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Objectives of this module:

• To understand the meaning of viscosity at the macro and at the molecular scale

• To describe the transport modes for momentum

• To understand and apply the Newton’s law of viscosity

ChE 204
Introduction to	Transport	Phenomena	

Module	5
Microscopic	and	Molecular Transport	of	Momentum:	

Newton’s	law	of	viscosity
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5.0.	Modes	of	momentum	transport

• Radial transport of momentum

• Advective momentum transport (transport by bulk motion of the fluid)

Momentum is transported every time there is a mass moving
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5.0.	Modes	of	momentum	transport

• Advective momentum transport (transport by bulk motion of the fluid)

Momentum is transported every time there is a mass moving

See Module 2 for 
macroscopic description

advective momentum transport             fluid density r

molecular momentum transport            dynamic viscosity µ
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5.0.	Modes	of	momentum	transport	and	viscosity

DEFINITION OF FLUID DENSITY

r = !"##
$%&'!(

𝑘𝑔
𝑚!

𝑔
𝑐𝑚!

𝑘𝑔
𝐿

It is a macroscopic property!

µ

Viscosity is the property of the fluid which defines the interaction between the 
moving molecules within the fluid. It measures the resistance of the fluid to flow. 
Viscous forces are due to intermolecular forces acting in the fluid.

It is a microscopic property!

DEFINITION OF DYNAMIC VISCOSITY

𝑃𝑎 ( 𝑠
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With an increase of temperature, there is typically an increase in
the molecular interchange as molecules move faster at higher
temperatures.

The gas viscosity will increase with temperature. According to the
kinetic theory of gases, viscosity should be proportional to the
square root of the absolute temperature. In practice, it increases
much more rapidly.

In a liquid there will be molecular interchange similar to those
developed in a gas, but there are additional substantial attractive,
cohesive forces between the molecules of a liquid. Both cohesion
and molecular interchange contribute to liquid viscosity. The impact
of increasing the temperature of a liquid is to reduce the cohesive
forces while simultaneously increasing the rate of molecular
interchange. The former effect causes a decrease in the shear stress
while the latter causes it to increase. The result is that liquids show
a reduction in viscosity with increasing temperature.

5.1.	Viscosity	at	the	molecular	level
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With high temperatures, viscosity increases in
gases and decreases in liquids.5.1.	Viscosity	at	the	molecular	level
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5.1.	Viscosity	at	the	molecular	level
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5.2.	Newton’s	law	of	viscosity

The fluid flows in parallel layers, with no
disruption or mixing between layers

Friction= resistance to motion
Viscosity=resistance to flow, thus it is special case of friction 
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5.2.	Newton’s	law	of	viscosity

Laminar flow between two plates

F
𝑣

Let’s assume we put the bottom plate in motion by applying the force F.
Because of the friction between the plate and the fluid and the fluid layers,
momentum will be transferred perpendicularly to the direction of flow.



5.2.	Newton’s	law	of	viscosity
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5.2.	Newton’s	law	of	viscosity
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At t large (steady state)



5.2.	Newton’s	law	of	viscosity
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At t large (steady state)



5.2.	Newton’s	law	of	viscosity
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At t large (steady state)

𝑀 = 𝑚 𝑣⃑

𝐹⃑ = 𝑚𝑎⃑ = 𝑚 !"
!#

= !$"
!#

The force is the momentum flow rate, thus %
&

 is the momentum flux! 



5.2.	Newton’s	law	of	viscosity
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Flux of x-momentum in the y-direction

At t large (steady state)

The first subscription gives the transport direction while
the second subscription gives the component of the
momentum being transported.

Note. The Newton’s law of viscosity applies to Newtonian fluid, which are incompressible 
fluids with constant viscosity.

Plate moving along –x and 
momentum being transported along -y 
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5.2.	Newton’s	law	of	viscosity

The dual interpretation of 𝜏01

𝜏01 = −𝜇
𝜕𝑣1
𝜕𝑦

Viscous momentum flux

𝜏01 =
𝐹01
𝐴

Viscous shear stress

Both are generated by the molecular forces during shear flow and are 
interchangeable.
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5.2.	Newton’s	law	of	viscosity

The shear stress t is a tensor, which means that it will have 3 components per 
each direction

𝜏1 = −𝜇
𝜕𝑣1
𝜕𝑥

+
𝜕𝑣1
𝜕𝑦

+
𝜕𝑣1
𝜕𝑧

= -𝑥𝜏11 + -𝑦𝜏01 + 𝑧̂𝜏21

Flux of x-momentum

Flux of y-momentum

Flux of z-momentum

𝜏0 = −𝜇
𝜕𝑣0
𝜕𝑥

+
𝜕𝑣0
𝜕𝑦

+
𝜕𝑣0
𝜕𝑧

= -𝑥𝜏10 + -𝑦𝜏00 + 𝑧̂𝜏20

𝜏2 = −𝜇
𝜕𝑣2
𝜕𝑥 +

𝜕𝑣2
𝜕𝑦 +

𝜕𝑣2
𝜕𝑧 = -𝑥𝜏12 + -𝑦𝜏02 + 𝑧̂𝜏22
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If we consider a cube DxDyDz:

5.2.	Newton’s	law	of	viscosity

z

y

x

𝜏''

𝜏'(

𝜏')
𝜏)'

𝜏)(

𝜏))

𝜏)'

𝜏)(

𝜏))

Complete stress tensor

More in Transport Phenomena I!
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920 Kg m-3

1260 Kg m-3

5.2.	Newton’s	law	of	viscosity
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920

1260

5.2.	Newton’s	law	of	viscosity

V= volume

v

v

v

v = velocity

Note: 2m2 because you consider the two sides of the block

balance of forces 



NOTE: The Area indicates the AREA PARALLEL TO THE DIRECTION OF THE SHEAR FORCE

𝑣⃗

*

𝐹⃗4'%0"56

𝐹⃗78"9:60𝐹⃗#;("8

AREA

𝐹⃗#;("8

AREA =
longitudinal area of the cylinder = 2𝜋r × L
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5.2.	Newton’s	law	of	viscosity

y

Ftotal (=Fapplied)



5.3.	Analogies	in	heat,	mass	and	momentum	transport
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5.3.	Analogies	in	heat,	mass	and	momentum	transport
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2

2

Our “entity” is heat
Concentration gradient of 
heat [(J m-3) m-1]



5.3.	Analogies	in	heat,	mass	and	momentum	transport
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2

2

Our “entity” is momentum



5.3.	Analogies	in	heat,	mass	and	momentum	transport
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5.4.	Non	dimensional	numbers	for	simultaneous	transport

The Reynold Number 𝑹𝒆 quantifies the relative importance of inertial 
forces and viscous forces for given flow conditons

𝑅𝑒 =
𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒𝑠
𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠

=
𝜌𝑣"#$𝑑

𝜇
=
𝑣"#$𝑑
v

v = 𝑘𝑖𝑛𝑒𝑚𝑎𝑡𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 =
𝜇
𝜌

High 𝑅𝑒 ( > 3500) Turbulent flow, inertia dominates over friction

Low 𝑅𝑒 ( < 2000) Laminar flow, friction dominates over inertia

𝜌 density of the fluid [Kg/m3]

𝑑 tube diameter [m]

𝑣*"+ average velocity [m/s]

𝜇 dynamic (or absolute) viscosity 
[Kg · m-1 · s-1 or Pa · s ]
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5.4.	Non	dimensional	numbers	for	simultaneous	transport

The Prandtl Number 𝑷𝒓 defines the importance of momentum over
thermal diffusivity

𝑃𝑟 =
𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

ℎ𝑒𝑎𝑡 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =
𝜈
𝛼 =

𝐶'𝜇
k

𝜈 kinematic viscosity [m2/s]

𝛼 thermal diffusivity [m2/s]

𝑘 thermal conductivity [W/m · K]

𝜇 dynamic viscosity  [Kg · m-1 · s-1]

𝐶, specific heat [J/Kg · K]

𝑃𝑟+*- ≈ 0.7 − 1 Momentum diffusion is more or less equal to the heat
diffusion

𝑃𝑟./0 ≈ 100 − 100000 Heat diffusion is extremely slow compared to the
momentum diffusion

𝑃𝑟$12342( ≈ 0.015 Heat diffusion is extremely fast compared to the
momentum diffusion
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5.4.	Non	dimensional	numbers	for	simultaneous	transport
Relationship with boundary layers

A thinner boundary layer means that the variable takes less time to reach steady state, 
thus it is dominant mode of transport

Pr>>1

velocity

temperature

dT=thickness thermal 
boudary layer

dv=thickness velocity 
boudary layer

Pr<<1

velocity

temperature

dT=thickness thermal 
boudary layer

dv =thickness velocity 
boudary layer

dv > dT dv < dT
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5.4.	Non	dimensional	numbers	for	simultaneous	transport

The Schmidt Number 𝑺𝒄 compares the momentum over mass diffusivity

𝑆𝑐 =
𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝑚𝑎𝑠𝑠 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
=
𝜈
𝐷
=

𝜇
𝜌𝐷

𝜈 kinematic viscosity [m2/s]

𝐷 mass diffusivity [m2/s]

𝜇 dynamic viscosity  [Kg · m-1 · s-1]

𝜌 density of the fluid [Kg/m3]

𝑆𝑐+*- ≈ 0.7 − 1 Momentum diffusion is more or less equal to the mass
diffusion

𝑆𝑐0/54/6 ≈ 100 − 1000 Momentum diffusion is faster than mass diffusion
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Exemple: Fluid bed catalytic reactor 

5.4.	Non	dimensional	numbers	for	simultaneous	transport

Catalyst layer

Fluid inlet Fluid outlet

Sc>>1

velocity

concentration
HIGHER 

AMOUNT OF 
UNREACTED 

PRODUCT

Catalyst layer

Fluid inlet Fluid outlet

Sc<<1

velocity

concentration
LOWER 

AMOUNT OF 
UNREACTED 

PRODUCT
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5.4.	Non	dimensional	numbers	for	simultaneous	transport

The Lewis Number 𝑳𝒆 compares the heat over mass transfer by convection

𝐿𝑒 =
ℎ𝑒𝑎𝑡 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
𝑚𝑎𝑠𝑠 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =

𝛼
𝐷 𝐷 mass diffusivity [m2/s]

𝑆𝑐+*- ≈ 0.7 − 1 Heat diffusion is more or less equal to the mass
diffusion

𝑆𝑐0/54/6 ≈ 100 Heat diffusion is faster than mass diffusion

𝛼 thermal diffusivity [m2/s]



5.4.	Non	dimensional	numbers	for	simultaneous	transport
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Viscous 
diffusion rate

Thermal 
diffusion rate 

Mass 
diffusion rate



5.4.	Non	dimensional	numbers	for	simultaneous	transport
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5.4.	Non	dimensional	numbers	for	simultaneous	transport

Why are dimensionless numbers useful in transport phenomena?

1) Dimensionless numbers allow for comparisons between very different systems
Let’s say you are designing a stirrer for a batch reactor and you want to test a 
prototype. It would make sense to test a miniature but you now that the size of the 
reactor makes a difference. Yet, if you also decrease the viscosity of the liquid you are 
using , so that the Reynolds number is the same in both processes, you can take your 
conclusions from the miniature and apply them to larger scale.

2) Dimensionless numbers tell you how the system will behave.
The classic example involves again the Reynold number to predict the onset of 
turbolence in a system. Critical values for the Reynold number for many different 
systems are tabulated and so you can easily predict the onset of turbolence.


