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Sedimentation

Sedimentation is the process in which the majority of the
particles will settle by gravity within a reasonable time and be
removed. Particles with densities greater than 1,000 kg/m3 will
eventually settle, and particles with densities less than 1,000
kg/m3 will float to the water surface. In water treatment, there
are common types of settling: discrete particle settling and
flocculant settling



Type | Settling

1. Size, shape and specific gravity of the
particles do not change with time.

2. Settling velocity remains constant.

If a particle is suspended in water, it initially has

two forces acting upon it:

force of gravity: F.=p gV,
buoyant force: F,=p,8V,

Fnet=(pp- pw)gvp



This net force becomes the driving force.

Once the motion has been initiated, a third
force is created due to viscous friction. This
force, called the drag force, is quantified by:

Fy=CpA,p,Vv°/2

C,= drag coefficient.
A, = projected area of the particle.



the drag force acts in the opposite direction to
the driving force and increases as the square of
the velocity, acceleration occurs at a decreasing
rate until a steady velocity is reached at a point
where the drag force equals the driving force:

(P ,-P. )8V, = CHA p,Vv?/2 Cp are:

Cp=24 (laminar)

For spherical particles, Re
—nd3 —nd2
Vp_pd /6 and Ap_pd /4 Cpo=24+3 +0.34 (transition)
R, R

Thus, v*=4g(p -p,)d_ C,= 0.4 (turbulent)
3 CDpw



Reynolds number less than 1.0 indicate
laminar flow, while values greater than 1000
indicate turbulent flow. Intermediate values
indicate transitional flow.

Stokes Flow
For laminar flow, terminal settling velocity
equation becomes:
v=(p -p,)gd’
18
which is known as the stokes equation.




EXAMPLE: Find the terminal setting velocity of
a spherical particle with diameter 0.5 mm and

specific gravity of 2.65 setting through water
at 20°C.

Solution
Assume laminar flow: from Eq. (4-8) with p, = 998.2
kg/m3 and p = 1.002
N.s-m3 at 20°C
9.81m/s(2650 —998.2)kg /m? x (5.0 x 107 )m-
T 18 x 1.002 x 1073 N.s/m?

1y = 0.22m/s



eCheck Reynolds number:

022m/s x 5 x107*mx998.2 kg,/m?

fe = 1.002 %< 103 N.s/m?
= 112. Which indicates transitional flow
C ady ° F0.34 =0.84
T 112 112y T T
.4 (2650 — 998.2) _,
1" = - X 9.61 X 5 =107

3 0.84 x 998.2
1y =0 11lm/s



with

1y = 011, repeat steps 2, 3, and 4.
Re =55

C,=1.18

ry =010m/s 2 0.11m/s (seestep 4)



DISCRETE PARTICLE SETTLING

Determination of Settling Velocity of Particles Using Stokes' and Newton's Laws
Settling
Applicable Law | Velocity (m/s) Terms Drag Coefficient Applicability
Stokes’ law 42 ¢ is the acceleration due to | For laminar flow: Applicable for spherical
— g(pp p) P gravity (m/s%); pp is the Cou 24 particles when the
) 18 density of the particle 1= Re Reynolds number < 1
(kg/m”); p is the density of (laminar flow).
the liquid (kg/m™); d;, is Has limited application
the particle diameter (m); in water treatment
and p is the dynamic because conditions in
viscosity of the liquid most treatment facilities
(N-s/m") are not laminar.
Newton's law 4 ( B ) 4. | 8istheaccelerationdueto | For the transition Applicable for particles
o 8\Pp — P)fp gravity (m/s%); pp‘%sthe regime: when the Rejmold:ﬂ,‘
3Cap density of the particle a2, 3 om number > 1 (transition
(kg/m?); p is the densityof | 9~ Re & VRe HU2%1 and turbulent flow).
the liquid (kg/m®); Cais | C4becomes constant
the drag coefficient. in turbulent regime
(Re = 10,000)
Re — pdp'ﬂs _ dpﬂs ~ inertial forces
10 m v viscous forces




DISCRETE PARTICLE SETTLING

example/ 8.4 Application of Stokes’ Law

Calculate the terminal settling velocity for a sand particle that has a diameter of 100 um and a density of
2,650 kg/m>. The water temperature is 10°C.

solution

The terminal settling velocity of the particle can be calculated using Stokes” law (Table 8.15). For water
at 10°C, p = 999.7 kg/m?, . = 1.307 x 107 N-s/m?,and v = 1.306 x 10°® m?/s.

Us =
‘ 18 p
~ 9.81m/s? x (2,650 — 999.7kg/m?) x (1.0 x 10~* m)2 L 3.600s _,, om
B 18 x 1.307 x 10~ N-s/m? h ~ “"h

We must verify the flow conditions to ensure Stokes’ law is applicable. The Reynolds number is
calculated to verify that the particle is settling under laminar conditions:

_dpvs 1.0 x 10 m x 24.8m/h x (1h/3,600s)

=0.53
L 1.306 x 107 m2 /s 0

Re

Because Re < 1, laminar flow exists, and Stokes” law is applicable.
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DISCRETE PARTICLE SETTLING

example/ 8.5 Application of Newton’s Law

Calculate the terminal settling velocity for a sand particle that has a diameter of 200 pm and a density of
2,650 kg/m”. The water temperature is 15°C.

solution

The terminal velocity of the particle is calculated using Stokes” law (Table 8.15). For water at 15°C,
p =999.1kg/m? p = 1.139 x 10 °N-s/m? and v = 1.139 x 107° m?/s.

_n)d?
‘ 18 p
~ 9.81m/s” x (2,650 —999.1kg/m?) x (2.0 x 10 m)2 3,608 _ .. gm
; 18 x 1.139 x 10> N-s/m? h  Th

Check the Reynolds number (Equation 8.8) to verify the particle is settling under laminar conditions:

R _ Bo?s _ (20 10*m) x (113.8 m/h) x (1h/3,600s)
e = =

v (1.139 x 10 °m?/s) =%

Because Re > 1, Stokes” law is not valid. The equation for the drag coefficient is provided in Table 8.15,
and the settling velocity can be calculated using Newton's law (Table 8.15).
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DISCRETE PARTICLE SETTLING

example/ 8.5 (continued)

Because v, cannot be determined explicitly, a trial-and-error solution must be used. Using the value of
Re just obtained (that is, 5.55), the drag coefficient can be calculated as

24

3
Ca =555 T x/m+{}.34:5.94
The terminal settling velocity also can be recalculated:
~ [4(9.81m/s?) x (2,650 —999.1kg/m?) x 2.0 x 10 *m e
o= 3 x 5.94 x 999.1 kg/m? 25
m

The Reynolds number is calculated again, and then the drag coefficient and terminal settling velocity are
recalculated. After several iterations, a convergent answer is obtained, as given in Table 8.16. The settling
velocity begins to converge at the sixth or seventh trial and has a value of 86.5m/h.
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DISCRETE PARTICLE SETTLING

Iterative Process Used in Example 8.5 to Determine Settling Velocity
Using Newton's Law After several iterations, a convergent answer is
obtained, as shown here.

Trial
0

~1 o 3 = W M

Re (dimensionless)
5.55
4.74
443
4.31
4.26
4.23
4.23
422

C, (dimensionless)
5.94
6.78
7.18
7.36
7.43
747

7.48
749

v (m/h)
97.1
90.9
88.3
87.3
86.8
86.6
86.5
86.5




PARTICLE REMOVAL DURING SEDIMENTATION
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PARTICLE REMOVAL DURING SEDIMENTATION

example/ 8.6 Determining Particle Removal
A treatment plant has a horizontal flow sedimentation basin with a depth of 4 m, width of 6 m, length of
36 m, and process flow rate of 450 m®/h. What removal percentage should be expected for particles that

have settling velocities of 1.0 and 2.5 m/h? What is the minimum size of particles that would be
completely removed? Assume the particle density is 2,650 kg/m®. The water temperature is 10°C.

solution

First, determine the sedimentation basin overflow rate (critical settling velocity), using Equation 8.10:

_ . _Q_ 450m’/h 3 /2.
The percent removal of particles for each particle size can then be calculated as follows.

For particles with a settling velocity of 1.0 m/h, because v, equals 1.0 m/h (which is less than the v_ of
2.1 m/h), the percentage of removal is calculated using Equation 8.11:

vs 10m/h

OR 21m/h 048

fraction of particles removed =

For particles with a settling velocity of 2.5 m/h, because v, equals 2.5 m/h (which is greater than v,
of 2.1 m/h), all particles with this settling velocity will be removed:

fraction of particles removed = 1.0

The final question is to determine the minimum particle size that would result in complete removal.
This particle size can be determined using Stokes’ law. The settling velocity of the minimum-size
particle is equal to the critical settling velocity, vs = v. = 2.1 m/h. Plugging v, into Stokes’ law will
provide the correct particle size. For water at 10°C, p=999.7kg/m’ p = 1.307 x 107> N-s/m?,
and v = 1.306 x 10" m?/s.

S(Pp - P)dlza 9.81m/s? x (2,650 —999.7 kg/m?) x (dp)2 3,600 m
Vs = = — x =21—
18 18 x 1.307 x 10"° N-s/m? h h
d; = 848107 m?

dp =29x10°m=29x10>cm




PARTICLE REMOVAL DURING SEDIMENTATION

g(pp - P)df: ~ 9.81m/s? x (2,650 — 999.7kg/m?) x (d,)’ L 2000s . m
18p 18 x 1.307 x 10® N-s/m?2 h " h
& = 8.48 x 107" m’?

dp =29x10°m=29x10"cm

s =

To verify the flow conditions, check the Reynolds number (Equation 8.8) to see if the particle is
settling under laminar conditions:

dpvs  8.48 x 107m x 2.1m/h x 1h/3,600s
v 1.306 x 10"°m?2/s

=38x1077

Re =

The Reynolds number is much less than 1. Therefore, laminar flow exists, and Stokes” law is valid.

Readers should note that horizontal settling tanks can be designed and operated without the use of
mechanical rakes and other moving parts that require energy, maintenance, and funds to purchase spare
parts. They may be more appropriate technology for many applications throughout the world.
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