Module 4, Lecture V

CM3120: Module 4

Diffusion and Mass Transfer Il

I.  Classic diffusion and mass transfer: d) EMCD

Il. Classic diffusion and mass transfer: e) Penetration model

Ill.  Unsteady macroscopic species A mass balances (Intro)

IV. Interphase species A mass transfers—To an interface—k,, k¢, k,,

V. Unsteady macroscopic species A mass balances (Redux)

VI. Interphase species A mass transfers—Across multiple
resistances—K;, K;

VII. Dimensional analysis

VIII. Data correlations
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We took a pause to invent the film mass transfer coefficients k, (or
k., kp, ky) and the linear transport law for species A in a mixture. These
allow us to quantify mass transfer between phases.

Ny = k(x4 — x4;)

We can now return to our attempt to model gas absorber with a
macroscopic species A mass balance

MOd u |e 4 Mass transfer to an interface
Lecture IV:

Summary For mass transter:

* Flux to the interface = mass
transfer coefficient x
concentration-difference
driving force

 Various units are in use

* Readily incorporated into e
macroscopic balances !

* ki ky, k. determined
experimentally

—— -
he mess vansier Soacon. ky Na = ky (Yapux = Yar)

moles A

Na = ky (Vb = Yai) ky (=170

+ D, models can be evaluated | Na = kc(capure — ca) kc[:]%

through k, measurements ke
Ny = E(p/\,bulk —Pai)
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Module 4, Lecture V

Modeling practical devices involving mass transfer

LECTURES

Example 6 is presented as a series of linked examples that navigate
around apparent “dead ends” in modeling mass-transfer units

Example 6: Height of a packed bed absorber

How can we use mass transfer to design a packed bed gas
absorber to achieve a desired separation?

Identify a question

% How can we model a large,
practical device dependent
on mass transfer? 11

0./ How an we account for A
going between phases? IV

3. How can we improve LDF
model to cross the
boundary (bulk-to-bulk
transfer)? \/|

4. Can we model a large,
practical device,
incorporating K;, K; to
account for mass xfer
between phases? \Y/|

Invent something

9./ Apply the species A mass

balance to a macroscopic
C.V.

Try to use it

{/ Lack a system to account
for A going between
phases PAUSE Il

4

St

4.

Invent k, through linear

driving force (LDF) model IV

2. Gets A to the boundary,
but not across PAUSE V

Write LDF in both phases
and combine to create
overall effect of multiple
resistances

Yes

Vi PAUSE VI
Vi

3. Working, but can we
devise a convenient
shorthand?
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Module 4 Lecture V
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Module 4, Lecture V

Unsteady M ic Species AM Bal
nsteaay IvViacroscopic species ass balance MOLES
Unsteady, balance over Macroscopic
Macroscopic, time interval At control volume,

Species A Mass Balance  Ra = net rate of production C.V.
of moles of A in the C.V. by

reaction, per unit volume
RaViyst

C\V.

MA At :
moles of A that flows into

the control volume
between tand t + At

M,At
——

moles of A that flows out of the
control volume between t and
t+ At

C.S.
~(NaS); j =)S
sys — j
Z

introduction of moles of A
into the C.V. by mass transfer C.S. = control surface

across the jt* bounding C.V. = control volume
control surface S; (C.S.)
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Unsteady Macroscopic Species A Mass Balance
Y pee MOLES

accumulation = net flow in + production + introduction

d .
% (MA,sys) = —AMy + RAVsys - Z _(NAS)j
]

R,4 = net rate of production
of moles of A in the C. by
reaction, per unit volume

% Raliyst

My At T cV. M, At

control volume between t and
the control volume

moles of A that flows into moles of A that flows out of the
between tand t + At t+At

My sys = CaVsys = total moles of A in the C.V. ~(Na5);
introduction of moles of A
into the C.V. by mass transfer

AMA = Zj,outs MA,]' - Zj,insMA,j = bulk out across the j** bounding

control surface 5; (C.S.)
R4 = net rate of production of moles of 4 in the
C.V. by reaction, per unit volume Ssys = z:j Sj
A'is “out”- “in”
C.S. = control surface
Ny; = KAcqp =molar flux of A out through the C.V. = control volume

jthcs.

Vsys = system volume
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Module 4, Lecture V

Unsteady Macroscopic Species A Mass Balance

accumulation = net flow in + production + introduction

d .
% (MA,sys) = —AMy + RAVsys - Z _(NAS)j
]

The choice of the
“system,” i.e. of the
control volume, is an
important first step.

My sys = CaVsys = total moles of 4 in the C.V.
AMA = Zj,outs MA,]’ - Zj,insMA,j = bulk out

R4 = net rate of production of moles of 4 in the

C.V. by reaction, per unit volume

Vsys = system volume

NAj = KAcyy =molar flux of A out through the

jthcs.

M, At o= CV. e M, At

moles of A that flows into
the control volume
between tand t + At

R,4 = net rate of production
of moles of A in the C. by
reaction, per unit volume

@ Raiyst

control volume between t and

moles of A that flows out of the
% t+ At

—(N,S);

introduction of moles of A
into the C.V. by mass transfer
across the j** bounding
control surface S; (C.S.)

(think “source”
and “sink”)
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Unsteady Macroscopic Species A Mass Balance

Review: Macroscopic Species A Mass Balance

Unsteady Macroscopic Species A Mass Balance

Example: Bone dry air and liquid water (water volume = 0.80 liters) are
introduced into a closed container (cross sectional area = 150 cm?; total
volume = 19.2 liters). Both air and water are at 25°C throughoutthis
scenario. Three minutes after the air and water are placed in the closed
container, the vapor is found to be 5.0% saturated with water vapor. Whatis
the mass transfer coefficient for the water transferring from the liquid to the
gas? How long will it take for the gas to become 90% saturated with water?

closed
container
air, then
air + water

Hy0

Solution:

(mass transfer coefficient for
evaporating water)

(k¢S
C_‘: — 1 —e (Vgas)t
Ca

t = 2.3 hours
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Module 4, Lecture V

Unsteady Macroscopic Species A Mass Balance

Review: Macroscopic Species A Mass Balance

Unsteady Macroscopic Species A Mass Balance

Example: Flow through a packed bed of soluble spherical pellets.

aqueous

—— solution with
dissolved

benzoic acid

Two centimeter diameter spheres of benzoic acid (soluble in water)
are packed into a bed as shown. The spheres have 23 cm? of
surface area per cm?® volume of bed. What is the mass transfer
coefficient when pure water flowing in (“superficial velocity”=

5.0 cm/s) exits 62% saturated with benzoic acid?

Solution:

(dissolving benzoic acid in packed
bed, pseudo steady state)

UO
k, = —(— In (1 - CAf))
al Cy

k,=21x10"3cm/s
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Unsteady Macroscopic Species A Mass Balance

The macroscopic species A mass balance worked well for the these two

problems.

Both problems involved transfer from the interface conditions to the bulk.

Let’'s now try a problem in which the mass transfer is from one bulk

condition to a second bulk condition:

Example 6—Revisited

Example 6: Height of a packed bed absorber

How can we use mass transfer to design a packed bed gas
absorber to achieve a desired separation?

(started in Module 4, Lecture Ill)
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Module 4, Lecture V

Unsteady Macroscopic Species A Mass Balance

| Example 6—Revisited

Example 6: Height of a packed bed absorber

How can we use the linear driving force model for mass
transfer to design a packed bed gas absorber to achieve a
desired separation?

From earlier
lecture:

Model of Gas

aColumn

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

Absorptionin

Liauid in

- Gas
Distributs =
’ WQE\_ ou‘
- -

(c) Liquid

Gas (d)

Liquid out

1
© Faith A. Morrison, Michigan Tech U.

Unsteady Macroscopic Species A Mass Balance—Gas Absorption

Liquid in
Distributor e
1 —— ———
2 i E———
Gas_
in

Liquid out

Unsteady Macroscopic Species A Mass Balance
A PIC 5P MOLES

accumulation = net flow in + production + introduction

d .
E(MA,SJ'S) = =AMy + RpVsys — z (NaS)j
j

Gas
out

My sys = CaViys = total moles of A in the CV.
AMy = %) oues Maj — 2jins Ma; = bulk out

Ry = net rate of production of moles of 4 in the

CJV. by reaction, per unit volume Seys = Z;Sj
Viys = system volume A Eid= i
C.S. = control surface
Ny = K(Acqy) =molar flux of A out through C\V. = control volume
the jt" C.S.

You try.
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Unsteady Macroscopic Species A Mass Balance—Gas Absorption [

| Example 6—Revisited }—

Liquid in _ interfacial area
l “= volume
A property of the column
Distributor — _, Gas Use film and packing, in operation
C out coefficients to
| obtain N4?

My
7 -- -

z+ Az -- -- C\V. 2
z - - ?
| Gas Liquid E}]
L LA Ny B,A 5
2— - | 2
z+ Az t T / 2
[N -7 CahA,Az= area g
o for mass <
Liquid out M transfer, £
AG z+Az S 3 g

Unsteady Macroscopic Species A Mass Balance—Gas Absorption [ .
| Example 6—Revisited }—

Liquid in _ interfacial area
a = ——
Difficulty: volume
o y . o A property of the column
The film coefficients do Distributor = 0e and packing, in operaton
. ou
not allow us to include

the status of the bulk
liquid phase in the driving
force for this problem.

Liquid
B.A

;
i
i
i
|

z+ Az l‘ [7
| T I_ _____ " CaAyAz= area

for mass
transfer,
s

Gas phase film LDF model:
Ny =ky,(Pa—Pai)

Liquid out

We need a technique
that uses a bulk-to-bulk
driving force
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Module 4, Lecture V

Unsteady Macroscopic Species A Mass Balance—Gas Absorption

Next? Develop the
macroscopic mass-
transfer expression we

need for_

transfer Ny S.

Unstead D oo Species A sz Bale nos —Gaz 2o rption

Lisuidin o) w0 e T

Needed:

Ny=()
= (expression))

Bulk-to-bulk, like
0 = UAAT,,,

Ry = net rate of production
of moles of A in the CV. by
reaction, per unit volume

@ Ryt

M, At CV. My At

moles of A that flows out of the
control volume between t and
t+ At

moles of A that flows into
the control volume
between tand t + At

introduction of moles of A
into the C.V. by mass transfer
across the j bounding
control surface 5; (C.5.)
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