Module 3, Lecture |

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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We take a moment to reflect on Transport and its relationship to
Unit Operations and the field of Chemical Engineering.

Module 2 Lecture | . | Module 4 Lecture |
Introduction to o Introduction to
Fluid Mechanics = Heat Transfer

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

Module 3 Leeture | i b
Introduction to lefusmv \)“ £

and MassTransfer n ,< i

WAIAMERE MU EChLfnOr Saiem 3120/em31 20 htmi

Transport: What have we learned? (and why were these
topics chosen?). The answers will guide the choice of topics

that we discuss in this third part, species A mass transfer. 4
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Ref: https://www.sciencehistory.org/historical-
profile/arthur-d-little-william-h-walker-and-warren-k-lewis

Unit Operations

The term “unit operation” was coined by the founders of chemical
engineering in the late 1800s.

Chemical processes may be broken down into basic steps that bring about
physical or chemical change. These steps are called “unit operations.”

Chemical engineering unit operations may be divided into six classes:

1. Fluid flow processes including fluids transportation, filtration, mixing,
and solids fluidization.

2. Heat transfer processes including evaporation, heat exchange,
ovens/furnaces.

3. Mass transfer processes including gas absorption, distillation,
extraction, adsorption, membrane separation, crystallization & drying

4. Thermodynamic processes including refrigeration, water cooling, and
gas liquefaction.

5. Reaction including homogeneous and catalytic reactors

6. Mechanical processes including solids transportation, crushing &
pulverization, and screening & sieving.

5
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Ref: https://www.sciencehistory.org/historical-
profile/arthur-d-little-william-h-walker-and-warren-k-lewis

Unit Operations

The term “unit operation” was coined by the faiinders of chemieal

engineering in the late 1800s. These “basic

”»
Chemical processes may be broken down int StepS bout
physical or chemical change. These steps are called “unit operations.”

Chemical engineering unit operationgsfhay be divided into six classes:
1. Fluid flow processes inc|
and solids fluidization.
2. Heat transfer process
ovens/furnaces.
3. Mass transfer procesfes including gas absorption, distillation,
extraction, adsorption, nembrane separation, crystallization & drying
4. Thermodynamic procégses including refrigeration, water cooling, and
gas liquefaction.
5. Reaction including homog@geous and catalytic reactors
6. Mechanical processes incluigg solids transportation, crushing &
pulverization, and screening & sieWag

ding fluids transportation, filtration, mixing,

including evaporation, heat exchange,

6
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Ref: https://www.sciencehistory.org/historical-
profile/arthur-d-little-william-h-walker-and-warren-k-lewis

Unit Operations

Are each n” was coined by the fotinders of chemical
characterized 8% These “basic

by a dominant ay be broken down int: steps” bout
phySiCS 1ange. These steps are called “unit operations.”

Chemical engineering unit operationg

ay be divided into six classes:

(Fluid flow processes inc
and solids fluidization.
Heat transfer process
ovens/furnaces.

_< Mass transfer procesges including gas absorption, distillation,

extraction, adsorption, nembrane separation, crystallization & drying

Thermodynamic procégses including refrigeration, water cooling, and

gas liquefaction.

ding fluids transportation, filtration, mixing,

including evaporation, heat exchange,

ageous and catalytic reactors
\Mechanical processes includigg solids transportation, crushing &
pulverization, and screening & sieWg
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Unit Operations

The six classes of unit
. . . Chemical processes may be broken down into basic steps that bring about
Operatlons Ilne u p Wlth physical or chemical change. These steps are called “unit operations.”
Classes in the Chem E The term “unit operation” was coined by the founders of chemical
. engineering in the late 1800s.
Curriculum

Chemical engineering unit operations may be divided into six classes:

1. Fluid flow processes including fluids transportation, filtration, mixing,
and solids fluidization.

2. Heat transfer processes including evaporation, heat exchange,
ovens/furnaces.

3. Mass transfer processes including gas absorption, distillation,

. . extraction, adsorption, membrane separation, crystallization & drying

W|th N each course 4. Thermodynamic processes including refrigeration, water cooling, and

gas liquefaction.

Reaction including homogeneous and catalytic reactors

taught! we cover the 6. Mechanical processes including solids transportation, crushing &
s Ci enc e’ kn OW| e d g e’ pulverization, and screening & sieving.
and skills that allow us
to address specific
engineering purposes

o
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Engineering purposes

Fluids: Ap(Q), F, T, Ws,on
Heat: O, R,U,NTU, Ayfer
Mass: NA:!A: Hcolumnv D, Nstages
Thermo: phase relations,PVT,
(engineering purposes = O, Qe Won
quantities needed to design Reaction: frxn, Vixr, &, 74, RTD
and operate the unit)

Pobn=

o
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Pulling together the physics (how the world works)
for these units is the subject of the field of
chemical engineering

. ) Unit Operations
The six classes of unit
. R . Chemical processes may be broken down into basic steps that bring about
operatlons line up with physical or chemical change. These steps are called “unit operations.”
classes in the ChemE The term “unit operation” was coined by the founders of chemical
. engineering in the late 1800s.
Curriculum

Chemical engineering unit operations may be divided into six classes:

Fluid flo including fluids transportation, fitration, mixing,
and soli

cluding gas absorption, distlation,

separation, crystallization & drying
\ding refrigeration, water cooling, and
homogeneous and catalytic react

ors
esses including solids transportation, crushing &
and screening & sieving.

Within each course eu
taught, we cover the B
science, knowledge,

and skills that allow us

o Engineering purposes
to address specific )

engineering purposes 1. Fluids: Ap(Q), 7,7, W, on

e e 2. Heat: O,R,UNTU,Ayser
3. Mass: Ny, /4, Heolumn) D) Nstages
(quantities needed 4. Thermo: phase relations,PVT,

to design and Qu,Qc, W
operate the unit) 5. Reaction: f,V, ¢, 1, RTD

9
© Faith A. Morrison, Michigan Tech U.

What is the
process for
pulling the
physics together Idea
for a unit? ‘

sketch

laws of

Nature

assumptions

simplifications
= mathematics

\

m 10
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What is the
process for
pulling the
physics together
for a unit?

G laws of
Nature
& mathematics

ﬁ Dimensional analysis
experiments =
Data correlations

simplifications mm

Design unit,

use,
Optimize 11

"N YoaL UEBIGOIN “UOSILIO 'V Uied ©

Let’s get specific

Process for pulling the

) . physics together for a unit
How did this process

work for units
dominated by fluid
mechanics?

assumptions Emmy

G |aws of
Nature

&= mathematics

Maodule 2 Lecture | m
Introduction to
Fluid Mechanics @8 Dimensional analysis

i
@ Data correlations

Professor Faith A Morrison
Department of Chemical Engineering
Michigan Technological University

Design unit,

Use,
Optimize

12
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Fluid Flow Processes

"N YoaL UEBIGOIN “UOSILIO 'V Uied ©

Engineering Purposes:

* Pipe flow, laminar/turbulent

+ Device friction losses

+ Centrifugal pumping curves

+ Shaft work W ,,

+ Device Ap(Q)

* Mixing/settling

* Fluidized bed
 Filtration/packed beds

Knowledge and Skills
Continuum

oo hwn=

Mass, energy, momentum balances
Momentum flux « velocity gradient
Transfers at boundaries, F ;.44
Dimensional analysis and data correlations, f, Cp
Classics: Internal/external flows, boundary layers

Irmage fram

Next:

How did this process
work for units
dominated by heat
transfer?

Module 4 Lecture |

Introduction to
Heat Transfer

-~
E P

Process for pulling the
physics together for a unit

sketch

G |aws of
Nature

assumptions Emmy

&= mathematics

Dlmenswnal anaIyS|s

Data correlations

Design unit,
Use,

Optimize
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Engineering Purposes:

» Heat exchangers

» Evaporators

* Oven/Furnace design
» Radiators for cooling
+ Condensers

* Dryers

Knowledge and Skills

Salessupport2, CC BY-SA 4.0
<https://creativecommons.org/licenses/by-
sa/4.0>, via Wikimedia Commons

®

Ry

s 1. Continuum

§ 2. Mass, energy balances, fluid flow fundamentals

g- 3. Heat flux < temperature gradient

> 4. Transfers at boundaries, h

g 5. Dimensional analysis and data correlations Nu, Bi

S 6. Thermo: Single condensable component

; 7. Classics: Internal/external resistance, forced, natural,

% radiation, boundary layers 13
And now:

How does this
process work for
units dominated by
mass transfer?

Module 3 Lecture | L’.__ T
Introduction to Diffusior N“;K‘Uﬁ—s e
and Mass Transfer, \® e

H Professor Faith & Morrison

wrew.chem. mtu.edu/~fmorrisofem31 200cm31 20.html

Process for pulling the
physics together for a unit

sketch

G |aws of
Nature

&= mathematics

« Dimensional analysis
@ Data correlations

assumptions Emmy

Design unit,

Use,
Optimize

16
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Species A Mass Transfer Processes

"N YoaL UEBIGOIN “UOSILIO 'V Uied ©

Engineering Purposes:

+ Distillation

» Gas absorption

+ Extraction

* Membrane separation

Knowledge and Skills

Noakowb=

Continuum, mixtures

Mass, species A mass, energy balances, fluid flow fundamentals
Species A flux « concentration gradient

Transfers at boundaries, k,

Dimensional analysis and data correlations Nuyg, Sh

Thermo: Binary phase equilibria

Classics: Stagnant layers, constant molar overflow, equimolar
counter diffusion, film model, penetration model, boundary layers

17

Species A Mass Transfer Processes

Engineering Purposes: Modules 3, 4 W|"

< Distillation

- Gas absorpf cover these topics

« Extraction

Knowledge and Skills
1.

2
3.
4.
5
6
7

for species A
mass transfer

Continuum, mixtures
Mass, species A mass, energy balances, fluid flow fundamentals
Species A flux « concentration gradient

Transfers at boundaries, k,

Dimensional analysis and data correlations Nuyg, Sh
Thermo: Binary phase equilibria

Classics: Stagnant layers, constant molar overflow, e
er diffusion, film model, penetration mo

3/1/2021
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CM3120: Module 3

Diffusion and Mass Transfer |

. Introduction to diffusion/mass transfer
Il.  Classic Diffusion and Mass Transfer—Quick Start
a.  Quick Start 1: 1D Evaporation
b.  Quick Start 2: 1D Radial droplet, surface reaction
Ill.  Cycle back: Fick’s mass transport law
IV.  Microscopic species A mass balance
V.  Classic Diffusion and Mass Transfer
¢. 1D mass transfer with chemical reaction

19
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CM3120: Module 3

Module 3 Lecture |

Introduction to Diffusi
and Mass Transfer

A

Professor Faith A. Morrison

Department of Chemical Engineering
Michigan Technological University

www.chem.mtu.edu/~fmorriso/cm3120/cm3120.html © Faith A. Morrison, Michigazr?Tech U
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Introduction to Diffusion and Mass Transfer in Mixtures

. . CM3120 Transport/Unit Operations 2
For the first time we are i d

concerned with mixtures Y Liooe
and specifically with Diffusion and J“\ﬂ\-‘?‘_,‘_ > ?
components of a mixture Mass Transfer ““ e
treated as separate 4

entities

Professor FaithA. Moirison

Department of Chamical Engineering
Michigan Technelogical University

For flow and
heating/cooling we just
needed to know how to

average material When mass transfer is

properties (u, k, Cp, etc.) to taking place, individual

deal with a mixture species are moving
separately

21
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Introduction to Diffusion and Mass Transfer in Mixtures

Modeling Diffusion/Mass Transfer:
Mass is Conserved 5ot

— overallmass , in a mixture
— individual species massesy

o™

As was true in momentum transfer and heat ‘ X+
. . z+ Az

transfer, solving problems with shell balances on \

individual control volumes is tricky, and it is easy

to make errors.

Instead, we use the general, microscopic
balance equation, derived for all circumstances:

Equation of Species A Mass Balance
(microscopic species mass balance)

Recall the other microscopic balances, all |I
written in terms of Continuum Modeling

22
© Faith A. Morrison, Michigan Tech U.
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Microscopic Momentum Balance:

Equation of Motion

Microscopic momentum
balance written on an
arbitrarily shaped control
volume, V, enclosed by a
surface, S

Gibbs notation: p (6_1_7 +v- ‘71_7> =-Vp+V-i+pg general fluid

, , ov
Gibbs notation:| 5 <_— +v- Vy) =-Up+uViv+ PY | fluid

Newtonian

Navier-Stokes Equation;
constant density, viscosity

Microscopic momentum
balance is a vector equation.

23
© Faith A. Morrison, Michigan Tech U.

Microscopic Energy Balance:

Equation of Thermal Energy

Microscopic enerqy balance
written on an arbitrarily
shaped volume, V, enclosed
by a surface, S

Gibbs notation: p (— +v- VE')

general
1 conduction

~ (0T
Gibbs notation: | pCp| ==+v-VT | = kV2T + S,

Jt

Fourier
conduction

(incompressible fluid, constant pressure,
neglect Ey, £, viscous dissipation, constant k )

24
© Faith A. Morrison, Michigan Tech U.
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Microscopic Species A Mass Balance:

Equation of Species Mass Balance . : .
Microscopic species A mass

balance written on an
arbitrarily shaped volume, V,
enclosed by a surface, S

dwy general
Gibbs notation: | p|—=—+v-Vwy |=—-V-j, +1,| mass
at B transfer
dwy Fickean
. s . — 2
Gibbs notation: | p _at +v-Vwy PDagVewy + 14 diffusion

(written in terms of mass quantities;

constant pDy5) _ ' s
© Faith A. Morrison, Michigan Tech U.

Introduction to Diffusion and Mass Transfer in Mixtures

Recall Microscopic Momentum Balance:

Equation of Motion
Microscopic.

balance written on an
arbitrarily shaped control Microscopic Species A Mass Balance:

volume, V, enclosed by a ! !
curface S Equation of Species Mass Balance oo A ma

balance written on an
Gibbs nota fon: 9y ;
Np(=+v-vu|d-mp+V-4pg

arbitrarily shaped volume, V,
{/
g
v Newtonian 7 (0w, general
Gibbsrolaion:| p { 2 +v Ty | = ~Fp+ uV2u +pg | fiui Gitbs notation: (| p( =2 +v-Vaw, )= =V - ju +1 | mass
at ot ¥ A JatTa
transfer

general fluid

enclosed by a surface, S
Navier-Stokes Equation

Qw, i
Microscopc momentun y on: A _ 2 Fickean
balance{sa vectorequaton Gibbs notation: | p (W v Vws | =pDapV wp + 74 | gittusion

(written in terms of mass quantities;
constant pDy;)

Microscopic Balances:

Equation of Thermal Energ . §
A Microscopic energy balance

written on an arbitrarily
- h d volume, V, encls d
« All three have a convective term on the byasutace,s
left-hand side (due to use of control

volume as the system and mass or per

{/
= T~
mass basis { o AV general
) Gibbs notation: P E.H[VE i=V-q+5, Sonduction
S~ ———

« Al three have two forms, one including Gibsnaton Fc‘,,(%w»vr)ﬂvz“se Foureer

the flux and one with the transport law (incompressible fuid, constant
ressure, neglect £y, £,, viscous
embedded eapatony

26
© Faith A. Morrison, Michigan Tech U.

13



Module 3, Lecture |

Introduction to Diffusion and Mass Transfer in Mixtures

Microscapicmomentum
balances a vectorequation.

Recall Microscopic Momentum Balance:

Equation of Motion

Microscopic

balance written on an

arbitrarily shaped control Microscopic Species A Mass Balance:
volume, V, enclosed by a . .

curface. S Equation of Species Mass Balance

Microscopic species Ama
balance written on an
arbitrarily shaped volume, V,
enclosed by a surface, S

general flui

Newtonian general
luid mass

transfer

p(a—;+2-72)=—|7p+u|722+ﬁg

Navier-Stokes Equation

Gibbs notation: Fickean

Microscopic Balances:

dwy a
P\ p tL Vwa ) =pDapViws +1,

diffusiol

(written in terms of mass quantities;
constant pDy;)

Equation of Thermal Energy Microscopic eneray balance
written on an arbitrarily
shaped volume, V, enclosed
by a surface, S

» All three have a convective term on the
left-hand side (due to use of control
volume as the system and mass or per
mass basis)

General
conduction

All three have two forms, one including

the flux and one with the transport law (incompressible uid, constant
ressure, neglect £y, £,, viscous
embedded G ’

dissipation )

Gibbs notation:

. (T ,
oG, (§+ v- VT) =kV2T +5,

27
© Faith A. Morrison, Michigan Tech U.

Introduction to Diffusion and Mass Transfer in Mixtures

R. B. Bird, W. E. Stewart, E. N. Lightfoot,
Transport Phenomena, 2™ ed,, 2002.

Trans pOI"t LaWS (flux proportional to driving gradient, “ordinary” transport)
Momentum

. v
“lyz= —H a_zy Newton’s Law of Viscosity
Heat
2 _ _;, 9T
A oz Fourier’'s Law of Conduction
Species A Mass
inamixurowith 3o, = =pDap 32 Fick's Law of Diffusion

v" Momentum goes down a velocity gradient
v Heat goes down a temperature gradient

. Lo . i ixt
v Mass of species A goes down a gradient in concentration of A/'Camlx e

These “ordinary”
transport processes are
due to Brownian motion

28
© Faith A. Morrison, Michigan Tech U.
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Introduction to Diffusion and Mass Transfer in Mixtures

The “ordinary” transport
processes are due to
Brownian motion

Ref:_https://www.sciencehistory.org/historical-

Unit Operations

Chemical processes may be broken down into basic steps that bring about
physical or chemical change. These steps are called “unit operations.”

The term “unit operation” was coined by the founders of chemical

Examples of units involving
“non-ordinary” transport
processes:

engineering in the late 1800s.

Chemical engineering unit operations may be divided into six classes:

1. Fluid flow processes including fluids transportation, filtration, mixing,

and solids fluidization.
2. Heat transfer pr including ion, heat

ovens/furnaces.
3. Mass transfer processes including gas absorption, distillation,

ion, { T ization & drying
Thermodynamic processes including refrigeration, water cooling, and
gas liquefaction.
Reaction including homogeneous and catalytic reactors
pr including solids 1, crushing &

pulverization, and screening & sieving.

IS

o

» Water cooling (Thermodynamics)
» Refrigeration (Thermodynamics)
» Gas liquefaction (Thermodynamics)

» Extrusion, coating, food processing (Non-

» Solids processing (minerals processing)
» Protein centrifugation (forced diffusion)

» Ultracentrifugation (pressure diffusion)

» |sotopic separation (thermal diffusion)

» Electrodialysis (electropotential gradient)

newtonian fluid mechanics)

29
© Faith A. Morrison, Michigan Tech U.

Introduction to Diffusion and Mass Transfer in Mixtures

The “ordinary” transport
processes are due to
Brownian motion

Examples of units involving
“non-ordinary” transport
processes:

Unit Operations

Chemical processes may be broken down into basic steps that bring about
physical or chemical change. These steps are called “unit operations.”

The term “unit operation” was coined by the founders of chemical
engineering in the late 1800s.

Ref:_https://www.sciencehistory.org/historical-

Chemical engineering unit operations may be divided into six classes:

Fluid flow processes including fluids transportation, filtration, mixing,
and solids fluidization.
Heat transfer pr including ion, heat
ovens/furnaces.
Mass transfer processes including gas absorption, distillation,
ion, { T ization & drying

Thermodynamic processes including refrigeration, water cooling, and
gas liquefaction.
Reaction including homogeneous and catalytic reactors

p including solids 1, crushing &
pulverization, and screening & sieving.

N

w

IS

o

» Water cooling (Thermodynamics)
» Refrigeration (Thermodynamics)
» Gas liquefaction (Thermodynamics)

» Extrusion, coating, food processing (Non-

» Solids processing (minerals processing)
» Protein centrifugation (forced diffusion)

» Ultracentrifugation (pressure diffusion)

» |sotopic separation (thermal diffusion)

» Electrodialysis (electropotential gradient)

newtonian fluid mechanics)

Note:
» There are many;

* They are important

30
© Faith A. Morrison, Michigan Tech U.
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Introduction to Diffusion and Mass Transfer in Mixtures

Trans pOI"t LaWS (flux proportional to driving gradient, “ordinary” transport)

Momentum
. v
“Tyz= _”a_zy Newton’s Law of Viscosity
Heat
2 _ _;, 9T
A oz Fourier’'s Law of Conduction

Species A Mass
- - - w A
R B PDas >, Fick's Law of Diffusion

Mass of species A diffusing in the
z-direction, per area per time

. . . . in a mixture
v Mass of species A goes down a gradient in concentration of A

What is ordinary diffusion

and how do we model it? ﬂ:>

31
© Faith A. Morrison, Michigan Tech U.

Introduction to Diffusion and Mass Transfer in Mixtures

R

References:

Diffusion

 Is the mixing process caused by random molecular motion
(Brownian motion).

* Is slow
» Since it is slow, it acts over short distanﬁ

Diffusion progresses at a
rate of
Is the physics behind: * ~5cm/min (gases)
*~0.05cm/min (liquids)
+~10~%cm/min (solids)

+ Transport in living cells

» The efficiency of distillation
» The dispersal of pollutants
» Gas absorption

» Fog formed by rain on snow Diffusion
» The dyeing of wool is slow

E. L. Cussler, Diffusion: Mass Transfer in Fluid Systems, 3 ed, Cambridge
University Press, 2016.

« R.B.Bird, W. E. Stewart, E. N. Lightfoot, Transport Phenomena, 2" ed, 2002.
« C. J. Geankoplis, Transport Processes and Separation Process Principles, 4 32

Edition, Prentice Hall, 2003 © Faith A. Morrison, Michigan Tech U.

3/1/2021
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Introduction to Diffusion and Mass Transfer in Mixtures

Example: A friend walks into the far end of the
room with plates of a delicious-smelling warm
lunch including French fries. How fast did the
smell of lunch reach your nostrils?

Diffusion progresses at a
rate of
*~5cm/min (gases)

< o> e Gt
Was it diffusion?

33
© Faith A. Morrison, Michigan Tech U.

Introduction to Diffusion and Mass Transfer in Mixtures

Mass Transfer
Convection and Diffusion act together

« Agitation or stirring moves material
over long distances

* Exposing new fluid elements

« Diffusion mixes newly adjacent
material

*Because diffusion is slow, it operates
only over short distances

34
© Faith A. Morrison, Michigan Tech U.
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Introduction to Diffusion and Mass Transfer in Mixtures

Microscopic species A mass balance inamixture
Appears due to use of stationary
coordinates (control volume)

convection
source (mass of species A

A generated by
homogeneous

a(l)A 2 ) .
pl—=—+v -Vwy | =pDygV-wy + 14 reaction pertime)

Jt
rate of change diffusion

(all directions)

Appears due to diffusive transport

. through a surface (control surface)
Mass-average velocity

must satisfy equation of
motion, equation of
continuity

35
© Faith A. Morrison, Michigan Tech U.

Introduction to Diffusion and Mass Transfer in Mixtures

Microscopic species A mass balance inamixture

convection

a(l)A 2
p ?"'2"70),4 = pDapV-wa +14
diffusion
(all directions)

In species A mass transfer, it can be hard
to separate convection and diffusion

36
© Faith A. Morrison, Michigan Tech U.

3/1/2021
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Introduction to Diffusion and Mass Transfer in Mixtures

An underlying feature of these balances is the
assumption that matter forms a continuum.

momentum

Recall Microscopic Momentum Balance:

species mass energy

Microscol pic Species A Mass Balance:

Equation of Spacies Mass Balanco

Microscopic Energy Balance:

Equation of Motion " Equation of Thermal Energy

To model diffusion and mass transfer within this familiar
structure, we must adapt our notion of the continuum.
to accommodate circumstances that

are important in a mixture undergoing
internal mass transport

37
© Faith A. Morrison, Michigan Tech U.

Microscopic balances are written on an
arbitrarily shaped microscopic volume,
V, enclosed by a surface, S

A is infinitely divisible
» Material properties (u, k, p) are
shared by all volume elements

BUT:

Real matter is not a continuum;
at small enough length scales,
molecules are discrete.

38
© Faith A. Morrison, Michigan Tech U.

3/1/2021
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Continuum Modeling

+ A continuum is infinitely divisible
» Material properties (u, k, p) are
shared by all volume elements

* In a binary mixture, different pieces of
matter have different material identities
and different material properties

Species A: .‘ x4, mole fraction A .b .‘ i

Species B: Q xg, mole fraction B

’ (volume mixture)

Q
(moles mixture) ‘. & ’ ?
O

MOLAR _
basis Moles are easier when

reactions occur... © Faith A. Morrison, Michiggr?Tech u.

Continuum Modeling

+ A continuum is infinitely divisible
» Material properties (u, k, p) are
shared by all volume elements

* In a binary mixture, different pieces of
matter have different material identities
and different material properties

Species A: .‘ wy4, mass fraction A .b w i

Species B: Q wg, mass fraction B i

(mass mixture)
’ (volume mixture)

MASS Only mass is
basis conserved...

40
© Faith A. Morrison, Michigan Tech U.
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Continuum Modeling

+ A continuum is infinitely divisible
» Material properties (u, k, p) are
shared by all volume elements

- Inabinaryn We didn’t have to deal with this
matter have d before (momentum, energy), since b
and different r %D
we considered homogeneous i
Species 4: materials and not mixtures. 80 ‘

Species B: () wpg, Mass fracuon 5 ii )

® O
s | 0B P . P
(volume mixture) & 80 Q

MASS Only mass is

basis conserved... "
© Faith A. Morrison, Michigan Tech U.

Continuum Modeling

Mass versus Moles

* A complication with the microscopic species mass balance is that
we are accustomed to modeling systems as a continuum.

* In a continuum, material properties (u, k, p) are shared by all
volume elements.

* But now, we're interested in species A and B as separate entities.

» Chemical identity manifests as a distribution of atoms/molecules
(or moles of either) and also as a distribution of mass.

* Molar and mass distributions are not the same distribution.

x4, mole fraction A w,4, mass fraction A
xg, mole fraction B Species A: cg wg, mass fraction B
(moles mixture) Species B: O (mass mixture)
’ (volume mixture) ’ (volume mixture)
MOLAR  Moles are easier Only mass is Iz:::
basis when reactions o Ea. »
occur. ..

© Faith A. Morrison, Michigan Tech U|
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Continuum Modeling

Mass versus Moles w,, mass fraction 4 x4, mole fraction 4
Species A: &

xg, mole fraction B

wg, mass fraction B

Species B: O
(mass mixture) c (moles mixture)

o m—————— e e————
” (volume mixture) (volume mixture)

p

Should we express the diffusion of molecules in terms of
moles or in terms of mass?

Does it matter?
Answers? a) It depends. b) Yes.

MASS! Fits well with previous microscopic balances (in a
mixture, v is the mass average velocity); easier to
“slash and burn”

MOLES!  When reactions take place, changes are naturally
analyzed in terms of moles

This tradeoff has led to an unavoidable
confusion of nomenclature.

43
© Faith A. Morrison, Michigan Tech U.

Species Fluxes

The community has found use for four (actually more) different fluxes.
The differences in the various fluxes are related to several questions:

Flux of what? And due to what mechanism?
N, — combined molar flux (includes both convection and diffusion)
n, — combined mass flux (includes both convection and diffusion)

jg — M flux (diffusion onl
‘lA ass i (d usion o y) Microscopic species A mass balance

Ja — molar flux (diffusion only) p— ource
- A
A 2 .
p (F +v- VwA) =pDypVewy + 15 (massof sp:jegles
A generate:
\_V_l \—Y—} ho?no_geneou_sy
rate of change diffusion reaction per time)
. . . Il directi
Written relative to what velocity? &
N, — relative to stationary coordinates
n, — relative to stationary coordinates These different definitions
ja — relative to the mass average velocity v lead to different forms for the
Ja — relative to the molar average velocity v* microscopic species mass

balance and for the
transport law.

44
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] It can be hard to separate
Species Fluxes convection and diffusion

The community has found use for four (actually more) different fluxes.
The differences in the various fluxes are related to several questions:

Flux of what? And due to what mechanism?

N, — combined molar flux (includes both convection and diffusion)
n, — combined mass flux (includes both convection and diffusion)
Jja — mass flux (diffusion only)

. ) . Microscopic species A mass balance
J4 — molar flux (diffusion only)

convection source

/_H

dwy 2
pl—=—+v-Vw, | =pDrgV*w,y + 14 (mass of species
ot A generated by
\_Y_’ \—Y—J homogeneous
rate of change diffusion reaction per time)
(all directions)

Written relative to what velocity?
N, — relative to stationary coordinates

n, — relative to stationary coordinates These different definitions
Jja — relative to the mass average velocity v lead to different forms for the
Ja — relative to the molar average velocity v* microscopic species mass

balance and for the
transport law.

45
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Species Fluxes

The community has found use for four (actually more) different fluxes.
The differences in the various fluxes are related to several questions:

Flux of what? And due to what mechanism?

N, — combined molar flux (includes both convection and diffusion)
n, — combined mass flux (includes both convection and diffusion)
Jja — mass flux (diffusion only)
J 4 — molar flux (diffusion only)

Microscopic species A mass balance

convectio source

dwy N
Pl tu Vwa | =pDasViws 1y
A

h

diffusion
(al diections)

Written relative to what velocity?
N, — relative to stationary coordinates

n, —relative to stationary coordinates These different definitions
Ja— relative to the mass average velocity v lead to different forms for the
/4 — relative to the molar average velocity v* microscopic species mass

balance and for the
transport law.

These different It will take some

fluxes are a time and practice

significant to get used to all
complication. this

46
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Microscopic species A mass balance—Five forms

In terms of mass flux 0wy _ .
and mass P( at +1—7‘va) ==V ]_A+rA
concentrations
= pDupV?w, + 174

x4

In terms of molar flux
(
at

and molar

+v* 'VXA) =-V-Ji+ (xgRy — x4 Rp)
concentrations -

= cDapV%x, + (xgRs — x4Rp)

In terms of Gombined ;.
A
[I&Rfiiix and molar 7= = —V‘+ Ry

concentrations

These different definitions

lead to different forms It will take some
for the microscopic time and practice

species mass balance to get used to all
and for the species this

transport law, Fick’s law.

47
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Various quantities in diffusion and mass transfer

1 1
How much is present: oxp =6 = E(ﬂA) = E(ﬂw)

Ja = mass flux of species 4 relative to a mixture’s mass average velocity, v
=patza—v)
ja+js =0, i.e.these fluxes are measured relative to the mixture’s center of mass

g = pavs = ja + pav = combined mass flux relative to stationary coordinates
n4+ng = pv

/4 =molar flux relative to a mixture’s molar average velocity, v*
=calza -2
Jatlp=0

Ni = cavq = [+ c4v” = combined molar flux relative to stationary coordinates
N +Np = cv’

vy = velocity of species 4 in a mixture, i.e. average velocity of all molecules of species A
within a small volume
v = wyvs + wpvp = Mass average velocity; same velocity as in the microscopic momentum
and energy balances
v* = x4, + xgvp = molar average velocity

Part of the problem is that

we have grown It will take some

comfortable with the time and practice

continuum, but now we to get used to all
are peering into the this

details of the continuum

48
© Faith A. Morrison, Michigan Tech U.
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Various forms of Fick’s Law @t

balances that employ hiem)

Mass flux Molar flux
jj = —cDypVxy

Ja= —PDapViwy

Fpagﬂs miu.edut~fmarisakm3120Homeworks Readings hinl

Ny = x4 (Ng+ Np) — cDggVx,

' Combined molar flux

We will be introduced to
handy worksheets and to
the common assumptions
and boundary conditions

(just like in momentum
and energy balances)

It will take some
time and practice
to get used to all

this

49
© Faith A. Morrison, Michigan Tech U.

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 dwy _ .
and mass p(?_'—y'va) =-V-jatn

concentrations
= pDypV 2wy + 14

In terms of molar flux 0%, . )
and molar C(?-Fl_? 'VXA)=—V~1A+(
concentrations

/\ CDABVZXA

Let’s jump in!

concentrations

\/

Microscopic species mass
balance in terms of
combined molar flux N,

In terms of combined ., ’
[AGIERFIUX and molar rTike —V'+ Ry

We’ll do a “Quick Start” and

get into some examples and

return to the “why” of it all a
bit later.

50
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Diffusion and Mass Transfer QUICK START

Using the microscopic species mass balance in terms of
combined molar flux and molar concentrations

aCA

4= 7Ny +Ry QUICK START

moles A . . .
cal=] ————= = x4¢ = the concentration of A in the mixture
volume mix

les A . e
Ny[=] % = combined molar flux of 4 (both diffusion and
convection) relative to stationary coordinates
les A . . .
R,[=] — ML = rate of production of A by reaction per unit

volume mix-time
volume mixture

moles mix
[=]—r

— = molar density of the mixture (for ideal gases ¢ = = = —)
volume mix V RT

51
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Diffusion and Mass Transfer QUICK START

Using Fick’s law of diffusion in terms of the
same combined molar flux:

114 == xA(& + NB) - CDABV.xA QUICK START

N4[=] moles A _ combined molar flux of 4 (both diffusion and

area-time
convection) relative to stationary coordinates

moles A .
X4[=] ———— = mole fraction of A
moles mix

2
Dypl=] % = diffusion coefficient (diffusivity) of A in B

= molar density of the mixture (for ideal gases ¢ = = = —)
RT

moles mix
[=] -

volume mix

52
© Faith A. Morrison, Michigan Tech U.

3/1/2021

26



Module 3, Lecture |
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Diffusion and Mass Transfer QUICK START

Using worksheets to learn the common

modeling assumptions

QUICK START

e Equation of Species Mass Balance in Terms ol-_

=0

Nores:
Spig 2059 Ftth A Mordso, ichigon Technalegal Unversy ot Fopenponent Knas st =i
i
i
« 1 for example, two moes of 4

=i mole of #, then at steadly state 05N, = N,
£
5
H B (e My 0N
g [T ¥y o *
3 s 130 Nar) 1N | Oy
E TGRS
E

o (100tW) | 1 osne) 1 o

-\ @ trama a8 rsnd a9 )T

Fick's law ofdiffusion, Gibbs nottions s = iy + Np) = sy

cyv = BRI o relative tostaionary coordinates

Reference: R.B. Bird, W. E. Stewart, and E. N. ightfoot, Transport Phenomena,

https://pages.mtu.edu/~fmorriso/cm3120/species_mass_bal_3_combinedmolarflux.pdf

53

CM3120 Transport/Unit Operations 2

Diffusion and
Mass Transfer

Mass Transfer

‘www.chem rtu.edui~fmormiso/cm3120icm3120.html

Diffusion and

L E5
AL

Professor FaithA. Morrson

Department of Chemical Engineering
Michigan Technolegical University

It turns out that there are many interesting and
applicable problems we can address readily with this

/ form of the species mass balance.

ies A mass balance—Five forms

B
e

= pDaV2wq 13

ot (v Uag) =<7 +
et

Let’s jump in!

= cDypVixy

1
In torms of GG s,
s ana motar 22 = —V (@) + R,

concentrations.

We'lldo a “Quick Start” and

Microscopic species mass
balance in terms of
combined molar flux N,

get into some examples and
return to the “why” of it all a
bit later.

QUICK
START

(to problem solving)

54
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