen).
What is the rate of evaporation and how does the water concentration vary in
the gas?

N,

Why does the water l
evaporate? 00 ~——"

What limits the rate of
evaporation?

What could be done to

accelerate the evaporation? What is the driving physics?

What could be done to slow Can we use any ideas from Ver 1
down the evaporation? previous experience?
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QUICK START

Example 2: A water mist forms in an industrial printing operation. Spherical
water droplets slowly and steadily evaporate into the air (mostly nitrogen).
The evaporation creates a film around the droplets through which the
evaporating water diffuses. What is the rate of evaporation and how does the
water concentration vary in the gas as a function distance from the droplet?
You may assume ideal gas properties for air.

N,

N, and H,0

We are developing a
model to address the

questions of interest Ver 2
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QUICK START

Example 2: A water mist forms in an industrial printing operation. Spherical
water droplets slowly and steadily evaporate into the air (mostly nitrogen).
The evaporation creates a film around the droplets through which the
evaporating water diffuses. What is the rate of evaporation and how does the
water concentration vary as a function distance from the droplet? You may
assume ideal gas properties for air.

Ny

2R, 2R,

N, and Hy0

Ver 2

SOLVE
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SOLUTION:

QUICK START

Ny

Example 2: A water mist forms in an industrial printing operation. Spherical
water droplets slowly and steadily evaporate into the air (mostly nitrogen).
The evaporation creates a film around the droplets through which the
evaporating water diffuses. What is the rate of evaporation and how does the
water concentration vary as a function distance from the droplet? You may
assume ideal gas properties for air.

Ver 2

See hand slides
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Ver 2

Assumptions:

» Steady diffusion; stagnant air

« Uniform film surrounds droplet

* ldeal gas

» Constant temperature and
pressure

* Constant ¢, Dyp

QUICK START

Solution:
xX4(T)

1—x4

Example 2: A water mist forms in an industrial printing operation. Spherical
water droplets slowly and steadily evaporate into the air (mostly nitrogen).
The evaporation creates a film around the droplets through which the
evaporating water diffuses. What is the rate of evaporation and how does the
water concentration vary as a function distance from the droplet? You may
assume ideal gas properties for air.

N

Ver 2

== Homework
problem 3.14

1— x4

1— x4, R_l_i do algebra;

R2 problem 3.8

1-— Xa1 plot this

solution

16
© Faith A. Morrison, Michigan Tech U.

3/1/2021



Module 3 Lecture IlI

QUICK START

<

Assumptions:

« Ideal gas

« Uniform film surrounds droplet

« Constant temperature and

in an indust operation. Spherical

Ver 2

d the
e rate ton and how does the
fon distance from the droplet? You may

We can now pressure
explore these
assumptions, and Solution:
modify, if needed, ) F
for more complex 1—xy  (1—% <%R-%>
problems. 1—xA1_<1——xAl> T

Let’s Interrogate
the problem.

I—
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Film model of mass transfer

QUICK START

Example 2: A water mist forms in an industrial printing operation. Spherical
water droplets slowly and steadily evaporate into the air (mostly nitrogen).
The evaporation creates a film around the droplets through which the
evaporating water diffuses. What is the rate of evaporation and how does the
water concentration vary in the gas as a function distance from the droplet?
You may assume ideal gas properties for air.

N,

N, and H,0

How good are these
assumptions?

Are there energy issues?

Assumptions:

» Uniform film

* Ideal gas

» Constant pressure

» Constant temperature

18
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Film model of mass transfer (more complex) QUICK START

Example 2: A water mist forms in an industrial printing operation. Spherical
water droplets slowly and steadily evaporate into the air (mostly nitrogen).
The evaporation creates a film around the droplets through which the
evaporating water diffuses. We can model the diffusion process as shown in
the figure. The temperature in the film is not constant but varies as T(r)/
T(Ry) = (r/R,)™. What is the rate of evaporation and how does the water
concentration vary as a function distance from the droplet?

N,

Note: not 2R, 2Ry
isothermal l
Nyandt,o S |
AHyap # 0

Ver 3
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Film model of mass transfer (more complex) QUICK START

Example 2: A water mist forms in an industrial printing operation. Spherical
water droplets slowly and steadily evaporate into the air (mostly nitrogen).
The evaporation creates a film around the droplets through which the
evaporating water diffuses. We can model the diffusion process as shown in
the figure. The temperature in the film is not constant but varies as T(r)/
T(Ry) = (r/R,)™. What is the rate of evaporation and how does the water
concentration vary as a function distance from the droplet?

N,

Note: not 2R, 2R,
isothermal J'
Nyandt,o S |
_ What does changing
AHyap # 0 temperature impact?
How do we modify the Ver 3
model?
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Film model of mass transfer (more complex)

Where did we assume “isothermal” in our previous solution?

Example 2 Awater mist forms in an industrial printing operation. Spherical
waler droplets slowly and steadily evaporate into the air (mostly nitrogen).
The the droplet the
evaporating water dffuses. Whatis the rate of evaporation and how does the
water concentration vary as a function distance fromthe droplet? You may
assume ideal gas properties for air

2R, 2R,

The Film
Model of
mass transfer Ver 2

—ro v (Sew pr2)

-
Stpfeetl, e
o= X Nam = <D, dic
1 9
S0 3-£.=r.s.ﬁ
Sehe
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Film model of mass transfer (more complex)

Where did we assume “isothermal” in our previous solution?

When we integrated to obtain x4 (7).

Example 2 Awater mist forms in an industrial printing operation. Spherical
waler droplets slowly and steadily evaporate into the air (mostly nitrogen).
The oeatesa the droplet the
evaporating water dffuses. Whatis the rate of evaporation and how does the
water concentration vary as a function distance fromthe droplet? You may
assume ideal gas properties for air

2R, 2R,

The Film
Model of
mass transfer Ver 2

D
- Microscopic species § meas ‘-é&
—skeds,
—#o Yy (See /2.)

=8} sy

@ \E\ sf‘(r"“hr\
45 T

=6
"F"-,ré;c,

Nk:%",

22
© Faith A. Morrison, Michigan Tech U.

3/1/2021

11



Module 3 Lecture IlI

Film model of mass transfer (more complex)

QUICK START

Example 2: A water mist forms in an industrial printing operation. Spherical
water droplets slowly and steadily evaporate into the air (mostly nitrogen).
The evaporation creates a film around the droplets through which the
evaporating water diffuses. We can model the diffusion process as shown in
the figure. The temperature in the film is not constant but varies as T(r)/
T(Ry) = (r/R,)™. What is the rate of evaporation and how does the water
concentration vary as a function distance from the droplet? You may assume
ideal gas properties for air; you may assume that the diffusivity varies with

temperature as follows:

Dyp (T)/DAB,l = (T/T1)3/2

N,

Note: not
isothermal

N, and H,0

HW 3.7
(stretch)

Ver 4
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© Faith A. Morrison, Michigan Tech U.

Film model of mass transfer (more complex)

Ver 4

Assumptions:

» Uniform film surrounds droplet
* |deal gas

» Temperature follows power law
« Diffusivity follows power law

» Pressure is constant

Solution:
x4 (1)
1—xy4
1— x4 B
HW 3.7

QUICK START

Example 2: A water mist forms in an industrial printing operation. Spherical
water droplets slowly and steadily evaporate into the air (mostly nitrogen).
The evaporation creates a film around the droplets through which the
evaporating water diffuses. We can model the diffusion process as shown in
the figure. The temperature in the film is not constant but varies as
T(r)/T(Ry) = (r/R)™ Whatis the water mole fraction in the film as a
function of radial position? You may assume ideal gas properties for air; you
may assume that the diffusivity varies with temperature as follows:

Dp(T)/Dyg,x = (T/11)3/?

1 — X490 Ri+n/2 R1+n/2

Note: not 2R, 2R,
isothermal
1 1
Ri+n /2 p1+n/2
1 1

24
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Introduction to Diffusion and Mass Transfer in Mixtures QUICK START

Recurring Modeling Assumptions in Diffusion (“Classics”)

* Near a liquid-gas interface, the region in the gas near the liquid is
a film where slow diffusion takes place

» The vapor near the liquid-gas interface is often saturated (Raoult’'s
law, x4 = pa/p)

» |If component A has no sink, flux N, = 0.

+ If A diffuses through stagnant B, Nz = 0.

» If Alis dilute in B, we can neglect the convection term (N4, = J4,)

» Because diffusion is slow, we can make a quasi-steady-state
assumption

© Faith A. Morrison, Michigan Tech U.
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We have been performing a “Quick Start,”

And have found the combined molar flux
formulation useful.

It turns out that there are many interesting and
applicable problems we can address readily with this
form of the species mass balance.

Microscopic species A mass balance—Five forms

In terms of mass flux (9 ) .y
and mass p( o Y2 Von) = =Vejatm
concentrations
= pDypViwy +14

nterms of molar flux 15, »
andmotar ¢ (%4 +v" - Vxy) = =V [ +(
concentrations N

Let’s jump in!

= cDypVx,y
1
of Gombined
( @, RD

concentrations
We'lldo a “Quick Start” and
Microscopic species mass get into some examplgs and
balance in terms of return to the “why” of it all a

combined molar flux N, bit later.
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There are times it is not useful. We need to go
back and discuss how/why/when this all works.

Various forms of Fick’s LaW (and e species mass balances that employ them)

Mass flux Molar flux

ja = —pDypVew, Ji=—cDypVx,

‘pages.miu. edu/~frmormriso/cmi3 120/ Homeworks_Readings.hfmf

[ Combined molar flux

Ny = x4(Ng + Ny) — cDapVxy

50
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Diffusion and

Jboes 9
Mass Transfer 1 /.H

Professor Faith A. Morrison
Department of Chemical Engineering
Michigan Technological University

www.chem.mtu_edu/~fmorriso/cm3120/cm3120 html

Now, Cycling Back:
Diffusion and Mass Transfer

CM3120 Transport/Unit Operations 2
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