Diffusion and Mass Transfer, lecture 12

It's week 7. Next week is Week 8.
Exam 3: Week 9 (after break)

Homework 3A:
Finish Week 6
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Chemical Engineering
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Wb intro to mass transfe (inish weekca)

hoid (do net assume Ficks law to show the equivalence:

s,

Inasentence or two,
Wh have we chosen to use such 3 varity of nomenclature?
7. soecies d

e situation

5.0 107 kmol A fms. tone point in the difusion space, the concentration of A s
i 7, i Wt s orthe

ol velocity? Answer: u° = 00012 m/s.
5. Soecies A
counter diffusion s occurring see p499 of WRF, posted at
s pRAS-500.pc ).
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50 107 ool A fms. At one point n the cifusion space, the concentration of A s
A, e ofthe

molr velocity? A i water an B s nitrogen, whiat i the mass-average velocity 17 Answir:

v, = —.6 X 10m5; 7 ~ 0. Comment on the diffrence.
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measured difusion coeficient of serum alburin i 5.94 X 10~ cm? 5 at 293K. Basec on this

conditons? Answer: D = 7.27]
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a1/ Dasa = (T/TCR,)Y
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Diffusion and Mass Transfer, lecture 12 2/26/2020

Film model of mass transfer QUICK START

Last time, we did this
second problem:

The primary goal is to grow our ability to troubleshoot
engineering problems.

EXAMPLE 2

Let’'s do another problem

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

the gas?
NZ
2R, Ver 1
. . L. 3
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Film model of mass transfer QUICK START

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

N,

N, and H,0

We invented
the “film
model” Ver 2

4
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Diffusion and Mass Transfer, lecture 12

Film model of mass transfer

The evaporation creates a film around the droplets through which the

assume ideal gas properties for air.

N

2R, 2R,

Ny

Nyandhi0
The Film
Model of

mass transfer

Example 2: A water mist forms in an industrial printing operation. Spherical
water droplets slowly and steadily evaporate into the air (mostly nitrogen).

evaporating water diffuses. What is the rate of evaporation and how does the
water concentration vary as a function distance from the droplet? You may

@

« Equation of Species Mass Balance in Terms of ESHIEINE

” @
- Micrseapre species A mens L&(® -H—‘éco'?»bv‘ﬁ‘- D Disia,

—skeds S WHERE. Y
— no vy (See pp2.
‘%*?w»ﬁa = M”")“N“""Dng).é
o~x% 4
r dr‘("mr\ 5 - 9";2—/;--“"“'1
5 Sohe
F =0
I/ §=c,
M= § I
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Film model of mass transfer
Ver 2

Assumptions:

» Uniform film surrounds droplet

* Ideal gas

» Constant temperature and
pressure

QUICK START

Solution:
xX4(T)

1—x4

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

Na

Ver 2

1 1 Open: How

1— x4,

1— x4

R T would we

1 1 “answer the

R, R, question” in
this problem?

1— x4

6
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QUICK START

\/ Ver 2

Assumptions:
+ Uniform film surrounds droplet
We Can nOW . Ig:r?lsgﬁtemperatureand
pressure =
explore these .
assumptions, and S°'“;‘C'°(“1;)
modify, if needed, A 1
Ry T
for more complex 1-x, (1 —xAz><_£—1_RL>
problems. T—xs \1-xq
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Film model of mass transfer QUICK START

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

N,
I Assumptions:
» Uniform film
2R, 2Ry + Ideal gas
l » Constant pressure
Ay S » Constant temperature
N, and H,0 |

Let’s Interrogate How good are these
assumptions?
the problem.

8
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Diffusion and Mass Transfer, lecture 12

Film model of mass transfer (more complex) QUICK START

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

N,

Note: not 2R, 2Rq
isothermal l
NyandHo S |
AHyap # 0
Ver 3
9
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Film model of mass transfer (more complex) QUICK START

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

N,

Note: not 2R, 2R,
isothermal l
Nyandt,o S |
_ What does changing
AHyap # 0 temperature impact?
How do we modify the Ver 3
model?

10
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Film model of mass transfer (more complex)

Where did we assume “isothermal”?

Example 2 Awater mist forms in an industrial printingoperation. Spherical
waler droplets slowly and steadily evaporate into the air (mostly nitrogen).
The aeat aroplet h the

evaporating water diffuses. Whatis the rate of evaporation and how does the
water concentration vary as a function distance fromthe droplet? You may
assume ideal gas properties for air

2Ry 2R,

The Film
Model of
mass transfer Ver2

- st of Species Mass Btance i Tovensof [N
qusnts -

@

-
) ricoscepic species 4 s o
—skeds
- re Wi (Sew p2)

-ﬁ';__%a#“ D, @

= ABCAt gt
= 4,8 symmFic &

Mo = X Nam =Dy, d%
e

S 3-”5-"-»':
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Film model of mass transfer (more complex)

Where did we assume “isothermal”?

When we integrated to obtain x4 (7).

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

2R, 2R,

The Film
Model of
mass transfer Ver 2

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

=8} sy

@ \E\ sf‘(r"“hr\
45 T

=6
"F"-,ré;c,

ey
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Diffusion and Mass Transfer, lecture 12

Film model of mass transfer (more complex) QUICK START

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

Dup(T)/Dapr = (T/T1)3/?

N,

Note: not

HWS3,
isothermal

J' problem 12
""" (stretch)

N, and H,0

Ver 4

13
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Film model of mass transfer (more complex)

Ver 4

QUICK START

Example 2: A water mist forms in an industrial printing operation. Spherical

water droplets slowly and steadily evaporate into the air (mostly nitrogen).

The evaporation creates a film around the droplets through which the

. evaporating water diffuses. We can model the diffusion process as shown in

Assumptlons the figure. The temperature in the film is not constant but varies as

. . T(r)/T(Ry) = (r/R)™ Whatis the water mole fraction in the film as a

. U n |f0 rm f| | m surrou nds d roplet function of radial position? You may assume ideal gas properties for air; you
may assume that the diffusivity varies with temperature as follows:

* |deal gas

Dpp(T)/Dys1 = (T/T1)*/*
» Temperature follows power law
« Diffusivity follows power law

* Pressure is constant I
Note: not 2Ry 2Ry HW3,
isothermal problem 12
(stretch)
Solution:
X r 1 1
A( ) R1+n/2 ritn/2
1
1 1
1—x 1—x 1+n/2  1+n/2
A — A2 le fRZ
1-— Xa1 1-— Xa1
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The primary goal is to grow our ability to troubleshoot QUICK START
engineering problems.

Let’'s do another problem, more complex

EXAMPLE 3
Example 3: Heterogeneous catalysis

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

15
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Film model of mass transfer (more complex) QUICK START

Example 3

000 %0
gasA — .... ... ——> gases A, B

T |esee%%

ata Let’s Interrogate
the problem.

Example 3: Heterogeneous catalysis

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?

16
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Diffusion and Mass Transfer, lecture 12

Let’s Interrogate
the problem.

What is the geometry?
What does it affect?

How does diffusion
affect how fast the
chemical transformation
takes?

How would diffusion
take place (look for
sources, sinks)

What is the governing
physics?

QUICK START
Example 3
0 0g0 ..
. . ——> gasesA B

gasA —— ....

catalyst = ‘

particle

Let’s Interrogate
the problem.

Example 3: Heterogeneous catalysis

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?

17
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surface.

Film model of mass transfer (more complex)

solid catalyst surface

18
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QUICK START

Example 3: Heterogeneous catalysis

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,(z) and the flux of product B away from the

gases A, B

2/26/2020



Diffusion and Mass Transfer, lecture 12

Film model of mass transfer (more complex) QUICK START

Example 3: Heterogeneous catalysis

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,(z) and the flux of product B away from the
surface.

gases A, B
Xa = Xa0
[ T gases A, B D
zZ

xa(2)

solid catalyst surface

» Deploy the “film model”
* It has become a way of thinking
about diffusion in some
circumstances o
© Faith A. Morrison, Michigan Tech U.

QUICK START

Example 3: Heterogeneous catalysis

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)) and the flux of product B away from the
surface.

gases A, B
Xp = Xao
; I ¢TS gases A, B “ilm”

x(2)

solid catalyst surface

SOLVE

20
© Faith A. Morrison, Michigan Tech U.

2/26/2020

10



Diffusion and Mass Transfer, lecture 12

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

In terms of total molar flux, N4

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

% N+
3t Ny + Ry
Microscopic species mass balance, in terms of_ flux; Cartesian coordinates

0 N, aN, aN,
ﬂ_,( ax Oy A,z>+RA

at ox dy 0z

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

dca <1a(rNA,,)+1aNA,9 ANy,

v or r 96 az

ot )+RA

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

dcy 1 9(r2Ny,) 1 d(Nggsin®) 1 0N,
—=-(= - +— +Ry
at r ar rsinf a6 rsinf d¢

21
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Fick’s Law of Diffusion in terms of Combined
Molar Flux Ny

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

ax,
%4 (Nagx + Npx) = cDap o

Ny
- a
Fick’s law of diffusion, Cartesian coordinates: | Na, =|x (NA,y + NB,y) —cDypp _;;
Naz ax,
2/ xyz _ 0x4
xa(Naz + Npz) = cDap 9/ xye

ax,
%a(Nay + Np,) = cDyp 2

Ny
Fick’s law of diffusion, cylindrical coordinates: | Nag = xa(Nap + Ngp) — —':DTAB %
Na. ax,
& 6. — 224
oz xa(Naz + Np,2) = cDap 2/ vox
xa(Nay + Np ) — cDpp 222
Nyr a\Nayr + Np,r AB 5,
D aB 0.
Fick’s law of diffusion, spherical coordinates: | Nag =| xa(Npp + Ngo) — %%
Nag Dap 0xa

6 &=
r0¢ x4(Nag + Npg) 7sing 09/ yoq

22
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Diffusion and Mass Transfer, lecture 12

SOLUTION:

Example 3: Heterogeneous catalysis

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,4(z)) and the flux of product B away from the
surface.

gasesA, B
XA = Xp0
I T gases A, B “Silm”
zZ

x4(2)

solid catalyst surface

See hand slides for start;
solution assigned in HW4

23
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QUICK START

Assumptions:

» Fast, irreversible reaction at surface

+ Diffusion through film at surface
limits rate of reaction

+ Steady state

* ConstantT, P

Film model of mass transfer (more complex)

Example 3: Heterogeneous catalysis

particle

Solution:

surface.

=) gases A, B

gasesA, B

=T

T -

gasesA, B “film”

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

iti 1in the film (x,4(2)) and the flux of product B away from the

xX4(2)

_ Open: How

1 1 (1-2/8) would we
1——x =|1—-——=x “answer the
2 A 2 A0 question” in
this problem?

24
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Introduction to Diffusion and Mass Transfer in Mixtures

QUICK START

Recurring Modeling Assumptions in Diffusion

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

The vapor near the liquid-gas interface is often saturated (Raoult’s

law, x4 = pa/p)
If component A has no sink, N, = 0.
If A diffuses through stagnant B, Nz = 0.

If, for example, two moles of 4 diffuse to a surface at which a
rapid, irreversible reaction coverts it to one mole of B, then at
steady state —0.5N, = Np.

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

Homogeneous reactions appear in the mass balance;
heterogeneous reactions appear in the boundary conditions

If a binary mixture of A and B are undergoing steady equimolar
counter diffusion, N, = —Ng. (coming)

© Faith A. Morrison, Michigan Tech U.

25

We have been performing a “Quick Start,”

And have found the combined molar flux
formulation useful.

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

Microscopic species A mass balance—Five forms

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

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

Let’s jump in!

= cDypVx,y
1
In terms of GoMbInEd
( i e, _ —\7.+RD

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

combined molar flux N, bit later.

26
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There are times it is not useful. We need to go
back and discuss how/why/when this all works.

Valious fOI'mS Of Fick’s Law (and the species mass balancesthat employ them)

Mass flux Molar flux " Combined molar flux
Ja = —pDypVe, Ja=—cDypVixy Ny = x4 (N + Np) — cDypVxy

50
pages riu. edw~frormiso/cm3 1 20/Homeworks_Readings htrd © Faith A. Morrison, Michigan Tech U. )
- - L 27
© Faith A. Morrison, Michigan Tech U.

Now, Cycling Back:
Diffusion and Mass Transfer

CM3120 Transport/Unit Operations 2

l =R

Diffusion and
Mass Transfer

- -

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

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

25 © Faith A. Morrison, Michigan Tech U.

14



