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 For a rigid particle moving through a fluid, there are 3 forces acting on the body 
 

- The external force (gravitational or centrifugal force) 
- The buoyant force (opposite but parallel direction to external force) 
- The drag force (opposite direction to the particle motion) 

 
 
 
 
 
 



     Drag Force 
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One-dimensional Motion of Particle through Fluid 
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 Consider a particle of mass m moving through a fluid under the action of an external 
force Fe. Let the velocity of the particle relative to the fluid be u, let the buoyant force 
on the particle be Fb and let the drag be FD, then 
 
 
 
 
 
 
 

 The external force (Fe ) - Expressed as a product of the mass (m) and the acceleration 
(ae) of the particle from this force 



The buoyant force (Fb) – Based on Archimedes’ law, the product of the 
mass of the fluid displaced by the particle and the acceleration from the 
external force.  

 The volume of the particle is 

 

 The mass of fluid displaced is  

 

where     is the density of the fluid. The buoyant force is given by 

 

 

 

The drag force (FD) 

 

 
where CD is the drag coefficient, Ap is the projected area of the particle in the 

plane perpendicular to the flow direction. 
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 By substituting all the forces in the Eq. (1) 

 

 

 

 
Case 1 : Motion from gravitational force  
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Case 2 : Motion in a centrifugal field 

 

 

 

 
r = radius of path of particles 

   = angular velocity, rad/s 

 
In this equation, u is the velocity of the particle relative to the fluid and is directed 
outwardly along a radius. 

 



Terminal Velocity 
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 In gravitational settling, g is constant ( 9.81m/s2) 

 The acceleration (a) decreases with time and approaches zero.  

 The particle quickly reaches a constant velocity which is the 
maximum attainable under the circumstances.  

 This maximum settling velocity is called terminal velocity. 

 

 



 For spherical particle of diameter Dp moving through the fluid, the 
terminal velocity is given by 

 

 

 

 Substitution of m and Ap into the equation for ut gives the equation 
for gravity settling of spheres 
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Frequently 
used 



      

 In motion from a centrifugal force, the velocity depends on the 
radius 

 The acceleration is not constant if the particle is in motion with 
respect to the fluid.  

 In many practical use of centrifugal force, is small (               ) thus, it 
can be neglected to give 
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  Reynolds Number 
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 Particle Reynolds Number 

 

 

 

 

u  :  velocity of fluid stream 
Dp :  diameter of the particle 
     :   density of fluid 
     :  viscosity of fluid 

 For the case of creeping flow, that is flow at very low velocities relative to the sphere, the 
Navier–Stokes equations, give:  
 
 
 
 
 

 This equation is known as Stokes’ law  and it is applicable only at very low values of the 
particle Reynolds number and deviations become progressively greater as Re increases.  
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 As Re increases, skin friction 
becomes proportionately less 
and, at values greater than 
about 20, flow separation 
occurs with the formation of 
vortices in the wake of the 
sphere. 
 

 At high Reynolds numbers, the 
size of the vortices 
progressively increases until, at 
values of between 100 and 
200, instabilities in the flow 
give rise to vortex shedding. 
The effect of these changes in 
the nature of the flow on the 
force exerted on the particle is 
now considered. 



Drag Coefficient 
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 Drag coefficient is a function of Reynolds number  (NRE).  
 
 The drag curve applies only under restricted conditions: 
 

i. The particle must be a solid sphere; 
 

ii. The particle must be far from other particles and the vessel wall so that 
the flow pattern around the particle is not distorted; 
 

iii. It must be moving at its terminal velocity with respect to the fluid. 
 

 The most satisfactory way of representing the relation between drag force 
and velocity involves the use of two dimensionless groups: 
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 For a sphere, the projected area is that of a circle of the same diameter as the sphere. 
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At very low values of the Reynolds number, the force F is given by Stokes’ law: 
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Stokes’ law  Additional non-viscous effects 

 A reasonable approximation for values of          up to about 1000: 
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 Terminal falling velocities 
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 If a spherical particle is allowed to settle in a fluid under gravity, its velocity will increase 
until the accelerating force is exactly balanced by the resistance force. 
 

 The accelerating force due to gravity is given by: 

Or if the particle has started from 
rest, the drag force is given by : 

Under terminal falling 
conditions, velocities are rarely 
high enough for Re’ to 
approach 105, with the small 
particles generally used in 
industry. 



     Assumptions 
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In the expressions given for the drag force and the terminal falling velocity, the following 
assumptions have been made: 
 
A. That the settling is not affected by the presence of other particles in the fluid. This 

condition is known as “free settling”. When the interference of other particles is 
appreciable, the process is known as “hindered settling”. 
 

B. That the walls of the containing vessel do not exert an appreciable retarding effect. 
 
 

C. That the fluid can be considered as a continuous medium, that is the particle is large 
compared with the mean free path of the molecules of the fluid, otherwise the particles 
may occasionally “slip” between the molecules and thus attain a velocity higher than 
that calculated. 

 



     Terminal Velocity for two materials 
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 If for a particle of material A of diameter dA and density ρA, Stokes’ law is applicable, then the 
terminal falling velocity u0A is given by equation 
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Galileo number (Ga) 
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  Example 
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  Non-Spherical Particles 
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Stoke
s’ 

Newton’
s 



Terminal falling velocities of non-spherical particles 
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     Heywood Approach 
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 A mean projected diameter of the particle dp is defined as the diameter of a circle 
having the same area as the particle when viewed from above and lying in its most 
stable position. 
 

 Volume= K’ dp
3 
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Example 
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