Part 2: Diffusion and Mass Transfer, lecture 10
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It turns out that there are many interesting and
applicable problems we can address readily with this

/ form of the species mass balance.
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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 'VwA) ==V

concentrations

‘j_'A+TA

pDapV?wa + 1

In terms of molar flux 8
A
and molar € (?
concentrations

+v -VxA) =

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

concentrations

Let’s jump in!
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We'll do 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.
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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
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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(NA + NB) - CDABVX'A 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
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Using handy worksheets to learn the
common modeling assumptions

Diffusion and Mass Transfer QUICK START

e Equation of Species Mass Balance in Terms ol-_

QUICK START

L
=Mtk

Bes_(Nur, OBry | Oy
Zon o (Dax, M, o), p,

In terms of total molar flux, Ny
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PO W (unies:cl=1

Ji = molar flux elative to 3 mixture's molar average vl

Mo =1
ks o ofdifusion,Cresion coorintes: Yoy -
M) Li+s=o
Mo = caa = f5+ cov” = EOBRBHRHRR o relive o siatonary coordiates
Nyt = e’
ks o ofdifsion cindicl cordoates:
= fina mix pecies 4

in Caresian, eylndrical NOTES:
‘Spring 2059 Faith A Morrisan, Michgan Technologieal University « ifcomponent A has no sink, i = 0.
.4 =0
Microscopic species mass balance, in terms of mola lus Gibs notalion and Ny = N,
o 1, for example, two moles of 4
L mole of 8, then at steady state —0.54; = Ny,

=y + Xatzp = molar average velocity

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

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

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
at - a4 A
Microscopic species mass balance, in terms of GOmBINedIMolar flux; Cartesian coordinates

9ca  [(Nyx ONsy 0N,
— E . z) L R
at ( ox oy oz ) A

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

dcs (16(7’NM) 10N, 0N,

ot T \r or T 00 0Z)+RA

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

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

Note: this
handout is
on the web

pages.mtu.edu/~fmorriso/cm3120/Homeworks_Readings.html
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Fick’s Law of Diffusion in terms of Combined QUICK
Molar Flux Ny START

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

2
Nax x4 (Nax + Np ) = cDap aax

x
Fick’s law of diffusion, Cartesian coordinates: | Nay =| xa (NA,y +: NB,y) —cDyp a_;
NA'Z xyz

ax,
%p(Nayz + Np;) = cDap 52 vz

- [E7)
NA,r) %a(Nay + Np,) = cDyp o
oz

Fick’s law of diffusion, cylindrical coordinates: | Nag = xA(NAvg + NB'g) DB D%y .
<NAz " oo Note: this
’ xa(Naz + Npz) — cDap ;- " .
*z | handout is
N, Xa(Nay + Np ) = cDap 22 on the web
Fick’s law of diffusion, spherical coordinates: (NM) = XA(NA,G + Na,e) - CD:B aa:;,,
Ny, cDap 0.
4/ v66  \xa(Nyg + Npg) — ”i:ﬁea—; o0
. T
pages.mtu.edu/~fmorriso/cm3120/Homeworks Readings.htm/ © Faith A. Morrison, Michigan Tech U.
Handy reminder of definitions and relationships QuICK
among mixture quantities START
i ! /
e = &1 =, (oa) = 5 (o) (umtes:e[=1 5 C A= oo cal =1 s =1 500
i:i = molar flux relative to a mixture’s molar average velocity, v” (um’ts: i =] ar;'l::meJ
= calzg —27)
Litfp=0
NaScauy=Ja+ew = “ﬂuxre]alive Lo stationary coordinates
Ny +Ng = v’ Note: this
¥, = velocity of species A in a mixture, i.e. average velocity of all molecules of species A within a sm handout is
v = x4 + xgvp = maolar average velocity on the Web
|
[
Reference: R.B.Bird, W. E. Stewart, and E. N. Lightfoot, Transport Phenomena, 2™ edition, Wiley, 209 -
74
|
\
\
. B
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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. The
geometry is as shown in the figure. What is the rate of water evaporation?

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

i !

i |

i |
«—0.25m—> —— 2R —

z=12,=03m

— HZOI S0
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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
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?

N,

- z=12,=10m
Why does the water l

evaporate? !

0.2§m [ 2R —|
What limits the rate of -
evaporation? — T ;

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 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. 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
is the rate of water evaporation?

z=2,=10m

z=12,=03m

z=10
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rate of water evaporation?

N;

ICKSTART

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 i 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

z=2,=10m

z=2=03m

Solve.
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Raoult’s Law

Reference: Felder and Rousseau, 3 Edition, Section
6.3, Gas-Liquid Systems, One Condensable Component

“A law that describes the behavior of gas-liquid systems over a wide
range of conditions provides the desired relationship [between T, P, and
y4]- If a gas at temperature T and pressure P contains a saturated
vapor whose mole fraction is y, (mole vapor/mol total gas), and if this
vapor is the only species that would condense if the temperature were
slightly lowered, then the partial pressure of the vapor in the gas equals
the pure-component vapor pressure p,(T) at the system temperature,
[which we look up from tables or data correlations].

Raoult’s Law
(single _ %
condensable Pa = yAP — pA (T)

component)

© Faith A. Morrison, Michigan Tech U.

Revisiting and using important concepts/physics

CM3120 Lecture 1
Where are we now? Michigan Tech

Summary

CM2110
1. Steady mass balances
2. Steady energy balances (how to calc. energy)

3 friction)
4. Phase equilibria (Raoult's Law)

CM2110

CM2120
CM2120/CM3215

MEB-Mechanical Energy Balance (with friction)
Pumps

Heat Exchangers

Introduction to Unit Operations

Staged Unit Operations (distillation, absorption)

U
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Raoult’s Law

Reference: Felder and Rousseau, 3 Edition, Section 6.3, Gas-

Where d o We get the Liquid Systems, One Condensable Component
* 9 “Alaw that describes the behavior of gas-liquid systems over a wide
Va po r p res S u re ’ pA (T) " range of conditions provides the desired relationship [between T, P, and

yal. If a gas at temperature T and pressure P contains a saturated
vapor whose mole fraction is y, (mole vapor/mol total gas), and if this
vapor is the only species that would condense if the temperature were
slightly lowered, then the partial pressure of the vapor in the gas equals
the pure-component vapor pressure p;(T) at the system temperature,
[which we look up from tables or data correlations].

Raoult’s Law
(single _ —
condensable Pa = yAP —

component)

1. Tables (water, FR Table B.3)
2. Clausius-Clapeyron equation (constant AH,,, FR Table B.1)
AH,
In(p*) = -

RT
3. Antoine equation (FR Table B.4)

+B

B
| N=A-——
0g10(@") T+C
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