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Introduction to Diffusion and Mass Transfer in Mixtures

Diffusion
« |s the mixing process caused by random
molecular motion. Diffusion/
 Is part of scientific inquiry (explains how mass transfer g
nature works) concerns the £=
physics of ——
mixtures.

Mass Transfer

* Encompasses all mass-transfer mechanisms
and any issues of mixed physics

» Controls the cost of processes like chemical t =24h
purification and environmental control

« Is practical (is basic to the engineering of S
chemical processes)

References:

E. L. Cussler, Diffusion: Mass Transfer in Fluid Systems, 3™ edition, Cambridge t=o0

University Press, 2016.

R. B. Bird, W. E. Stewart, E. N. Lightfoot, Transport Phenomena, 2" edition, 2002.
J. R. Welty, G. L. Rorrer, and D. G. Foster, Fundamentals of Momentum, Heat and
Mass Transfer, 6! edition, 2015. 4

© Faith A. Morrison, Michigan Tech U.
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Introduction to Diffusion and Mass Transfer in Mixtures
S—
Diffusion
* |s the mixing process caused by random molecular motion
(Brownian motion). =0
+ Is part of scientific inquiry (explains how nature works)
* Is slow
» Since it is slow, it acts over short distances S—
Diffusion progresses at a
. . rate of

Is the physics behind: « ~5cm/min (gases)

« Transport in living cells *~0.05¢cm/min (liquids) t = 24h

+ The efficiency of distillation *~107>cm/min (solids)

* The dispersal of pollutants S—

» Gas absorption

» Fog formed by rain on snow

» The dyeing of wool

t=o00
5
p. Xxi © Faith A. Morrison, Michigan Tech U.

Introduction to Diffusion and Mass Transfer in Mixtures

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

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

@ *~0.05cm/min (liquids)
*~10~>cm/min (solids)

You ftry.

6
© Faith A. Morrison, Michigan Tech U.
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Introduction to Diffusion and Mass Transfer in Mixtures

Mass Transfer

» Encompasses all mass-transfer mechanisms: random motion,
convection, thermodynamics-driven (specific interaction).

» Controls the cost of processes like chemical purification and
environmental control

+ Is practical (is basic to the engineering of chemical processes)

* |s also slow

» There is an analogy to heat transfer (but care must be taken
not to over emphasize)
 Dilute mass transfer is emphasized
 Is the modeling behind (for example):
v Differential distillation (common) versus staged distillation
(less common)
v Adsorption
v' Important applications of mass transfer in biology and
medicine
v" Much more

7
p. XiX © Faith A. Morrison, Michigan Tech U.

Introduction to Diffusion and Mass Transfer in Mixtures

Mass Transfer
Convection and Diffusion and ...

« 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

How do we
model diffusion?

Reference:
E. L. Cussler, Diffusion: Mass Transfer in Fluid . . o 8
Systems, 3" edition, Cambridge University Press, 2016. © Faith A. Morrison, Michigan Tech U.
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Introduction to Diffusion and Mass Transfer in Mixtures

Transport Analogy

Momentum
. avy ,
—Ty,= — P Newton’s Law
Heat
4z _ _ ;9T -
i kaz Fourier’s Law
Species A Mass
6(1JA

in a mixture with B L,
Fick’s Law

Jaz = —PDap Y

v" Momentum goes down a velocity gradient
v" Heat goes down a temperature gradient
v Mass of species 4 goes down a gradient in concentration of A
in a mixture

Transport Analogy Reference:
R. B. Bird, W. E. Stewart, E. N. Lightfoot,

Transport Phenomena, 2™ edition, Wiley, 2002. 9
© Faith A. Morrison, Michigan Tech U.

Introduction to Diffusion and Mass Transfer in Mixtures

Transport Analogy ux

Momentum

. avy ,
—Ty= _”E Newton’s Law
Heat
4z _ _ ;9T -
i kaz Fourier’s Law
Species A Mass
6(1JA

in a mixture with B L,
~pDap Fick’s Law

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

v Mass of species 4 goes down a gradient in concentration of A
in a mixture

Transport Analogy Reference:
R. B. Bird, W. E. Stewart, E. N. Lightfoot,
10

Transport Phenomena, 2" edition, Wiley, 2002.
© Faith A. Morrison, Michigan Tech U.
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Introduction to Diffusion and Mass Transfer in Mixtures

Transport Analogy
Momentum
. v, ,
—Ty,= — P Newton’s Law
Heat
4z _ _ ;9T -
i kaz Fourier’s Law
Species A Mass
i i i , a .
in a mixture with B Jaz= _PDAB % Fick's Law

There is a transport analogy but
+ topics important to diffusion but not to fluid flow tend to be omitted or
deemphasized (e.g. simultaneous diffusion and chemical reaction)

» Numerous topics unrelated to the transport law are deemphasized (in
fluid mechanics non-Newtonian flow and heat transfer some aspects of
macroscopic modeling)

Transport Analogy Reference:
R. B. Bird, W. E. Stewart, E. N. Lightfoot,
Transport Phenomena, 2" edition, Wiley, 2002. 1

© Faith A. Morrison, Michigan Tech U.

Introduction to Diffusion and Mass Transfer in Mixtures

Transport Analogy ux
Momentum
. v, ,
—Ty= _”E Newton’s Law
Heat
2z _p 9T ior’
i kaz Fourier’s Law

Species A Mass

in a mixture with B dwy

Jaz = —PDap =, Fick’s Law

There is a transport analogy but
+ topics important to diffusion but not to fluid flow tend to be omitted or
deemphasized (e.g. simultaneous diffusion and chemical reaction)

» Numerous topics unrelated to the transport law are deemphasized (in
fluid mechanics non-Newtonian flow s of
macroscopic modeling) How FIO W_e “:>
model diffusion?

Transport Analogy Reference:
R. B. Bird, W. E. Stewart, E. N. Lightfoot,
Transport Phenomena, 2™ edition, Wiley, 2002. 12

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

Mass is Conserved

errors.

circumstances:

As was true in momentum transfer and heat transfer,
solving problems with shell balances on individual
control volumes is tricky, and it is easy to make

Modeling Diffusion/Mass Transfer:

Both:
— overall mass

— individual species’ masses X
in a mixture R

A

X A

+ Az
N

Instead, we use the general equation, derived for all

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

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

13
© Faith A. Morrison, Michigan Tech U.

Equation of Motion

Microscopic Momentum Balance:

Microscopic momentum

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

Gibbs notation: p (3_1;7 +v- 171_7> =-Vp+V-T+pg general fluid
) ) v Newtonian
Gibbs notation: p <_; +v- |72> =-Vp+ #722 + pg flu;’; i

Microscopic momentum
balance is a vector equation.

Navier-Stokes Equation;
constant viscosity
14
© Faith A. Morrison, Michigan Tech U.
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Part 2: Diffusion and Mass Transfer, lectures 1-2

Equation of Thermal Energy

Microscopic Energy Balance:

by a surface, S

Gibbs notation:

Gibbs notation:

pCy

aT
(E-FQ'VT) =kV2T + S,

(incompressible fluid, constant pressure,
neglect Ey, £, viscous dissipation, constant k )
© Faith A. Morrison, Michigalr? Tech U.

Microscopic enerqy balance
written on an arbitrarily
shaped volume, V, enclosed

general
conduction

Fourier
conduction

Equation of Species Mass Balance

Microscopic Species A Mass Balance:

Gibbs notation:

Microscopic species A mass
balance written on an

arbitrarily shaped volume, V,
enclosed by a surface, S

general
mass
transfer

Gibbs notation: p (

aa)A

Jt

+v- Va)A> = pDygV?wy + 14

Fickean
diffusion

(written in terms of mass quantities;

constant pDyg) _ _ 16
© Faith A. Morrison, Michigan Tech U.
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Introduction to Diffusion and Mass Transfer in Mixtures

Recall Microscopic Momentum Balance:

Equation of Motion
Microscopic.

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

general fluid

Newtonian
fluid

v N
plogtu Ve)=-Vp+uru+pg

Navier-Stokes Equation

Microscapicmomentum
balances a vectorequation.

Microscopic Species A Mass Balance:
Equation of Species Mass Balance
quatt pect Microscopic species A ma:
balance written on an
arbitrarily shaped volume, V,
enclosed by a surface, S

daw, general
Gibbs notation: p(— tuv- VmA) ==V-js+1,| mass
ot - transfer
" " dwy Fickean
Gibbs notation: | p (W + vV, ) = pDapV?wa + 71 | gigrusion

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

Microscopic Balances:

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

» All three have two forms, one including
the flux and one with the transport law

embedded

Equation of Thermal Energy

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

general
conduction

Gibbs notation:

. (3T ,
oG, (§+ v- VT) =kV2T +5,

Fourier
conduction

(incompressible fluid, constant
pressure, neglect £y, E,,, viscous
dissipation )

17
© 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
volume, V, enclosed by a
surface, S

ds

i

general fluid

)>7Vp+\7~i+pg
% Newtonian
Gibbs notation: ’:, (E - 71_;) ==Up+uv*v+pg| fuid

Navier-Stokes Equation

Microscapicmomentum
balances a vectorequation.

Microscopic Balances:

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

« All three have two forms, one

the flux and one with the transport law

embedded

Microscopic Species A Mass Balance:
Equation of Species Mass Balance
quatt pect Microscopic species A ma:
balance written on an
arbitrarily shaped volume, V,
enclosed by a surface, $

L,
/ 0wy general
Gibbs notation: p(— +v-Vw, ))=—V-j,+1, | mass
at _ transfer
Gibbs notation: L) +v-Vaw, ) =pD V2w, +1, | Fickean
P\gr T2 V@a | = PDan” @at T4 | diffusion

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

Equation of Thermal Energy

including

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

general
conduction

L=V G+,

S~ ~——————
. (0T 2 i
Gibbsnotation: | pC, (54- v VT) =kPRT S, | EO,

(incompressible fluid, constant
pressure, neglect £y, E,,, viscous
dissipation )

18
© Faith A. Morrison, Michigan Tech U.
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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

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

general flui

Gibbs notation: Newtonian

general
uid mass

transfer

Gibbs notation:

v N
plogtu Ve)=-Vp+uru+pg

Navier-Stokes Equation

Microscapicmomentum
balances a vectorequation.

Gibbs notation: Fickean

diffusiol

dwy 2
P\ p tL Vwa | =pDapViws +1,

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

Microscopic Balances:

Equationof Thermal Enersy ___  picrosc0pic eneray balance
written on an arbitrarily

ds - 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 and mass or per mass basis)

General
conduction

All three have two forms, one including
the flux and one with the transport law
embedded

Gibbs notation:

. (3T
oG, (E-Hj . VT) =kV2T +5,

(incompressible fluid, constant
pressure, neglect £y, £, viscous
dissipation )

19
© Faith A. Morrison, Michigan Tech U.

Introduction to Diffusion and Mass Transfer in Mixtures

Microscopic species A mass balance

in a mixture

Appears due to use of stationary
coordinates (control volume)

convection
source (mass of species A

{—L\ A generated by
6wA

homogeneous
p W +v- Va)A = pDABVZwA + 1y  reaction per time)

\ﬂ_/

rate of change diffusion
(all directions)

Appears due to transport through

a surface (control surface)
velocity must satisfy

equation of motion,

equation of continuity The types of terms that appear are very
much like similar mechanisms that we
have seen in the other transport fields.

20
© Faith A. Morrison, Michigan Tech U.
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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 species mass energy

Recall Microscopic Momentum Balance:

Microscol pic Species A Mass Balance: Microscopic Energy Balance:

Equation of Motion Equation of Species Mass Balance Equation of Thermal Energy

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

to accommodate aspects that
are important in a mixture

21
© 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.

22
© Faith A. Morrison, Michigan Tech U.
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Part 2: Diffusion and Mass Transfer, lectures 1-2

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 B: Q xg, mole fraction B i

(moles mixture)
’ (volume mixture)

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

23
© Faith A. Morrison, Michigan 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 B: Q wg, mass fraction B i

(mass mixture)
’ (volume mixture)

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

24
© Faith A. Morrison, Michigan Tech U.
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Part 2: Diffusion and Mass Transfer, lectures 1-2

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 di before (momentum, energy), since b <‘>
and differentr  \ya considered homogeneous i

Species 4: ¢ 80 l

materials and not mixtures.

| O
Species B: ) wpg, Mass fracuon 5 Q 08
(mass mixture) 60 & ? q) 80 ?

P o) O&&QO‘

25
© Faith A. Morrison, Michigan Tech U.

Continuum Modeling

Mass versus Moles

* A complication with the microscopic species mass balance is that
we have been 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.

wy4, mass fraction A x4, mole fraction A

. Species 4: (% .
wg, mass fraction B xg, mole fraction B
Species B: Q
(mass mixture) c (moles mixture)
’ (volume mixture) ’ (volume mixture)

26
© Faith A. Morrison, Michigan Tech U

3/4/2019
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Continuum Modeling

Mass versus Moles w,, mass fraction A

x4, mole fraction A

) Species A: & X
wg, mass fraction B xg, mole fraction B
Species B: O
(mass mixture) (moles mixture)
p' AT T Y C’ i N
(volume mixture) (volume mixture)

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

Does it matter?
Answer? |t depends.

MASS! Fits well with previous microscopic balances (in a
mixture, v is the mass average velocity)

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

This question has led to an
increase of nomenclature.

27
© 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 convection and diffusion)
n, — combined mass flux (includes convection and diffusion)
Jja — mass flux (diffusion only)

~, i i Microscopic species A mass balance
Ja — molar flux (diffusion only)

convection source
dwy 2 ™
p (T +v- VwA) =pDypVw,y + 1, (mass of species
-’ T omosemeens
rate of change diffusion reaction per time)
Written relative to what velocity? (e arecton)
N, — relative to stationary coordinates
ny —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.

28
© Faith A. Morrison, Michigan Tech U.
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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?

N4 — combined molar flux (includes convection and diffusion)
n, — combined mass flux (includes convection and diffusion)
Ja — mass flux (dllﬁus'fm only) Microscopic species A mass balance
[; — molar flux (diffusion only) omecto

source
x

Dy .,
P\ 1y Vwa|=pDapViws+1y (m
4

\_v_/
rate of change diffusion
Written relative to what velocity? (atdrectons)
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
] — 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

29
© Faith A. Morrison, Michigan Tech U.

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

In terms of molar flux oxa . )
and molar C(T+y 'VXA) =—=V-Ji + (xgRy — x4Rp)
concentrations -

= cDapV%x, + (xgRs — x4Rp)

In terms of combined 5,
[FBIEFfIlX and molar ;=—V.+RA

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.

30
© Faith A. Morrison, Michigan Tech U.
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Various quantities in diffusion and mass transfer

1 1
How much is present: cxp =6 = E(ﬂA) = E(p“‘)

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

g = pava = 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"
Litlz=0

Niy = cavq = [+ c4v” = combined molar flux relative to stationary coordinates
Ny +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 = w,yvs + wpvp = Mass average velocity; same velocity as in the microscopic momentum
and energy balances
v* = x4, + xgvg = 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

31
© Faith A. Morrison, Michigan Tech U.

Various forms of Fick’s Law enate balances that employ fem)
Mass flux Molar flux  Combined molar flux
Ja=—pDysVwy Ja=—cDypVxy Ny =x4(Ny+ Ng) — cDyglx,

pagesmitu.edu/~fmarisaem3120Homeworks Readingshim!

We will be introduced to

handy worksheets and to It will take some

the common assumptions time and practice

and boundary conditions to get used to all
(just like in momentum this

and energy balances)

32
© Faith A. Morrison, Michigan Tech U.
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Part 2: Diffusion and Mass Transfer, lectures 1-2

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 Owy _ .
and mass p(T+y'VwA) ==V Jatm

concentrations
= pDypVws + 1y

In terms of molar flux 0%, . h
and molar C(?+1_7 ‘VXA) =—V~1A +(

%CDABVZXA Let,s jump in!

|
In terms of Gombined .,
[l&riik and molar = = —V.+ R,

concentrations
SN— I We'll do 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 N4 bit later.

33
© Faith A. Morrison, Michigan Tech U.

Diffusion and Mass Transfer QUICK START

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

d
%: —V-Ny+ Ry QUICK START
cal= _molesA_ _ x4¢ = the concentration of 4 in the mixture
volume mix

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

area-time

relative to stationary coordinates
moles A . . .
R,[=]——————— = rate of production of A by reaction per unit
volume mix-time
volume mixture
moles mix . .
[=] ————= = molar density of the mixture (for ideal gases ¢ = = = =)
volume mix 3av RT

© Faith A. Morrison, Michigan Tech U.

3/4/2019
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Diffusion and Mass Transfer QUICK START

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

NA = xA(MA + NB) - CDABVXA QUICK START

Ny[=] moles A _ combined molar flux of 4 (diffusion and convection)

area-time
relative to stationary coordinates

moles A

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

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

n

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

moles mix
[=] -

volume mix

35
© Faith A. Morrison, Michigan Tech U.

Diffusion and Mass Transfer QUICK START

Using handy worksheets to learn the
common modeling assumptions

QUICK START

e Equation of Species Mass Balance in Terms of -_

in Caresi

‘Spring 2059 Faith A Morrisan, Michgan Technologieal University

In terms of total molar flux, Ny

Reference: R.B. Bird, W. E. Stewart, and E. N. ightfoot, Transport Phenomena, 2" edition, Wiley, 2002.

36

pages.mtu.edu/~fmorriso/cm3120/Homeworks_Readings.htm| © Faith A. Morrison, Michigan Tech U.
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Part 2: Diffusion and Mass Transfer, lectures 1-2

Microscopic Species Mass Balance

me Equation of Species Mass Balance in Terms of -—

- quantltles in Cartesian, cylindrical, and spherical coordinates for binary mixtures of A and B.
The general case, where the _ flux with respect to molar velocity (N,), is given on page 1.

Spring 2019 Faith A. Morrison, Michigan Technological University

QUICK
START

In terms of total molar flux, N4

Microscopic species mass balance, in terms of molar flux; Gibbs notation

% _ _y.n,+R
6t - 24 A
Microscopic species mass balance, in terms of_ flux; Cartesian coordinates

ac, 0Ny ONay 9N,
i - - =)+ Ry
at ax dy 0z

Microscopic species mass balance, in terms of_ flux; cylindrical coordinates

dcy  (10(rNay) 10Ng  ONs,
o ('r ar +r a6 + 0Z)+RA

Microscopic species mass balance, in terms of_ flux; spherical coordinates

dcs 1 0(r?Ny,) + 1 9(Napsinb) 1 0N, + R
at  \rz or rsin@ a6 rsin® a¢ 4

Note: this
handout is
on the web

pages.mtu.edu/~fmorriso/cm3120/Homeworks Readings.htm!

37
© Faith A. Morrison, Michigan Tech U.

Fick’s Law of Diffusion in terms of Combined
Molar Flux Ny

QUICK
START

Fick’s law of diffusion, Gibbs notation: N4 = x4(N4 + Ng) — cDapVxy
=cav" — cDapVy

ax,
x4 (Nax + Np ) = cDap —

N,
. R . N A dxy
Fick’s law of diffusion, Cartesian coordinates: | Nay =| x4 (NA,y +: NB,J,) —cDyp oy
Naz ax
w2 \xa(Naz + Npz) = cDan 52

xyz

= xA(NA,H + NB,S) - CD%%
X4 (NA,z + NB,Z) —cDyp o]

92/ roz

Fick’s law of diffusion, cylindrical coordinates: <NA,9

[E7)
NA,r) %a(Nay + Np,) = cDyp o
Naz/ 15,

9xa

cDyp dxa

Note: this
handout is
on the web

Ny Xa (NA,T + NB,r) —cDypp o
=| x4(Nao + Ngp) — T 90
r0¢

Fick’s law of diffusion, spherical coordinates: (NA,s
Nag

Dap %4
%a(Nag + Nyg) = Tsin6 04,

08¢

Il TN

pages.mtu.edu/~fmorriso/cm3120/Homeworks Readings.htm!

38
© Faith A. Morrison, Michigan Tech U.
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Part 2: Diffusion and Mass Transfer, lectures 1-2

Handy reminder of definitions and relationships
among mixture quantities

QUICK
START

mol mix |

(umm:c[:] wvol solr’

1 1
X == E(f’n) = E(P"‘AJ

J4 = molar flux relative to a mixture’s molar average velocity, v”

Ji+lp=0
Ny+Ng =cv’

v* = x4 + xpPp = molar average velocity

Tass mix
[=] seal=]

vol soln

(um’ts: Jal=]

Na = cqvy =[5 + cqv” = Combined molaf Mux relative o stationary coordinates

mol 4

vol soeln

pal=]

e )
ared time.

Mass A )
val soln

Note: this

v, = velocity of species A in a mixture, L.e. average velocity of all molecules of species A withinasm handout is

on the web

Reference: R.B.Bird, W. E. Stewart, and E. N. Lightfoot, Transport Phenomena, 2™ edition, Wiley, 209

pages.mtu.edu/~fmorriso/cm3120/Homeworks Readings.htm!
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QUICK START

Example: 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. The
geometry is as shown in the figure. What is the rate of water evaporation?

z=2,=10m
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© Faith A. Morrison, Michigan Tech U.

3/4/2019

20



Part 2: Diffusion and Mass Transfer, lectures 1-2 3/4/2019

QUICK START

I nte rrogatl n g the Example: 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
p r0b|em . 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?

Ny

B z=12,=10m
Why does the water —— 1
evaporate? : :

O.Z‘S‘ﬂ’l [ 2R —
. . |
What limits the rate of T J IR
evaporation? — .
H,0

What could be done to
accelerate the

evaporation?

What could be done to What is the
slow down the driving physics?
evaporation?
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QUICK START

Example: 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. The
geometry is as shown in the figure. What is water mole fraction as a function
of vertical position? You may assume ideal gas properties. What is the rate
of water evaporation?

N,
YN | z=12,=10m
M1 !

i !

I I

i |
l—0.25m—» —— 2R —

42
© Faith A. Morrison, Michigan Tech U.

21



Part 2: Diffusion and Mass Transfer, lectures 1-2

QUICKSTART

Example: 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. 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?

N
S A i
‘ |
I I

le—0.25m b2k —

I
>
,

Solve.
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