
Chapter 6. Interphase Transport in Isothermal 
Systems

• Definition of friction factors

• Friction factors for flow in tubes

• Friction factors for flow around spheres

• Friction factors for packed beds



Definition of Friction factors

• Forces from fluid to solid surfaces

𝐹𝑓→𝑠 = 𝐹𝑠 + 𝐹𝑘

• Fs = Force exerted by the fluid even it were stationary

• Fk = Force associated with the motion of the fluid



Definition of Friction factors

• Force caused by the motion

𝐹𝑘 = 𝐴𝐾𝑓

• A = Characteristic area
• K = Characteristic kinetic energy per unit volume
• f = Friction factor



Definition for flow in conduits

𝐹𝑘 = 2𝜋𝑅𝐿
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• K is taken to be:

• A is taken to be the wetted surface
• For circular tubes of radius R and length L,

Fk then is
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Definition for flow in conduits

• If pressure difference is measured, f (Fanning friction 
factor) may be written as:

𝑓 =
1

4

𝐷

𝐿

𝑃0 − 𝑃𝐿
1
2
𝜌 𝑣 2



Definitions for flow around submerged objects

𝐹𝑘 = 𝜋𝑅2
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• K is taken to be:

• A is the projection of the solid onto a plane 
perpendicular to velocity of the approaching fluid

• For flow around a sphere of radius R
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Friction factors for flow in tubes.
Dimensional analysis
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Equations for flow in tubes

• Force from fluid on the inner wall

• Force from fluid on the inner wall in function of f
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Equations for flow in tubes

• Equating both equations, f may be obtained
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Using dimensionless variables
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Friction factors for flow in smooth
circular tubes

• In general

• Laminar flow

• For fully developed flow

𝑓 = 𝑓(𝑅𝑒,
𝐿

𝐷
)

𝑓 = 𝑓(𝑅𝑒)

𝑓 =
16

𝑅𝑒
ቊ
𝑅𝑒 < 2100 𝑠𝑡𝑎𝑏𝑙𝑒
𝑅𝑒 > 2100 𝑢𝑠𝑢𝑎𝑙𝑙𝑦 𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒



Friction factors for flow in tubes

• For turbulent flow, several empirical expressions

• Blasius formula

• Others:
• Prandtl formula and Barenblatt formula

• Haaland equation for rough pipes

𝑓 =
0.0791

𝑅𝑒1/4
2.1 ∗ 103 < 𝑅𝑒 < 105



Friction factors for flow in tubes
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Mean Hydraulic radius

• For non circular tubes

• Mean hydraulic radius is defined
• S = cross section

• Z = wetted perimeter

• Re in function of hydraulic radius

• Not applicable for laminar flow
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Friction factors for flow around spheres

𝐹𝑘 = 𝐹𝑓𝑜𝑟𝑚 + 𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝐹𝑛 − 𝐹𝑠 + 𝐹𝑡

• Following the same procedure used for flow in tubes
• The total force acting in z-direction on the sphere:

𝐹𝑛 = 𝑡𝑜𝑡𝑎𝑙 𝑛𝑜𝑟𝑚𝑎𝑙 𝑓𝑜𝑟𝑐𝑒

𝐹𝑠 = 𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑟𝑦 𝑓𝑜𝑟𝑐𝑒

𝐹𝑡 = 𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒



Friction factors for flow around spheres

From the definition



Dimensionless variables



Friction factors for flow around spheres
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Friction factors for flow around spheres

• For creeping flow around a sphere

• For turbulent flow (Newton’s resistance law)

• Other



Friction factors for flow around spheres.
Remarks

• No well defined the laminar-turbulent transition

• Contributions to f from both friction and form drag

• There is a kink in the f vs. Re curve associated with a shift in 

the separation zone



Friction Factors for Packed Columns

• Packing
• Spheres, cylinders, Berl saddles, and so on

• It is assumed that:
• Packing is statistically uniform. No Channelling

• Small diameter of the packing particles in comparison to 
the column diameter

• Two approaches
• Bundle of tangled tubes of weird cross section

• Collection of submerged objects



Bundle of tangled tubes of weird cross section

• Reality. Cylindrical 
tube packed with 
spheres

• Model. The packed 
column modelled as 
a “tube bundle”
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Friction Factors for Packed Columns

• Definition of friction factor for packed columns
• See Eq 6.1-4

• Dp is the effective particle diameter

• v0 is the superficial velocity (volume flow rate 
divided by the empty cross column section)



Friction Factors for Packed Columns as a
tube bundle

• Introducing the pressure difference for a tube 
bundle.

• Then, the friction factor for the packed beds is



Hydraulic radius for packed columns



Semi-empirical relationships

• Laminar flow. 
Blake-Kozeny
equation

• For highly 
turbulent flow.
Burke-Plummer
equation
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For the transition zone

• The Ergun Equation

• Dimensionless


