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Mass Transport “Laws” su mmary
We have 2 Mass Transport “laws” MO
coefficient
Fick’s Law of Diffusion Ny =x,(Ny + Ng) — cDypVxy

Use: Combine with microscopic species A mass balance
Predicts flux N, and composition distributions, e.g. x,(x,y,z,t)
1D Steady models can be solved
1D Unsteady models can be solved (if good at math)
2D steady and unsteady models can be solved by Comsol
Since we predict N4, we can also predict a mass xfer coeff k,, or k.
Diffusion coefficients are material properties (see tables)

Linear-Driving-Force Model | |Ny| = ky|yapuk — Yail

Use: Combine with macroscopic species A mass balance
Predicts flux N,, but not composition distributions
May be used as a boundary condition in microscopic balances
Mass-transfer-coefficients are not material properties
Rather, they are determined experimentally and specific to the
situation (dimensional analysis and correlations)
Facilitate combining resistances into overall mass xfer coeffs, K;, K;
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Mass Transport “Laws”

We have 2 Mass Transport “laws” Transport
coefficient

Fick’s Law of Diffusion Ny =x,(Ny + Ng) — cDypVxy

Use: v Combine with microscopic species A mass balance
Predicts flux N, and composition distributions, e.g. x,(x, v, z,t)
v 1D Steady models can be solved
v 1D Unsteady models can be solved (if good at math) @ v
2D steady and unsteady models can be solved by Comsol
V'Since we predict N,, we can also predict a mass xfer coeff ky or k. @ 4
Diffusion coefficients are material properties (see tables)

Linear-Driving-Force Model | |Ny| = ky|yapuik — Yail

Use: | Combine with macroscopic species A mass balance |@
Predicts flux N,, but not composition distributions
May be used as a boundary condition in microscopic balances
Mass-transfer-coefficients are not material properties
Rather, they are determined experimentally and specific to the @
situation (dimensional analysis and correlations)

Facilitate combining resistances into overall mass xfer coeffs, K;, K @
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Mass Transport “Laws”

We have 2 Mass Transport “laws”
Remaining Topics to round out our

d tandi £ ¢ ¢ Mass Transport “Laws”
unaerstanding or mass transport:
g p We now have 2 Mass Transport “laws” T
coefficient
Fick’s law of diffusion Fick’s Law of Diffusion Ny = 2Ny + Ng) — cDagVxs
Use:  Combine with microscopic species 4 mass balance
. . i L, Predicts flux N and composttion distributions, e.g. x4(x.,z,t)
1D Steady models can be solved
a. Slnce we predICt IMA Wlth FICk S Iawi [ 1D Unsteady models can be solved (if good at math) 1
. 2D steady and unsteady models can be solved by Comsol
Dyp we can also predict a mass transfer Since we predict 1 we can aso precicta mass fr coef ky or &; ] (1)
.. Relate k. and Diffusion coefficients are material properties (see tables)
elate k. and D,
CoefﬂCIentS ky or kC E AB Linear-Driving-Force Model [Nl = ky|ys putk — vl
H Use: [_Combine with Species A mass balance |
2. 1D Unsteady models can be solved (if e ot o B o @
7 May be used as a boundary condition in microscopic balances
gOOd at math) Solutions are analogous Mass-transfer-coefficients are not material properties
to heat transfer Rather, they are determined experimentally and specific fo the ®
situation (dimensional analysis and correlations
[ Facilitate combining resistances into overall mass xfer coeffs, Ky, K @

Mass transfer coefficients

e . . . :
3. Combine with macroscopic species A mass balance Keep cranking
4. Are not material properties; rather, they are determined at the list
ke experimentally and specific to the situation
=< (dimensional analysis and correlations)
5. Facilitate combining resistances into overall mass ||
transfer coefficients, K;, K;;, to be used in modeling unit
L operations
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Unsteady Macroscopic Species A Mass Balance
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Unsteady Macroscopic Species A Mass Balance

Unsteady,
Macroscopic,

o balance over
Species A Mass Balance

C\V.

Keep track of:

*Bulk convection of species A into and out of the C.V.
*Mass transfer across control surfaces of species A
*Mass of species A created by chemical reaction

time interval At

Macroscopic
control volume,
C.V.
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Unsteady Macroscopic Species A Mass Balance

Unsteady, b.alan.ce over
Macroscopic, time interval At

RaViyst

C\V.

M, ; At

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

—(N4S);

introduction of moles of A

across the it" bounding
control surface S; (C.S.)

into the C.V. by mass transfer

Macroscopic
control volume,

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

reaction, per unit volume

M, ; At

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

C.S. j
Ssys = z Si
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Unsteady Macroscopic Species A Mass Balance

accumulation = net flow in + production + introduction

d .
E(MA,sys) = —AM, + RAVs‘ys - E _(NAS)i
i

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

My,; At

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

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

Ny, = kc(cq — cp;) =molar flux of A out
through the it" C.S.

@ RaVsysOt
CV. Ma,j At
moles of A that flows out of the
control volume between t and
t+ At
—(N48);

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

Ssys = EiSi

A'is “out”- “in”

C.S. = control surface
C.V. = control volume
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Unsteady Macroscopic Species A Mass Balance

accumulation = net flow in + production + introduction

d .
E(MA,sys) = —AM, + RAVsys - Z_(NAS)i
i

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

C.V. by reaction, per unit volume
Vsys = system volume

Ny, = kc(cq — cp;) =molar flux of A out
through the it" C.S.

moles of 4 that flows into

between tand t + At

Ry = net rate of production
of moles of 4 inthe CV. by
reaction, per unitvolume

My,; At

the control volume

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

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

g RaVsysOt
CV. Maj At
moles of A that flows out of the
control volume between t and
t+At
—(N,8);

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

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

closed
container

air, then
air + water

Example 8: 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, ~1.0 atm throughout
this 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. What is
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?

b

| H,0
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Unsteady Macroscopic Species A Mass Balance

What is our model?

(our assumptions)

Unsteady 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 throughout this
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 i
|
|
t

| H0

. . L M
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Unsteady Macroscopic Species A Mass Balance
Unsteady Species A Mass Balance

Solution:

(mass transfer coefficient for
evaporating water)

Cy —(]fcs)t
—=1—¢ ‘gas

Ca

t = 2.3 hours

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 throughout this
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

1
1
1
|
|
|
t
i H0
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Unsteady Macroscopic Species A Mass Balance

Example 9: Flow through a packed bed of soluble spherical pellets.

.l aqueous

liquid — — solution with
V\?ater ] ‘..... ® dissolved

. . .
l 0000099 0 benzoic acid
? “— 1.0x10%cm —

| oo.o.ozo.o

2.0cm

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?
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Unsteady Macroscopic Species A Mass Balance

Unsteady Species A Mass Balance

What is our model?
; _ [eege800@
(our assumptions) SO S ——. oy

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?
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Unsteady Macroscopic Species A Mass Balance

Unsteady Macroscopic Species A Mass Balance

Solution: Example: Flow g paked bod f sl shoral pelt.
(dissolving benzoic acid in packed —, solulonwin
bed, pseudo steady state) bormeto i
v 0 CAL
kC =—\— ln 1 - = Two centimeter diameter spheres of benzoic acid (soluble in water)
alL Cy 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?

k., =21x103cm/s
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Unsteady Macroscopic Species A Mass Balance

Example 10: 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?
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© Faith A. Morrison, Michigan Tech U.

4/12/2019



Lecture2 11-12: Macro Species A Mass Bal

Unsteady Macroscopic Species A Mass Balance

Example 10: 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 lecture 8:

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)
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Unsteady Macroscopic Species A Mass Balance—Gas Absorption

From lecture 8:

1D Steady Diffusion—Gas Absomtionwith Chemical Solvent

Gas out GaS AbSOl‘ptIOﬂ

— <4— Liquidin

Gasin
Gasin @ o Exiting liquid
Eou > Liquidout stream contains
high concentrations
of the impurity.
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Unsteady Macroscopic Species A Mass Balance—Gas Absorption

From lecture 8:

Gas Absorption

Gas Absorption Tower Design

Atype of “differential contacting”

Design: Diameter, Height
Diameter: constrained by the fluid
Complicated; | mgchanics of the gas and liquid flowing
s?’ved £y, past each other; complicated; described by
trial and error .. .
largely empirical correlations (use turnkey
procedure)
Height: mustbe sufficient to attain the
separation desired; dependson how
\ solubility depends on concentration (linear
or nonlinear isotherm, dilute (easy), not

dilute (hard))

Can be modeled.

19
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Unsteady Macroscopic Species A Mass Balance—Gas Absorption

From lecture 8:

Model of Gas
Absorptionin
aColumn Liauid in

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

Liquid out

(d)

20
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Unsteady Macroscopic Species A Mass Balance—Gas Absorption

Liauid in

Distributor

Liquid out

Unsteady Macroscopic Species A Mass Balance

accumulation = net flow in + production + introduction

d .
E(MA,sys) =AM, + RpViys — Z_(NAS);'
i

e e =

malesof A tha fows ino
‘the controlvolume.
betweentandt + At

My sys = calsys = total moles of Ain the CV.
DM = %) oues Maj — 2 jins Ma,j = bulk out

Ry = netrate of production of moles of 4 in the
CV. by reaction, per unit volume

Viys = system volume

Na, = ke(cs — ci) =molar flux of A out
through the it" C.S.

Ry = netrateof production
e Cby
reaction, pe unit volume

== i, e

males of 4 that lows out of the
contralvolume between ¢ and

introductionof males of 4
ntothe CA. by mss transkr
scross the (% bounding
Controlsurtce 5, €5

Ssys = ZiSi

Ais “out”- “in”

C.S. = control surface
CV. = control volume

You try.

21
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Unsteady Macroscopic Species A Mass Balance

What is our model?

(our assumptions)

Liquid in

!

Distributor

Liquid out

22
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Unsteady Macroscopic Species A Mass Balance—Gas Absorption
= net flow in + p jon + i i
d .
Liauid in T (Mrs) = 03+ Ry =) (NS,
Distributor [ Gas Z:;y: :E Callys :mia;nme;;mj:el:v.(
out e sttt roduciont molsot A it
CV. by reaction, per unit volume Soys = ZiSi
T = semvolume A
Ny, = ke(cs — ci;) =molar flux of A out CV. = control volume.
through the i*" C.5.
My
___________ CV. 2
e N E
z i p
Lo | Gas o Liquid s
I I,A - B,A S
! >
1 R
1 c
z+ Az t | 2 2
\ T
S -7 aSAz = area S
>
. formass
Liquid out transfer £
M, ©
AG z+Az 23 5
Unsteady Macroscopic Species A Mass Balance—Gas Absorption
M1
Liguid in
M = moles gas on an A-free basis
"y = y_A = _YA
ATy T 1-ya
molar ratios
X, X,
X,=4=24
XB 1-x4
Yy = y, for dilute systems
M A
Liquid out Xy =Xg1 + FG (Yas —Yuq)  (Operating line; from mass
A L
Masz balance on the top of the
column)
«
I’ix_“ = % (result from Ny gqs = =Ny tiquia;
y®@ *a=%4  BS|’s equation 23.5-21)
24
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Unsteady Macroscopic Species A Mass Balance—Gas Absorption
Liauid in

0.011 ;

Liquid out

0.003 0.0288. | ]
1/ |

1 \I[ 1 |

0 001 002 003 004 005
Xa

(=)
ey
N
[}
(=]
N

BSL2 p745 sir, stewart, and Lightoot,

Transport Phenomena, 2" ed., Wiley, 2006.
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Unsteady Macroscopic Species A Mass Balance

Liquid in

Solution:

Distributor. =, Gas

(height of a packed bed absorber)

Answer: Perform numerical integration
to obtain the column height L:

Yaz
Mg dY,

P lows,) Wi-UD

Liquid out

Need: Gas flow rate M, column cross sectional area S, data on

thermodynamic equilibrium Y (X), desired separation (mole fractions
top and bottom, and mass transfer coefficients k,a and k,a.

=

26
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Mass Transport “Laws”

We have 2 Mass Transport “laws”

Fick’s Law of Diffusion Ny =x,(Ny + Ng) — cDypVxy

Use: v Combine with microscopic species A mass balance
Predicts flux N, and composition distributions, e.g. x,(x, v, z,t)
v 1D Steady models can be solved
v 1D Unsteady models can be solved (if good at math)
2D steady and unsteady models can be solved by Comsol
V'Since we predict N,, we can also predict a mass xfer coeff ky or k.
Diffusion coefficients are material properties (see tables)

Linear-Driving-Force Model | |Ny| = ky|yapuik — Yail

Use: v'Combine with macroscopic species A mass balance
Predicts flux N,, but not composition distributions
May be used as a boundary condition in microscopic balances
Mass-transfer-coefficients are not material properties

Transport
coefficient

@~
@/

O

Rather, they are determined experimentally and specific to the

situation (dimensional analysis and correlations) @

27

Facilitate combining resistances into overall mass xfer coeffs, K;, K @
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Mass Transport “Laws”

We have 2 Mass Transport “laws”
Remaining Topics to round out our

Mass Transport"Laws"

understanding of mass transport:
Fick’s law of diffusion

4. Since we predict N, with Fick’s law,
Dy we can also predict a mass transfer
coefficients k,, or k Relate ke and Dy
2. 1D Unsteady models can be solved (if

Solutions are analogous
QOOd at math) to heat transfer

Transport

We now have 2 Mass Transport “laws”
coefficient

Fick’s Law of Diffusion Ny = x4 (Ny + Np) — cDaglVs

Use:  Combine with microscopic species A mass balance
Predicts flux N, and composition distributions, e.g. x(x,,7,t)
1D Steady models can be solved
[ 1D Unsteady models can be solved (if good at math) \@
2D steady and unsteady models can be solved by Comsol
Since we predict ,, we can also predict a mass xfer coeff k, or k.| (1)
Diffusion coefficients are material properties (see tables)

Linear-Driving-Force Model  |Ny| = ky|ya butk = ya|

Use: [ Combine with Species A mass balance 1)
Predicts flux N, but not composition distributions
May be used as a boundary condition in microscopic balances
Mass-transfer-coefficients are not material properties
Rather, ey are doermined expermentalyand spesiic o e | 7)
situation (dimensional analysis and correlations

[~ Facilitate combining resistances into overall mass xfer coefts, Ky, K | @

Mass transfer coefficients

ke experimentally and specific to the situation
=< (dimensional analysis and correlations)

operations

/\8. Combine with macroscopic species A mass balance
4. Are not material properties; rather, they are determine

Model macroscopic
d processes; design units

5. Facilitate combining resistances into overall mass ||
transfer coefficients, K;, K;;, to be used in modeling unit
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