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Contining work with the linear 
driving force for mass transfer, i.e. 
mass transfer coefficients, 𝒌𝒄

2

Mass Transport “Laws”

We now have 2 Mass Transport “laws”

𝑁 ൌ 𝑘௬ 𝑦,௨ െ 𝑦,

Fick’s Law of Diffusion

Linear-Driving-Force Model

𝑁ഫ ൌ 𝑥 𝑁ഫ  𝑁ഫ െ 𝑐𝐷𝛻𝑥

Combine with microscopic species 𝐴 mass balance
Predicts flux 𝑁ഫ 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 𝑁ഫ, we can also predict a mass xfer coeff 𝑘௬ or 𝑘
Diffusion coefficients are material properties (see tables) 

Combine with macroscopic species 𝐴 mass balance
Predicts flux 𝑁ഫ, 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, 𝐾ீ

Transport 
coefficient

Use:

Use:

1

2

3

4

5

1. Since we predict 𝑁ഫ with Fick’s law, 
we can also predict a mass transfer
coefficients 𝑘௬ or 𝑘

2. 1D Unsteady models can be solved (if 
good at math)

Mass Transport “Laws”
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𝐷

𝑘

Mass transfer coefficients

3. Combine with macroscopic species 𝐴 mass balance
4. Are not material properties; rather, they are determined 

experimentally and specific to the situation 
(dimensional analysis and correlations) 

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

Fick’s law of diffusion




Solutions are analogous 
to heat transfer





Relate 𝑘 and 𝐷

Remaining Topics to round out our 
understanding of mass transport:

We have 2 Mass Transport “laws”

Model macroscopic 
processes, design units

Sh ൌ 𝑓 ReSc
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Overall Mass 
Transfer Coefficients

Overall Mass Transfer Coefficients
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Modeling Mass Transfer Equipment—Overall Mass-Transfer Coefficient

Modeling Mass Transfer Equipment with the

Overall Mass-Transfer Coefficient

We have concerned ourselves with mass transfer to and from the 
bulk region of a phase and the interface with another phase: 

Gas 
𝐵

edge of 
“film” layer

𝑦,௨ ൌ 𝑦ଶ

𝑦, ൌ 𝑦ଵ

𝑦 െ 𝑦,௨

Liquid 
𝐴

interface 
with liquid 𝐴

𝑥 ൌ 1

𝑧 ൌ 0 

𝑧ଵ 𝑧ଶ 

𝑦ሺ𝑧ሻ

flux of A

𝑧

𝑦 ൌ 𝑦,௨

(dilute)

Gas 
𝐼, 𝐴

edge of liquid 
“film” layer

𝑥,௨ ൌ 0

𝑥, ൌ 𝑥

𝑥 െ 𝑥,௨

Liquid 
𝐵

interface 
with liquid 𝐵 𝑧 ൌ 0

𝑥 ൌ 𝑥 
𝛿

𝑥ሺ𝑧ሻ

flux of A

𝑧

𝑥,௨ ൌ 0

From interface with liquid 
to bulk gas

From interface with gas, 
to bulk liquid

𝑁 ൌ 𝑘௬ 𝑦, െ𝑦,௨ 𝑁 ൌ 𝑘 𝑐, െ 𝑐,௨
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Modeling Mass Transfer Equipment—Overall Mass-Transfer Coefficient

We have also considered how to model mass transfer in 
chemical engineering process units, such as gas absorbers:

Let’s 
review

Modeling Mass Transfer Equipment with the

Overall Mass-Transfer Coefficient
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REVIEW:  Lectures 7-8—
1D Steady Diffusion Applied to Gas Absorption:
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REVIEW:  Lectures 7-8—
1D Steady Diffusion Applied to Gas Absorption:
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REVIEW:  Lectures 7-8—
1D Steady Diffusion Applied to Gas Absorption:
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Model of Gas 
Absorption in 
a Column "1"

liquid
"2"

gas

𝑧

top of column

bottom of column

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

Liquid 𝐵 attracts 𝐴; 
the concentration 
of 𝐴 increases as 
the liquid passes 

through the column

liquid gas

𝐿, 𝑋ଵ 𝐺, 𝑌ଵ

𝐿, 𝑋ଶ 𝐺, 𝑌ଶ

𝐴-free molar flow rates

Molar ratios of 𝐴
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REVIEW:  Lectures 7-8—
1D Steady Diffusion Applied to Gas Absorption:

R
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(lectures 7-8) 

Model of Gas 
Absorption in 
a Column "1"

liquid
"2"

BSL2, p742

gas

𝑧

top of column

bottom of column

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

Liquid 𝐵 attracts 𝐴; 
the concentration 
of 𝐴 increases as 
the liquid passes 

through the column

liquid gas

𝐿, 𝑋ଵ 𝐺, 𝑌ଵ

𝐿, 𝑋ଶ 𝐺, 𝑌ଶ

𝐴-free molar flow rates

Molar ratios of 𝐴

liquid gas

Modeling 
region
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REVIEW:  Lectures 7-8—
1D Steady Diffusion Applied to Gas Absorption:
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(lectures 7-8) 

bulk

bulk
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We have concerned ourselves with mass transfer to 
and from the bulk region of a phase and the interface
with another phase 

11
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Modeling Mass Transfer Equipment—Overall Mass-Transfer Coefficient

Modeling Mass Transfer Equipment with the

Overall Mass-Transfer Coefficient

We have also considered how to model mass transfer 
in chemical engineering process units, such as gas 
absorbers

We seek a combined model that allows us to describe 
mass transfer to/from bulk gas and bulk liquid.

This will help us to design and optimize chemical 
engineering mass-transfer units.

Our solution is inspired by how heat 
exchangers are modeled with overall 

heat transfer coefficient, 𝑼 …

Gas 
𝐵

edge of 
“film” layer

𝑦,௨ ൌ 𝑦ଶ

𝑦, ൌ 𝑦ଵ

𝑦 െ 𝑦,௨

Liquid 
𝐴

interface 
with liquid 𝐴

𝑥 ൌ 1

𝑧 ൌ 0 

𝑧ଵ 𝑧ଶ 

𝑦ሺ𝑧ሻ

flux of A

𝑧

𝑦 ൌ 𝑦,௨

(dilute)

From bulk gas, 
to interface with liquid

𝑁 ൌ 𝑘௬ 𝑦,௨ െ 𝑦,

"1"

liquid
"2"

gas

𝑧

liquid gas

𝐿, 𝑋ଵ 𝐺, 𝑌ଵ

𝐿, 𝑋ଶ 𝐺, 𝑌ଶ

liquid gas

Modeling 
region

bulk

bulk

Heat exchangers are modeled with 
overall heat transfer coefficient, 𝑼:

12
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Modeling Mass Transfer Equipment—Overall Mass-Transfer Coefficient

, outer bulk temperatureT 
, inner bulk temperatureT

L

We will do an open‐system energy 
balance on a differential section to 
determine the correct average 
temperature difference to use.

1T 

2T 

1T 2T

x

The Simplest Heat Exchanger:
Double‐Pipe Heat exchanger ‐ counter current

cold less cold

less hot

hot

Applied Heat Transfer

     
 
 22

11

2211

ln
2

TT
TT

TTTT
RLUQ





 

FINAL RESULT:

lmT
=log‐mean temperature 
difference

lmTUAQ 

Tlm is the correct average temperature to use for the overall heat‐
transfer coefficients in a double‐pipe heat exchanger.

1T 

2T 

1T 2T
cold less cold

less hot

hot

1T 

2T 

1T 2T
cold less cold

less hot

hot

A

Analysis of double-pipe heat exchanger

We develop overall mass 
transfer coefficients, 𝐾, 𝐾ீ

Overall heat transfer coefficient, 𝑼

Modeling Mass Transfer Equipment with the

Overall Mass-Transfer Coefficient

𝑸 ൌ 𝑼𝑨𝚫𝑻𝒍𝒎
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Gas 
𝐵

edge of 
“film” layer

 ൌ 𝑦ଶ

ൌ 𝑦ଵ

𝑦 െ 𝑦,௨

Liquid 
𝐴

interface 
with liquid 𝐴

𝑥 ൌ 1

𝑧 ൌ 0 

𝑧ଵ 𝑧ଶ 

𝑦ሺ𝑧ሻ

flux of A

𝑧

𝑦 ൌ 𝑦,௨

(dilute)
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Modeling Mass Transfer Equipment—Overall Mass-Transfer Coefficient

Two-Resistance Theory
• Bulk gas, bulk liquid 

well mixed
• Single operating 

point, 𝑐, 𝑝
• Results may be 

incorporated into an 
overall device 
calculation

bulk

bulk

Inert, I

(two sets of units shown, mole 
fractions, concentration/ 

pressure)
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Modeling Mass Transfer Equipment—Overall Mass-Transfer Coefficient

Two-Resistance Theory
Bulk gas, bulk liquid 
well mixed

Liquid equilibrium
characterized by 𝑚, the 
equilibrium distribution 
coefficient:

𝑦 ൌ 𝑚𝑥

Gas equilibrium
characterized by H, the 
Henry’s law constant:

𝑝 ൌ 𝐻𝑐

WRF Ch29, Fig 29.4
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Gas:  Linear driving force model:

𝑁 ீ ൌ 𝑘ீ 𝑝 െ 𝑝

𝑘ீ ൌ
𝑚𝑜𝑙𝑒𝑠 𝐴 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑟𝑒𝑑
𝑡𝑖𝑚𝑒 ⋅ 𝑎𝑟𝑒𝑎 ⋅ 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒

𝑁 ீ ൌ 𝑁 

Mass-Transfer Coefficient—Two-Resistance Theory

For mass transfer, use the linear driving force model

Liquid:  Linear driving force model:

𝑁  ൌ 𝑘 𝑐, െ 𝑐

𝑘 ൌ
𝑚𝑜𝑙𝑒𝑠 𝐴 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑟𝑒𝑑

𝑡𝑖𝑚𝑒 ⋅ 𝑎𝑟𝑒𝑎 ⋅ 𝑐𝑜𝑛𝑐

16
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𝑁 ீ ൌ 𝑁 

𝑘ீ 𝑝 െ 𝑝 ൌ 𝑘 𝑐, െ 𝑐

𝑝 െ 𝑝 ൌ
െ𝑘

𝑘ீ
𝑐 െ 𝑐,

𝑐, 𝑝 ൌ operating point

𝑐, 𝑝 ൌ inteface point

Mass-Transfer Coefficient—Two-Resistance Theory

Using the linear driving force 
model for mass transfer

We need to combine 
with the equilibrium 

relationship
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Mass-Transfer Coefficient—Two-Resistance Theory

𝑐, 𝑝
ൌ interface point

 ሺinterface phase 
compositions; 
in equilibriumሻ

𝑐, 𝑝 ൌ operating point 
ሺbulk phase compositionsሻ

𝑝 െ 𝑝 ൌ
െ𝑘

𝑘ீ
𝑐 െ 𝑐,

If 𝑘ீ, 𝑘 known 
from data 

correlations 
(dimensional 

analysis, 
literature), the 
operating point 

and the 
interface point 
may be linked.

𝒄𝑨𝑳, 𝒑𝑨

𝒄𝑨𝑳𝒊, 𝒑𝑨𝒊

WRF Ch29, Fig 29.6

Mass transfer:
ga

s 
ph

as
e 

co
m

po
si

tio
n

liquid phase composition

Eq. Line
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Mass-Transfer Coefficient—Two-Resistance Theory

Inert, I Liquid, BIdeally, we could 
relate the two bulk 
phases directly:

𝑁 ൌ 𝐾 𝑝 െ 𝑐
?

𝑝

𝑐
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Mass-Transfer Coefficient—Two-Resistance Theory

Inert, I Liquid, BIdeally, we could 
relate the two bulk 
phases directly:

𝑁 ൌ 𝐾 𝑝 െ 𝑐

But the units don’t 
work!

?

?
𝑝

𝑐

20
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Mass-Transfer Coefficient—Two-Resistance Theory

Ideally, we could relate the two bulk phases directly:

Gas:  
Overall Linear 
driving force model:

𝑁 ൌ 𝐾ீ 𝑝 െ 𝑝
∗

𝑁 ൌ 𝐾 𝑝 െ 𝑐
?

As a representation of the liquid phase 
composition, use the saturation 
pressure associated with liquid 
operating point concentration 𝑐



Part 2  Diffusion Lecture 15 4/22/2019

11

21
© Faith A. Morrison, Michigan Tech U.(lectures 7-8) 

Mass-Transfer Coefficient—Two-Resistance Theory

Ideally, we could relate the two bulk phases directly:

Liquid
Overall Linear 
driving force model:

𝑁 ൌ 𝐾 𝑐
∗ െ 𝑐

𝑁 ൌ 𝐾 𝑝 െ 𝑐
?

As a representation of the gas phase 
composition use the saturation 
concentration associated with gas 
phase operating point pressure 𝑝

22
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Mass-Transfer Coefficient—Two-Resistance Theory

Ideally, we could relate the two bulk phases directly:

Liquid
Overall Linear 
driving force model:

𝑁 ൌ 𝐾 𝑐
∗ െ 𝑐

𝑁 ൌ 𝐾 𝑝 െ 𝑐
?

Gas:  
Overall Linear 
driving force model:

𝑁 ൌ 𝐾ீ 𝑝 െ 𝑝
∗

Overall Mass Transfer Coefficients

Two versions; one based on gas phase 
customary units, one based on liquid phase 
customary units

How can we 
interrelate these?
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Mass-Transfer Coefficient—Two-Resistance Theory

Liquid
Overall Linear 
driving force model:

𝑁 ൌ 𝐾 𝑐
∗ െ 𝑐

Gas:  
Overall Linear 
driving force model:

𝑁 ൌ 𝐾ீ 𝑝 െ 𝑝
∗

𝑝
∗ ൌ 𝐻𝑐

𝑁 ൌ 𝐾ீ 𝑝 െ 𝑝
∗

Assuming linear equilibrium 
relationship (not shown) for 
liquid operating point 𝑐:

How can we 
interrelate 

these?

24
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Mass-Transfer Coefficient—Two-Resistance Theory

Overall Mass 
Transfer 
Coefficients

Liquid
Overall Linear 
driving force model:

𝑁 ൌ 𝐾 𝑐
∗ െ 𝑐

Gas:  
Overall Linear 
driving force model:

𝑁 ൌ 𝐾ீ 𝑝 െ 𝑝
∗

𝑁 ൌ 𝐾ீ 𝑝 െ 𝑝
∗

𝑝 ൌ 𝐻𝑐
∗

And assuming linear 
equilibrium for gas operating 
point 𝑝:

𝑝
∗ ൌ 𝐻𝑐

Assuming linear equilibrium 
relationship (not shown) for 
liquid operating point 𝑐:

We can relate the overall mass 
transfer coefficients 𝐾ீ, 𝐾 with 
those based on mole 
factions…
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Mass-Transfer Coefficient—Two-Resistance Theory

Overall Mass 
Transfer 
Coefficients

Liquid
Overall Linear 
driving force model:

𝑁 ൌ 𝐾 𝑐
∗ െ 𝑐

Gas:  
Overall Linear 
driving force model:

𝑁 ൌ 𝐾ீ 𝑝 െ 𝑝
∗

1
𝐾ீ

ൌ
𝑝 െ 𝑝

∗

𝑁
ൌ

𝑝 െ 𝑝

𝑁


𝑝 െ 𝑝
∗

𝑁

1
𝐾ீ

ൌ
𝑝 െ 𝑝

𝑁


𝐻 𝑐 െ 𝑐

𝑁

1
𝐾ீ

ൌ
1

𝑘ீ


𝐻
𝑘

1
𝐾௬

ൌ
1

𝑘௬


𝑚
𝑘௫

Note:  limited to 
linear equilibrium 
curve (see text 
for nonlinear)

We can relate the overall mass transfer coefficients 𝐾ீ, 𝐾 with individual 
mass transfer coefficients and those based on mole factions…

26
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Mass-Transfer Coefficient—Two-Resistance Theory

Overall Mass 
Transfer 
Coefficients

Liquid
Overall Linear 
driving force model:

𝑁 ൌ 𝐾 𝑐
∗ െ 𝑐

Gas:  
Overall Linear 
driving force model:

𝑁 ൌ 𝐾ீ 𝑝 െ 𝑝
∗

1
𝐾

ൌ
𝑐

∗ െ 𝑐

𝑁
ൌ

𝑐 െ 𝑐

𝑁


𝑐 െ 𝑐

𝑁

1
𝐾

ൌ
𝑝 െ 𝑝

𝐻𝑁


𝑐 െ 𝑐

𝑁

1
𝐾

ൌ
1

𝐻𝑘ீ


1
𝑘

1
𝐾௫

ൌ
1

𝑚𝑘௬


1
𝑘௫

Note:  limited to 
linear equilibrium 
curve (see text 
for nonlinear)

We can relate the overall mass transfer coefficients 𝐾ீ, 𝐾 with individual 
mass transfer coefficients and those based on mole factions…
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Linear-driving-force model: the flux of 𝐴 from the bulk in the gas is 
proportional to the difference between the bulk composition and the 
composition at the interface.

The defining equations for the 
mass-transfer coefficients:

Bulk convection present- Linear-driving-force model 

28
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Mass-Transfer Coefficient—Two-Resistance Theory

Overall Mass 
Transfer 
Coefficients

Liquid
Overall Linear 
driving force model:

𝑁 ൌ 𝐾 𝑐
∗ െ 𝑐

Gas:  
Overall Linear 
driving force model:

𝑁 ൌ 𝐾ீ 𝑝 െ 𝑝
∗

Example:
WRF Example 1 page 604 (solution in text)

A liquid stripping process (20𝐶, 1.5 𝑎𝑡𝑚) is used to transfer hydrogen sulfide 
ሺ𝐻ଶ𝑆ሻ dissolved in water into an air stream.  At the present conditions of 
operations the composition of 𝐻ଶ𝑆 in the bulk phase is 1.0 𝑚𝑜𝑙𝑒% and in the 
liquid phase is 0.0006 𝑚𝑜𝑙𝑒%.  The individual mass-transfer coefficients are 
𝑘௫ ൌ 0.30 𝑘𝑚𝑜𝑙/𝑚ଶ𝑠 for the liquid film and 𝑘௬ ൌ 4.5 ൈ 10ିଷ𝑚𝑜𝑙/𝑚ଶ𝑠 for the 
gas film.  Calculate the flux, the overall mass transfer coefficients, and the 
interface composition.



Part 2  Diffusion Lecture 15 4/22/2019

15

29
© Faith A. Morrison, Michigan Tech U.

Mass-Transfer Coefficient—Two-Resistance Theory

WRF p604, Fig 29.8

Example:
WRF Example 1 page 604 (solution in text)

30
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Mass-Transfer Coefficient—Two-Resistance Theory

Overall Mass Transfer Coefficients

Liquid
Overall Linear 
driving force model:

𝑁 ൌ 𝐾 𝑐
∗ െ 𝑐

Gas:  
Overall Linear 
driving force model:

𝑁 ൌ 𝐾ீ 𝑝 െ 𝑝
∗

Summary
• Specific to a device (not a material, not a detailed model of 

interphase mass transfer)

• Allow the overall driving force to be quantified (within its 
assumptions)

• May be used in design of units

• The approach for the overall design is to apply the transfer at 
an arbitrary location 𝑧 and integrate over the entire column

• Individual mass transfer coefficients are needed to determine 
the overall transfer coefficients (obtain from literature)
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Mass Transport “Laws”

We now have 2 Mass Transport “laws”

𝑁 ൌ 𝑘௬ 𝑦,௨ െ 𝑦,

Fick’s Law of Diffusion

Linear-Driving-Force Model

𝑁ഫ ൌ 𝑥 𝑁ഫ  𝑁ഫ െ 𝑐𝐷𝛻𝑥

Combine with microscopic species 𝐴 mass balance
Predicts flux 𝑁ഫ 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 𝑁ഫ, we can also predict a mass xfer coeff 𝑘௬ or 𝑘
Diffusion coefficients are material properties (see tables) 

Combine with macroscopic species 𝐴 mass balance
Predicts flux 𝑁ഫ, 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, 𝐾ீ

Transport 
coefficient

Use:

Use:

1

2

3

4

5

1. Since we predict 𝑁ഫ with Fick’s law, 
we can also predict a mass transfer
coefficients 𝑘௬ or 𝑘

2. 1D Unsteady models can be solved (if 
good at math)

Mass Transport “Laws”

© Faith A. Morrison, Michigan Tech U.

𝐷

𝑘

Mass transfer coefficients

3. Combine with macroscopic species 𝐴 mass balance
4. Are not material properties; rather, they are determined 

experimentally and specific to the situation 
(dimensional analysis and correlations) 

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

Fick’s law of diffusion




Solutions are analogous 
to heat transfer





Relate 𝑘 and 𝐷

Remaining Topics to round out our 
understanding of mass transport:

We now have 2 Mass Transport “laws”

Model macroscopic 
processes, design units

Sh ൌ 𝑓 ReSc



Combine resistances to mass transfer in a 
process unit into an overall resistance

© Faith A. Morrison, Michigan Tech U.
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As teachers we can choose between 

(a) sentencing students to thoughtless mechanical operations and 
(b) facilitating their ability to think. 

If students' readiness for more involved thought processes is 
bypassed in favor of jamming more facts and figures into their heads, 
they will stagnate at the lower levels of thinking. But if students are 
encouraged to try a variety of thought processes in classes, they this  
can … develop considerable mental power. Writing is one of the most 
effective ways to develop thinking. 

—Syrene Forsman

Reference:  Forsman, S. (1985). "Writing to Learn 
Means Learning to Think." In A. R. Gere (Ed.), Roots 
in the sawdust: Writing to learn across the 
disciplines (pp. 162-174). Urbana, IL: National 
Council of Teachers of English.Professor Faith A. Morrison

Department of Chemical Engineering
Michigan Technological University
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