Diffusion Lectures 7 & 8 Modeling 1D Steady 4/13/2019

Diffusion

Let’s put
this to use

Various forms of the Mi ic Species A Mass Balance
Five
Microscopic species A mass balance—Six forms
In terms of mass flux dwa ) _ .
and mass p(at +v-Vay __V'J_A+TA

concentrations
= pDapV2ws + 14

In terms of molar flux ox4 .
and molar € (7 +v- VXA)
concentrations

=—V+J;+ (xgRy — x4Rp)

= cDyV?xy + (xgRy — X4Rp)

In terms of Gombined .,

[AGIERfilX and molar a = —V. + Ry
concentrations
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Various forms of the Microscopic Species A Mass Balance

Five
Microscopic species A mass balance—Six forms

In terms of mass flux dwy _ .
and mass p(at +y'VwA)__V'lA+TA
concentrations

= pDapV?wy + 1,

In terms of molar flux
6xA
and molar C\|\——
. ot

concentrations

+v*- VXA) =—V-Ji+ (xgRy — x4Rp)

= cDypV?x4 + (xgR4 — x4Rp)

In terms of combined 5.,
olaRfiuK and molar 2 = —V B+ R,

concentrations

(The N4 version, with Fick’s law substituted in, provides little advantage.)

2
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Diffusion Lectures 7 & 8 Modeling 1D Steady

Diffusion

VaI'iOUS fOI'mS Of FiCK’S LaW (and the species mass balances that employ them)

Mass flux Molar flux ' Combined molar flux

ja=—pDapVwy Ja = —cDapVx, Ny = x4(Ny + Np) — cDapVx4

sEquation of Species Mass Balance in Terms of Molar

3
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VaI'iOUS fOI'mS Of FiCK’S LaW (and the species mass balances that employ them)

Mass flux Molar flux ' Combined molar flux

ja=—pDapVwy LZ = —cDppVxy Ny = x4(Ny + Np) — cDypVxy

s Equation of Species Mass Balance in Terms of Molar
Quantities, constant cD p. TR ——

4
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Diffusion Lectures 7 & 8 Modeling 1D Steady

Diffusion

Various quantities in diffusion and mass transfer

1 1
How much is present: Cxq =€y = M—A(PA) = M—A(pr)

Jja = mass flux of species A relative to a mixture’s mass average velocity, v
=pava—v)
ja+jg =0, i.e. these fluxes are measured relative to the mixture's center of mass

Pa¥a = ja + pav = combined mass flux relative to stationary coordinates

€aVa = J4 + c4v" = combined molar flux relative to stationary coordinates

v, = velocity of species 4 in a mixture, i.e. average velocity of all molecules of species A
within a small volume
v = wyv, + wpvp = mass average velocity; same velocity as in the microscopic momentum
and energy balances
v* = x40, + xgvp = molar average velocity

5
© Faith A. Morrison, Michigan Tech U.

1D Steady Diffusion—Heterogeneous Chemical Reaction

Example: Heterogeneous catalysis in a reactor

N2.H,0, CO, Three-way catalyst

HC, CO, NOx

6
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Diffusion Lectures 7 & 8 Modeling 1D Steady
Diffusion

1D Steady Diffusion—Heterogeneous Chemical Reaction

Example: Heterogeneous catalysis

00q0 O
gasA — ....

oL

o .. ——> gasesA, B

M’O’o

An irreversible, instantaneous chemical
reaction (24 — B) takes place at a catalyst
surface in a reactor as shown. How might
mass transfer affect the observed rate of
reaction?

Let’s Interrogate
the problem.

7
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1D Steady Diffusion—Heterogeneous Chemical Reaction

Example: Heterogeneous catalysis

00g0 O
gasA — ....

M’O’o

oL

o .. ——> gasesA, B

An irreversible, instantaneous chemical
reaction (24 — B) takes place at a catalyst
surface in a reactor as shown. How might
mass transfer affect the observed rate of
reaction?

Modeling Questions:

Where does mass transfer take place?

What is the concentration distribution
like in the gas?

Does the shape of the particles matter?

What is the impact of the overall (bulk)
flow?

What should be our first modeling
problem?

8
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Diffusion Lectures 7 & 8 Modeling 1D Steady 4/13/2019
Diffusion

1D Steady Diffusion—Heterogeneous Chemical Reaction

Example: Heterogeneous catalysis

1D Steady Diffusion—Heterogeneous Chemical Reaction

Example: Heterogeneous catalysis

An irreversible,
instantaneous chemical
reaction (2A — B)

catalyst
particle or
surface

Let’s Interrogate
the problem.

gaSeS A’ B An irreversible, instantaneous chemical reaction (24 — B) takes place ata
X4 = X, catalyst surface in a reactor as shown. How might mass transfer affect the
A A0
observed rate of reaction?

More Modeling Questions:

How fast will this happen?

Does it depend on the reaction rate?

solid catalyst surface

What else does it depend on?

What can we learn about the unit’s
mass transfer character?

9
© Faith A. Morrison, Michigan Tech U.

1D Steady Diffusion—Heterogeneous Chemical Reaction

Modeling

- -

I n s I ratl o n - 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
z =12, =1.0m

|
There may be a L
stagnant region ;
between the source R R
and sink that must -.
be traversed.

z=12 =03m

10
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Diffusion Lectures 7 & 8 Modeling 1D Steady

Diffusion

1D Steady Diffusion—Heterogeneous Chemical Reaction

Example: Heterogeneous catalysis Use a “film model”

1 T % —

gasA — . ° (J .. ——) gasesA, B

gases A, B
catalyst‘ X4 = Xg0
particle
T T -------------------- A stagnant
I 5 gases A, B “ilm” region that
z xa(2) must be
traversed.

solid catalyst surface

An irreversible, instantaneous chemical reaction (24 — B) takes place at a
catalyst surface, as shown. The reaction is “diffusion-limited,” however, because
the rate of completion of the reaction is determined by the rate of diffusion
through the “film” near the catalyst surface. Calculate the steady state
composition distribution in the film (x4 (2)).

11
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1D Steady Diffusion—Heterogeneous Chemical Reaction ‘Example: Heterogensous catalysis

Which approach is best
for solving the model?

solid catalyst surface

An ireversible, instantaneous chemical reaction (24 — B) takes place at a
catalyst surface, as shown. The reaction is “diffusion-limited,” however, because
the rate of completion of the reaction is determined by the rate of diffusion
through the “film’ near the catalyst surface. Calculate the steady state
composition distribution in the film (x4(z)).

L= /s . 1 —~
Various forms of Fick’s Law i i spedes mass baisnces that smpioy tem)
Mass flux Molar flux Combined molar flux
Ja = —pDagVuy Ja=—cDaVx, Ny = x(Ny+ Np) = €DgpVx,

12
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Diffusion Lectures 7 & 8 Modeling 1D Steady

Diffusion

1D Steady Diffusion—Heterogeneous Chemical Reaction ‘Example: Heterogensous catalysis

Which approach is best
for solving the model?

solid catalyst surface

An ireversible, instantaneous chemical reaction (24 — B) takes place at a
catalyst surface, as shown. The reaction is “diffusion-limited,” however, because
- ol e o action is determined by the rate of diffusion

lyst surface. Calculate the steady state

ilm (x4(2)).

arious

7\,4

Mass fl
Ja=—PDy

13
© Faith A. Morrison, Michigan Tech U.

See hand notes for the start
(Example 3)
Solution assigned in HW4a

1D Steady Diffusion—Heterogene ous ChenicalReaction

Which approach is best
for solving the model?

L Various
Mass A
L= by

14
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Diffusion Lectures 7 & 8 Modeling 1D Steady

Diffusion

1D Steady Diffusion—Heterogeneous Chemical Reaction

Problem Summary: Heterogeneous Chemical Reaction

* One-dimensional (1D)

» Steady

» Use molar flux (due to reaction)

» Use combined molar flux N,; we
can draw modeling simplifications

about Ny due to fast reaction) | Example: Heterogeneous catalysis
» Needed stoichiometry
ang gasA —— ——> gasesA, B
» Boundary conditions:
concentrations known (fast
reaction = A disappears at TR
surface. A
catalyst ¥/ A
particle gasesA B fim
solid catalyst surface
An irreversible, instantaneous chemical reaction (24 — B) takes place at a
catalyst surface, as shown. The reaction is “diffusion-limited,” however, because
the rate of completion of the reaction is determined by the rate of diffusion
through the “film” near the catalyst surface. Calculate the steady state
composition distribution in the film (x,(2)).
. ) o 15
© Faith A. Morrison, Michigan Tech U.
1D Steady Diffusion—Heterogeneous Chemical Reaction Example: Hotorogencous cataysh

Could we have used J,

instead? T} s
. . An irreversible, instantaneous chemical MaCAl\mv (24 B) lak-es place ata
VaI’IOUS fDrmS Of FICk’S LAWYan@ne Species mass balant es tf e e of com s::w"e:h o E; Cm:;r‘,m::.:::.y?fs,::g%;;“a“”
Mass flux Molar flux  Combined molar flux
Ja=—pDapVwy Ja=—cDagVxy Ny = x4(Ny + Ng) — cDypVx,

16
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Diffusion Lectures 7 & 8 Modeling 1D Steady

Diffusion

1D Steady Diffusion—Heterogeneous Chemical Reaction

e Equation of Species Mass Balance in Terms of Molar
quantities in cartesian, cyincrical, i o

presented: the general case, where the molar flux with respect ta molar velacity (/3) appears (p. 1, and the more

usual case {p. 2), where the diffusion coefficient is constant and Fck's lw has been incorporated.

Morrison, Michi

of Aand B, Two cases are

In terms of molar flux, 3

molar

(%490 = 9L+ ol i)

e
By By Bey By (O Wk i
Bl ey o (Y B S on, - ainy)
J
B s s BN\ (1000 0k s\, 0
oG en o B0y T ) (0D 100 I on, - sin)
P T —

T T B st A
,(LV.L %52 b O ),,(%%*4M+ 1 e

o "o *7 a8 Tramaag rsin® a8 Tsing 09

oot

Fick's law of difusion, Gibbs notation: J = Dy ¥4

Ii
ot i i 1

Fick'slaw of diffusion, cylindrical coordinates: | /;

Fick's law of diffusion, spherical coordinates: | J;

o

]:1: Molar flux relative to a

mixture’s molar average velocity v*

axA

Jat

R, = rate of production of moles of A by
homogeneous chemical reaction per volume

Definition:

Ja = cxa(va—v")

Fick’s law:

l:; = _CDABVxA

Microscopic species A
mass balance:

+ 1_7* . VXA) = CDABVZXA + (xBRA - xARB)

17
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1D Steady Diffusion—Heterogeneous Chemical Reaction

Could we have used j,
instead?

Example: Heterogeneous catalysis.

1

sold catalyst surface

H H ) shown. The reaction is " " however, because
Various forms of FiCk’S LAW na the species mass baiances ] s covomorsrne macin & soommsos oy e st

An ieversible, instantaneous chemical reaction (24 — B) takes place ata

Mass flux

Molar flux

Ja=—cDaVxs

~Equation of Species Mass Balance in Terms of Molat

Ny = x4(Ny + Np) — cDypVx,

throughthe *flm" near the catalyst surface. Calculate the steady state
‘composition distribution n the ilm (x,(2)).

[Combinedimolar flux

18
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Diffusion Lectures 7 & 8 Modeling 1D Steady

Diffusion

1D Steady Diffusion—Heterogeneous Chemical Reaction

Spring 2019 Faith A. Morrison, Michigan Technological University

™ interms of mass

N

In terms of mass flux, 7,

100%), 1 Haasind) | 1 gy
{z o trsmg o8 T |\1SW)+Y‘

Fick's law of diffusion, Gibbs nota

Dy

”

Jn6/ 5

J A+ Mass flux relative to a

mixture’s mass average velocity v

Definition:

]_.A = pwy(va —v)

Fick’s law:

ja = —pDapVwy

Microscopic species A
mass balance:

a(l)A 2
p W"'E‘VwA = pDapV-wa + 14

r, = rate of production of mass of 4 by
homogeneous chemical reaction per volume

19
© Faith A. Morrison, Michigan Tech U.

1D Steady Diffusion—Heterogeneous Chemical Reaction

Problem Summary: Heterogeneous Chemical Reaction

* One-dimensional (1D)
» Steady
» Use molar flux (due to reaction)

¢ Use combined molar flux N,; we

can draw modeling simplifications

about Np due to fast reaction)
» Needed stoichiometry
» Boundary conditions:
concentrations known (fast
reaction = A disappears at
surface.

Flux choice

Choose:

* Molar because there is a
reaction

+ Combined molar because the
convection is only due to
diffusion

Example: Heterogeneous catalysis
®0q0

gasA —— o0 Y
°9¢9

(4
. —) gasesA, B
[ ]

A = X4

>
catalyst

particle ZI L gasesA, B “film”

(2
solid catalyst surface

An irreversible, instantaneous chemical reaction (24 — B) takes place at a
catalyst surface, as shown. The reaction is “diffusion-limited,” however, because
the rate of completion of the reaction is determined by the rate of diffusion
through the “film” near the catalyst surface. Calculate the steady state
composition distribution in the film (x,(2)).

20
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Diffusion

1D Steady Diffusion—Equimolar Counter Diffusion
Example: Mass transfer in Distillation
Condenser
Top
product
------ Reflux
Feed [77777"
—
Reboiler >—
rBmtcsm
product
21
© Faith A. Morrison, Michigan Tech U.
1D Steady Diffusion—Equimolar Counter Diffusion
Example: Distillation (continued) Exampies Distaten

In general, the molar flow
rates in the enriching (L, V)
and stripping (L, V) sections
are not equal.

This is only true if every time a
mole of vapor is condensed, a
mole of liquid is vaporized
(Constant Molal Overflow)

Constant Molal Overflow (CMO)

1. The heat of vaporization per mole A is constant (independent of
concentration)

2. Specific heat changes are small compared to latent heat changes

3. The column is adiabatic

4. The saturated liquid and vapor lines on an enthalpy-composition
diagram (in molar units) are parallel

22
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Diffusion Lectures 7 & 8 Modeling 1D Steady

Diffusion

1D Steady Diffusion—Equimolar Counter Diffusion

Example: Distillation (continued)

“This is only true if every time
a mole of vapor is condensed,
a mole of liquid is vaporized
(Constant Molal Overflow)”

This condition is met by
equimolar counter diffusion.

Up

=i
B

Example: Distillation

1D Steady Diffusion—Equimoler G ourter Difusion

In general, the molar flaw
rates inthe enriching (L, V)
and stripping (L, V') sections
are not equal

This is only true if every time a
mole of vapor is condensed. a
mole of liquid is vapori

(Constant Molal Overflow)

Constant Molal Overflow (CMO)

. The heat of vaporization per mole 1 is constant (ndependent of
concentration)

Specific heat changes are small compared to latent heat changes

The column is adiabatic

The saturated liquidand vapor lines an an enthal py-composition

diagram (in molar units) are parallel

hwn

= —Up

Vs
Ny =—Ng
Note:
Ny+ Np =cv”
= v'=0

23
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1D Steady Diffusion—Equimolar Counter Diffusion

Example: Mass transfer in
distillation (continued)

Equimolar Counter Diffusion

Example: Distillation

Condenser
i
)

Foed

v,
Bottom
product

A distillation column is separating two components 4 and B at steady
state. In the vapor phase the two components are moving in
equimolar counter diffusion. What are the molar fluxes of A and B?
What is the concentration distribution in the region of the equimolar

counter diffuson?

24
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Diffusion Lectures 7 & 8 Modeling 1D Steady
Diffusion

1D Steady Diffusion—Equimolar Counter Diffusion

Which approach is best
for solving the model?

Example: Distillation

/Various forms of Fick’s Law i tre spedes mass baisnces that smpioy tem)

Mass flux Molar flux

Ja= —pDypVay l; = —cDysVx,

[Combined molar flux

N = xa(Ng+ Np) — cDasVy

25
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1D Steady Diffusion—Equimolar Counter Diffusion

Which approach is best
for solving the model?

7\,4

arious

Mass fl
Ja=—PDy

Example: Distillation

26
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Diffusion Lectures 7 & 8 Modeling 1D Steady

Diffusion

See hand notes for the start
(Example 4)
Solution assigned in HW4a

1D Steady Diffusion—Equimolar Counter Difusion

Which approach is best
for solving the model?

Various

Mess fi

Eramole: Dmision

27
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1D Steady Diffusion—Equimolar Counter Diffusion

Could we have used J,
instead?

[T

Various forms of Fick’s LaWanqine species mass batances tnat empioy hem)

Mass flux Molar flux

Ja=—pDapVwy Ja=—cDagVxy

[Combinedimolar flux

Ny = x4(Ny + Np) — cDypVx,

28
© Faith A. Morrison, Michigan Tech U.
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Diffusion Lectures 7 & 8 Modeling 1D Steady

Diffusion

1D Steady Diffusion—Equimolar Counter Diffusion

e Equation of Species Mass Balance in Terms of Molar
quantities incor findrica, i inary of Aand 8. Two cases are

presented: the gent

where the molar flux with respect to molar velocity (J3) appears (p. 1) and the more
usual case {p. 2, wh ffusion coefficient is constant and Fick'slaw has been incorporated.

Morrison, Michi

In terms of molar flux, 3

molar

(%490 = 9L+ ol i)

3%y ax | Wiy Wiz
) (i B )y

0
B, O Vion ) (106h) 10 Wi\, o
oG o2l ) ([0 L ) ey

Fick's law of diffusion, Gibbs notation: /3

Fick's law of diffusion, Cartesian coordinates:

Fick'slaw of diffusion, cylindr

R, = rate of production of moles of A by
homogeneous chemical reaction per volume

* -
]A: Molar flux relative to a
mixture’s molar average velocity v*

Definition:

Ja = cxa(va—v")

Fick’s law:

l:; = _CDABVxA

Microscopic species A
mass balance:

axA " 2
c F-'- v* - Vxy | = cDagV?x4 + (xgRy — x4RE)

(The two fluxes are the
same for equimolar counter
diffusion)

29
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1D Steady Diffusion—Equimolar Counter Diffusion

Could we have used j,
instead?

[T

Various forms of Fick’s LawW (na e species mass batances tnat empioy hem)

Mass flux

4= —pDypViwy

Molar flux

Li=-

[Combinedimolar flux

cDspVx4 Ny = x4(Ny + Np) — cDypVx,

~ Equation of
quantites . .

30
© Faith A. Morrison, Michigan Tech U.
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Diffusion Lectures 7 & 8 Modeling 1D Steady

Diffusion

1D Steady Diffusion—Equimolar Counter Diffusion

Spring 2019 Faith A. Morrison, Michigan Technological University

In terms of mass flux, J,

100%a), 1 0aasind) | 1 gy
"(7- o treme 06 T mﬂW)+y‘

Fick's law of diffusion, Gibbs

0

r, = rate of production of mass of 4 by

J A+ Mass flux relative to a

mixture’s mass average velocity v
Definition:
]_.A = pwy(va —v)
Fick’s law:

ja = —pDapVwy

Microscopic species A
mass balance:

6(4)A 2
p W‘FE‘V&)A = pDapV-wa + 14

(there is no advantage to the
mass perspective in this case)

homogeneous chemical reaction per volume

31
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1D Steady Diffusion—Equimolar Counter Diffusion

Problem Summary: Equimolar Counter Diffusion

* One-dimensional (1D)

» Steady

» Use molar flux (due to equimolar
counter diffusion specified)

* Use combined molar flux N, or J;)

» Boundary conditions:
concentrations known over a
known distance

Flux choice

Choose:

* Molar because equimolar
motion was specified

» Combined molar and molar
are the same when v* =0

(Na = Ja)

© Faith A. Morrison, Michigan Tech U.

1D Steady Diffusion—Equimolar Counter Diffusion

Example: Distillation (continued)

“This is only true if every time
a mole of vapor is

a mole of liquid is vaporized

(Constant Molal Overflow)”

This condition is met by
equimolar counter diffusion.

Ny=-Ng

A —
Ya= Vg
va ’ v v = X000+ Xpvp =0

These two molar fluxes are
the same when v* = 0.
32
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Diffusion Lectures 7 & 8 Modeling 1D Steady

Diffusion

1D Steady Diffusion

Problems Summary

. Unimolecular mass transfer (evaporating tank,

Ex 1)

. Heterogeneous chemical reaction (catalytic

converter, Ex 3, convection only due to
diffusion)

. Equimolar counter diffusion (distillation, v* =

0, (N4 =J4) Ex4)

Homogeneous chemical reaction

33
© Faith A. Morrison, Michigan Tech U.

1D Steady Diffusion

We did this
earlier-» 1.
Could we
have taken 2.
a different
approach?
v'3.
4,

Problems Summary

Unimolecular mass transfer (evaporating tank,
Ex 1)

Heterogeneous chemical reaction (catalytic
converter, Ex 3, convection only due to
diffusion)

Equimolar counter diffusion (distillation, v* =
0,(Na = Ja) Ex 4)

Homogeneous chemical reaction

34
© Faith A. Morrison, Michigan Tech U.
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Diffusion Lectures 7 & 8 Modeling 1D Steady

Diffusion

1D Steady Diffusion—Unimolecular MassTransfer (film theory)

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. What is the

rate of water evaporation?

z=2,=10m

z=12,=03m

z=10

35
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1D Steady Diffusion—Unimolecular MassTransfer (film theory)

Could we have used J,

instead?

Mass flux

Ja=—pDapVwy

Molar flux

Ja=—cDaVxs

' Combined molar flux

Ny = x4(Ny + Np) — cDypVx,

36
© Faith A. Morrison, Michigan Tech U.
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Diffusion Lectures 7 & 8 Modeling 1D Steady 4/13/2019
Diffusion

1D Steady Diffusion—Unimolecular MassTransfer (film theory)

e Equation of Species Mass Balance in Terms of Molar *

qUantities incesan oinsic fary mintaresof Ao . Twscassre . Molar flux relative to a

A
s el s A st ) s .3 _ )
s el mixture’s molar average velocity v*
(B W) = Vi k CraRe-e) Deﬁnition:

<
H l:l = CXA(EA - “_7*)
H Fick’s law:
o - ’ Ja = —cDppVx,

Fick's law of diffusion, Gibbs notation: J3 = —cDup Vs Microscopic SpeCieS A

Fick' v of diffuson,Caresian coorinstes: mass balance:

Fiks law of diffusion, oyl a xA % 2

c E+ v* - Vxy | = cDagV?x4 + (xgRy — x4RE)
Let’ I )
(Let's explore v
R, = rate of production of moles of 4 by In some |Im|tS)
homogeneous chemical reaction per volume
37
© Faith A. Morrison, Michigan Tech U.
1D Steady Diffusion—Unimolecular MassTransfer (film theory) 10 Sty Diison—Lpmlecaressarster

Water (40°C, 1.0 atm) slowly and steadily evaporates into nitrogen
(40°C, 1.0 atm) from the botiom 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

Could we have used /'
instead of N,? ~ T

Definition: Definition:
Ja=cxa(va—v") Ny = cxav4

When is v* = 0?
B is staghant = vz = 0. v = x40 + xBE,\

If Ais dilute, x4, = 0

then, v* = 0. Stagnant B, dilute 4
v =0
Ja=Ny

J, and N, are equal for

stagnant B, dilute 4

38
© Faith A. Morrison, Michigan Tech U.
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Diffusion Lectures 7 & 8 Modeling 1D Steady

Diffusion

1D Steady Diffusion—Unimolecular MassTransfer (film theory)

Could we have used j,
instead?

Ja=—cDaVxs

Molar flux

~Equation of Species Mass Balance in Terms of Molat

Ny = x4(Ny + Np) — cDypVx,

' Combined molar flux

39
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1D Steady Diffusion—Unimolecular MassTransfer (film theory)

me Equation of Species Mass Balance in cartesian, cyiindrical, and spherical
in erethe mass luxvith
e diffusion

e )10 8 2,

In terms of mass flux, 7,

100%), 1 Haasind) | 1 gy

"

jA: Mass flux relative to a

mixture’s mass average velocity v

Definition:

J_A = pwy(va —v)

Fick’s law:

Ja

= —pDypVwy

Microscopic species A
mass balance:

a(l)A
P\ 7ot

r, = rate of production of mass of 4 by
homogeneous chemical reaction per volume

+v- VwA> = pDABVZ(}JA + Ts

40
© Faith A. Morrison, Michigan Tech U.
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Diffusion Lectures 7 & 8 Modeling 1D Steady 4/13/2019
Diffusion

1D Steady Diffusion—Unimolecular MassTransfer (film theory)

J A+ Mass flux relative to a

B ——— mixture’s mass average velocity v
Definition:
Ja=pwa(va— 1)
2 Fick’s law:
i (e (A 1 ) 4 o) Ja=—pDagVwy
e Y or ‘trsn8 08 06 g )T

Fick's law of diffusion, Gibbs

Microscopic species A
mass balance:

ar
Fiek's law of diffusion, cylindrical coordinates: { jac
Jnel oz

6(4)A 2
p W‘FE‘V&)A = pDapV-wa + 14

0

(There is no advantage to the

r, = rate of production of mass of 4 by U diae [ cat)

homogeneous chemical reaction per volume

41
© Faith A. Morrison, Michigan Tech U.

1D Steady Diffusion—Unimolecular MassTransfer (film theory)

Problem Summary: Unimolecular Mass Transfer (film theory)

« One-dimensional (1 D) 1D Steady Diffusion—UnimolecularMassTransfer
» Steady REELS ot ram e botom b1 5 sl ank o showr e faure
* Use molar flux R of weter i 1 g e 10 openng o e e 4002 What 1 the
+ Use combined molar flux N, i ot eporien?
+ Boundary conditions: ”‘—.‘ R

concentrations known over a ;

known distance L 2r

z2=2=03m

Flux choice 2
Choose:
* Molar because mole fractions

specified Ja = cxy4(vy —v%)
+ Combined molar and molar Ny = cava

are the same when B is
stagnant and A is dilute
(implies v* = 0)

These two molar fluxes are
the same when v* = 0.

42
© Faith A. Morrison, Michigan Tech U.
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1D Steady Diffusion

Problems Summary

mmmmm) 4. Homogeneous chemical reaction

v/ 1. Unimolecular mass transfer (evaporating tank,

Ex 1; evaporating droplet, Ex 2)

» Subcase: stagnant B, dilute 4, v* = 0,=

Na=Ja

v 2. Heterogeneous chemical reaction (catalytic
converter, Ex 3, convection only due to

diffusion)

v 3. Equimolar counter diffusion (distillation, v* =

0, (N4 =J3) Ex4)

43
© Faith A. Morrison, Michigan Tech U.

Gas Absorption

While a chemical plant would not exist without the chemical

reactors, the biggest expense (the biggest equipment) will often
be the separation equipment, distillation columns and gas
absorption columns.

Packed column (tower)

Liquid poured into top trickles down
through packing

Gas pumped into bottom flows upward
Analysis involves both fluid
mechanics (determines cross-
sectional area) and mass transfer
(determines height)

Cussler, p305, 7

Gas in
Liquid out

44
© Faith A. Morrison, Michigan Tech U.

4/13/2019

22



Diffusion Lectures 7 & 8 Modeling 1D Steady

Diffusion

1D Steady Diffusion—Gas Absorption with Chemical Solvent

Gas out Gas Absorption

LU G— Liquid in

Exiting liquid stream
contains high concentrations
of the impurity. This is later
“stripped” by heating the
liquid so that the impurity
bubbles out.

Gas in
Gas in _

£ LiGUid Ol s |_jquiidl OUL

The “swing” in temperature may
sometimes be replaced by a “swing” in
pressure (lowers costs)

45
Cussler, p307 © Faith A. Morrison, Michigan Tech U.

1D Steady Diffusion—Gas Absorption with Chemical Solvent

Designed by 80 years
: _ ned by
Gas Absorption Packing of experience

High fluid flow trades off with high interfacial area (both are desired)

qst 1st 2nd

=

Raschig ring Berl saddle  Intalox saddle

2nd 2nd : 3rd
: - = @generation

Pall ring Hy-Pak ring Nutter ring

6 types of random packing;
cheaper, common

Structured packing; pricey, more
efficient (up to 30% more

efficient); fluids move past each other
with less bypassing

46
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1D Steady Diffusion—Gas Absorption with Chemical Solvent

Gas Absorption-
the I Iq U Id S What are the gases to be absorbed?

What are the liquids that absorb them?
Some depend on the solubility of the gas
Most react chemically with the components of the gas
Choice depends on the concentrations in the feed gas mixture and on

the desired percent removal

High concentration (10-50%): dissolve in a nonvolatile, nonreactive
liquid, aka physical solvent (less common, but simpler)

Lower concentration (1-10%): use liquid capable of fast, reversible

chemical reaction with the gas to be removedZaka chemical solvent

(20X more common, but complex)

Very low concentration (<1%): use an adsorbent that reacts
irreversibly (this is expensive; may produce solid waste).

47
Cussler, p306,7 © Faith A. Morrison, Michigan Tech U.

1D Steady Diffusion—Gas Absorption with Chemical Solvent

Gas Absorption Tower Design

A type of “differential contacting”

Design: Diameter, Height
Diameter: constrained by the fluid
mechanics of the gas and liquid flowing
past each other; complicated; described by
largely empirical correlations (use turnkey
procedure)
Height: must be sufficient to attain the
separation desired; depends on how
solubility depends on concentration (linear
or nonlinear isotherm, dilute (easy), not
dilute (hard))

48
© Faith A. Morrison, Michigan Tech U.
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Gas Absorption

Gas Absorption Tower Design

A type of “differential contacting” i

Design: Diameter, Height
. Diameter: constrained by the fluid
Complicated; mechanics of the gas and liquid flowing
s'?lved 47 past each other; complicated; described by
trial and error L .
largely empirical correlations (use turnkey
procedure)

Height: must be sufficient to attain the ﬁg:eas in
separation desired; depends on how J Liquid out

solubility depends on concentration (linear
or nonlinear isotherm, dilute (easy), not
dilute (hard))

Can be modeled.

49

© Faith A. Morrison, Michigan Tech U.

1D Steady Diffusion—Gas Absorption

Gas Absol p_(ion
Gas Absorption Tower Design

Atype of “differential contacting”

Column height must

Design: Diameter, Height

be Suff|C|ent to atta|n Diameter: constrained by the fluid
. mechanics of the gas gnd liquid flowing
the separation Rt et
deSI red - He«gﬁ(ljmrﬁalsl be sufficient to attain ti | Gas in
separation desired; dependson how L e Liquid out
solubility depends on concentration (line;
or nonlinear isotherm, dilute (easy), nat
dilute (hard))
We need a model of how the separation is
achieved to produce the design equations for
the height of the column.
A model that works Models that only partially work
will reveal what the also reveal important aspects of
physics of the unit is. the physics.
50

© Faith A. Morrison, Michigan Tech U.
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Model of Gas
Absorption in
a Column Liquid in

|

Distributor
(a) Column
The packed
column is
designed to
create
interfacial
area between
the liquid and
gas.

Liquid out
BSL2, p743

Gas (d)

51
© Faith A. Morrison, Michigan Tech U.

1D Steady Diffusion—Gas Absorption with Chemical Solvent

The Mass-Transfer Model

We focus on the liquid-gas
interface where the mass transfer
takes place.

Idealize the entire device as
comprising only the appropriate
amount of this interface, with
mass transfer taking place.

Retain the role of the column,
by forcing the appropriate
concentrations of species A enter
and exit the column.

Model of Gas.
Absorptionin
aColumn Liouid in

[
Distbutor r‘[fﬁ o=

(a) Colurmn
The packed
columnis
designedto
create
interfacial
area betweer
the liquid anc
gas.

(c)

Gas (d)

Liquid out

(d)

liquid gas

52
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Model of Gas L, X1 G, Y4

Absorption in

a Column top of column R nyn
liquid | gas

Liquid B attracts 4;
the concentration

of A increases as z
the liquid passes
through the
column

LG A-free molar flow rates

Xa1,Y41 Molar ratios of A E

. >
Gas contains 5
A, which s
C
depletes as =
the gas S
passes =
through the 3
o column 5
liquid 1 gas s
non <
bottom of column %
53 w
L, XAZ G' YAZ ©)
1D Steady Diffusion—Gas Absorption with Chemical Solvent
Model of Gas LXu  GYa
Absorptionin
Example: Mass transfer a Gas aColumn | pctooumn I,q@,d gas [
: iquid attracts A;
Absorption Column he concentration
(Chemical Solvent) thelqud passes e

through the
column

L,G  A-free molar flow rates

Gas contains
A, which
depletes as
the gas
passes
through the
column

g

X1, Y1 Molar ratios of A

liquid; gas
bottom of column '
L, Xaz G, Yy

A gas absorption column is operating at steady state. The gas stream is
composed of component A and an inert carrier gas I. The liquid stream is
chemical absorbent B. Component A diffuses across the gas-liquid interface
until it reacts with B. What are the molar fluxes of A and B? What is the
concentration distribution in the region in which A diffuses into liquid B?

54
© Faith A. Morrison, Michigan Tech U.
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Model of Gas L, X4 G, Y4
Absorption in
a Column top of column
liquid | gas
Liquid B attracts 4;
the concentration
of 4 increases as z

the liquid passes
through the column

oy

/\Modeling

L,G  A-free molar flow rates liquid

|
1
1
! gas
X41, Y41 Molar ratios of A !
liquid: gas
bottom of column : U

region

Gas contains
A, which
depletes as
the gas
passes
through the
column

non

55

© Faith A. Morrison, Michigan Tech U.

1D Steady Diffusion—Gas Absorption with Chemical Solvent

Example: Heterogeneous catalysis

Model of Gas. L Xy G, Yy
Absorptionin H
aColumn

L,G A-free molar flow rates

Xa1,Y41  Molar ratios of 4

Liquid
B
(well mixed
with dilute
The action of the chemical AB reaction

solvent B (absorbent) modeled product)
as a homogeneous chemical
reaction taking place in the
penetration region.

A+B - AB

Ry = —kicy

Use a “penetration model”

Slow-moving
region into which

A “penetrates”7

Liquid
A B

“— § —»

(stagnant B,
dilute A)

Gas
Al

Ca0

56
© Faith A. Morrison, Michigan Tech U.
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1D Steady Diffusion—Gas Absorption with Chemical Solvent 10 SteadyDiton—Gos

Example: Heterogeneous catalysis Use a “penetration
model

Slow-moving
region into which

) “psnslrales7
|

Liquid | Liquid Gas
AB | AB Al

Which approach is best
for solving the model?

(wellmixed) |
i

The chemical solvent |
(absorbent) appears as a |
homogeneous chemical [
reaction in the . i
penetration region |

z

L= /s . 1 —~
Various forms of Fick’s Law i i spedes mass baisnces that smpioy tem)
Mass flux Molar flux “Combined molar flux
Jja = —pDasVwy Ja=—cDaVx, Ny = x(Ny+ Np) = €DgpVx,

57
© Faith A. Morrison, Michigan Tech U.

1D Steady Diffusion—Gas Absorption with Chemical Solvent

Example: Heterogeneous catalysis Use a “penetration
model

Slow-moving
region into which

) “psnslrales7
|

|
Lquid  iLiquid|  Gas
) Al

AB
(wellmixed) |

Which approach is best
for solving the model?

The chemical solvent

|

|

(absorbent) appears as a |

homogeneous chemical [
|

reaction in the

z

7\,4

arious

Mass fl
Ja=—PDy

58
© Faith A. Morrison, Michigan Tech U.
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See hand notes for the start
(Example 5)
Solution assigned in HW4a

1D Steady Diffusion—GasAbsorption with Chemical Solent R

Which approach is best
for solving the model?

= Solve

- )

.’/l

59
© Faith A. Morrison, Michigan Tech U.

1D Steady Diffusion—Gas Absorption with Chemical Solvent

Problem Summary: Gas Absorption with Chemical Solvent

* One-dimensional (1D)

» Steady

» Use molar flux (due to reaction)
» Use combined molar flux N,)

» Needed stoichiometry and rate

equation _
- Bou ndary conditions: 1D Steady Diffusion—Gas Absorption vith Chemical Solvent
Concentrations known (A Example: Heterogeneous catalysis Use a “penetration

model”
disappears at penetration length) Slowmoving
region into which

A “penetrales7

The chemical solvent

(absorbent) appears as a
homogeneous chemical
reaction in the
penetration region.

60
© Faith A. Morrison, Michigan Tech U.
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1D Steady Diffusion—Gas Absorption with Chemical Solvent

Could we have used J,
instead?

Various forms of Fick’'s LawW o species mass baiance] ~ oomamionon

Example: Heterogeneous catalysis Use a “peneration
moder
Slow-moving
region into which
A “Denetvales7
Liquid | Liquid Gas
A B Al
welmixe) |
The chemical salvent ‘
a
omogencos cnemcl ks

' Combined molar flux
Ny = x4(Ny + Np) — cDypVx,

Mass flux Molar flux
Ja=—pDapVwy = —cDpgVxy

61
© Faith A. Morrison, Michigan Tech U.

1D Steady Diffusion—Gas Absorption with Chemical Solvent

e Equation of Species Mass Balance in Terms of Molar

quantities incar findrica, _—
presented: the )

In terms of molar flux, 3

Fick'slaw of diffusion, Cartesian coordinates: | /i

) . C dox
Fic's law of diftusion, cindrical coordinates: | [ A
< at

Jir
Fek's law of diffusion, spherical coordinates: </;,,
Jis/ 0

R, = rate of production of moles of A by
homogeneous chemical reaction per volume

* -
]A: Molar flux relative to a
mixture’s molar average velocity v*

Definition:

Ja=cxa(va—v")

Fick’s law:

lz = _CDABVxA

Microscopic species A
mass balance:

VXA) = CDABVZXA + (xBRA - xARB)

62
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1D Steady Diffusion—Gas Absorption with Chemical Solvent

Could we have used j,
instead?

Example: Heterogeneous catalysis Use a “peneration
moder

Slow-moving
region into which

A “Denetvales7
Liquid | Liquid
B

A
welmixe) |

Gas
Al

The chemical salvent

Various forms of Fick’s LaW e speciesmass baiance] ~ oemamionon

a
omogencos cnemcl ks
reaction in the . i

Molar flux ' Combined molar flux

Ja=—cDaVxs

Ny = x4(Ny + Np) — cDypVx,

~Equation of Species Mass Balance in Terms of Molat

63
© Faith A. Morrison, Michigan Tech U.

1D Steady Diffusion—Gas Absorption with Chemical Solvent

me Equation of Specnes Mass Balance incartesian, o/hnduca\ and spherical
eser

=
5
x
3
< +
H )
i
£ .
s
£ A (18I | 1Bias | sy
g o - e B,
= "
L (w(m L) 1 Vea)
5 * e e
Fick'slaw of diffusion, Gibbs notation: 1, = ~pDa¥wy

Jax’ i
. P

o
e
.

"

J A+ Mass flux relative to a
mixture’s mass average velocity v

Definition:
J_A = pwy(va —v)

Fick’s law:
ja = —pDppVwy

Microscopic species A
mass balance:

dwy
0t +v- V(UA =pDABV2wA+rA

r, = rate of production of mass of 4 by
homogeneous chemical reaction per volume

64
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1D Steady Diffusion—Gas Absorption with Chemical Solvent

Problem Summary: Gas Absorption with Chemical Solvent

* One-dimensional (1D)

» Steady

» Use molar flux (due to reaction)

» Use combined molar flux N,)

* Needed stoichiometry and rate
equation

» Boundary conditions:
concentrations known (A
disappears at penetration length)

Flux choice

Choose:

* Molar because there is a
reaction

» Combined molar because the
convection is only due to
diffusion

1D Steady Diffusion—Gas Absorptionwith Chemical Solvent

Example: Heterogeneous catalysis Use a “penetration

model”

‘“T‘ Slow-moving
region into which

A “penetrates?

Liquid

AB b
b (well mixed) |

The chemical solvent
(absorbent) appears as a
homogeneous chemical
reaction in the
penetration region.

65
© Faith A. Morrison, Michigan Tech U.

1D Steady Diffusion

1D Steady Diffusion,
Problems Summary

v~ 1. Unimolecular mass transfer (evaporating tank, Ex 1;

evaporating droplet, Ex 2)

* Subcase: stagnant B, dilute 4, v* = 0, (N4 = J3)

v 2. Heterogeneous chemical reaction (catalytic
converter, Ex 3, convection only due to diffusion)

v 3. Equimolar counter diffusion (distillation, v* = 0,

(N4 = Ja) Ex 4)

v 4. Homogeneous chemical reaction (gas absorption by
chemical solvent, Ex 5, convection only due to

diffusion)

66
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1D Steady Diffusion

1D Steady Diffusion,
Problems Summary

1. Unimolecular mass transfer (evaporating tank, Ex 1;

evaporating droplet, Ex 2) - Film Model

* Subcase: stagnant B, dilute 4, v* ~ 0, (N, = J3)

v/ 2. Heterogeneous chemical reaction (catalytic
converter, Ex 3, convection only due to diffusion)

v 3. Equimolar counter diffusion (distillation, v* = 0,
(Na =Ja) Ex 4)

W 4. Homogeneous chemical reaction (gas absorption by Penetration
chemical solvent, Ex 5, convection only due to Model
diffusion) ode

67
© Faith A. Morrison, Michigan Tech U.

1D Steady Diffusion

1D Steady Diffusion

1D Steady Diffusion,
Problems Summary

1 - 1. Unimolecular mass transfer (evaporating tank, Ex 1;
M evaporating droplet, Ex 2) _ Film Model
) + Subcase: stagnantB, dilute 4, v* ~ 0, (N4 ~ J}),
Th e w \/2. Heterogeneous chemical reaction (catalytic
converter, Ex 3, convection only due to diffusion)
and the _ T
\/3. Equimolar counter diffusion (distillation, v* = 0,
H =] Ex4
penetration model W=D Ex4)
B . 4. Homogeneous chemical reaction (gas absorption by Penetration
Wl” bOth appear agaln . 1 chemical solvent, Ex 5, convection only due to _
diffusion) Model

They are used as framings for lumped-parameter
mass transfer models in complex unit operations.
They differ in how they predict the mass transfer
coefficient (linear-driving-force model) varies with
diffusion coefficient.

Film: ke X Dyg
1

Penetration: k. « D2,

68
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