Settling of Particles

Example 1
A stainless steel sphere has a diameter 1 mm and a density of 7870 kg/m?>. Calculate the

terminal velocity of the sphere for the following two cases:

(a) The sphere is dropped in polymer of density 1052 kg/m? and viscosity 0.1 kg/m s.
(b) The sphere is dropped in kerosene of density 765.52 kg/m3 and viscosity 0.00818
kg/m s.

Solution:

c _49Dps-pi _4(08)1*10°) 7870-p, 00131 7870-p;
>3 ut oy 3 ug Pt ug P

(a) pr=1052 kg/ m?, us=0.1kg/ms

~0.0131 7870-1052 0.0847

C =
TR 1052 u’
: 24
Assume laminar flow (Re < 1) > C, = Re
e
24U 0'08247 ,  Solve for u; =0.037 m/s,
puD Uy
uD *1073
Check Re = 21D _ (1052)0.087)1*107) .o

Y7, 0.1

Re<1=> assumption of laminar flow was correct u; =0.037 m/s
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Settling of Particles

(b)  pr=765.52kg/ m?, u;=0.00818 kg/(m.s)

c _49Dps—pi 00131 7870-76552 _0.1216
° 3w p u? 765.52 u’
: 24
Assume laminar (Re < 1) 2>C,=—
Re
0.1216  24u 24(0.1)

= - Solve for u; =0.474 m/s
u?  puD (76552, (1*10°) '

piuD _ (765.52)0.474)1*10°)
p 0.00818

Check Re = =44.4

Re>1 =>» laminar assumption was wrong,

Assume transition 1 < Re £1000

0.1216 18 184°°
C, = : S NI solve for u; = 0.1970 m/s
uD *10°3
Check e = 21Ut :(765.52)(0.1970)(1 10 ): 184

P 0.00818

1<Re<1000 = transition assumption was correct and |u; = 0.197 m/s
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Settling of Particles

Example 2
A sphere of 2.2 mm diameter is dropped in water (p = 1000 kg/m?, 1= 1*10 kg m/s). The sphere falls

a distance of 10.5 cm in 21 seconds. Assuming steady state conditions:
(a) Calculate the density of the sphere.
(b) If the above sphere is dropped in a fluid of a specific gravity of 0.81 and its terminal velocity

was measured as 2.05 cm/s, calculate the viscosity of the fluid.

Solution:

(a) D=22mm=2.2*10"m, ps=1000 kg/m> , u=1*10>kg/m's, u,=10.5/21 cm/s = 0.005
m/s

_ (1000)(5*107)(2.2*10™)

Re 1*10° =11 > 1 <Re £1000 (transition)
18 18
For Transition: Co = Re’ = (11)0.6 =4.27
C, _49 ?M:4,27
3y P
*10-3 _
4.27 :g (9'8()0(20'55)120 )'0 5103800 > s =1003.7 kg/m’

(b) p5 = (0.81) (1000) = 810 kg/m*

D Ps —P¢ _ 4(9.8)(2.2*10°°) 1003.7 - 810

= = — =16.4
S 3 (2.05*107?) 810

4 g
c. -2
° 3 u

We know C but don’t know Re:

Assume laminar (Re<1) = C, = % =164 = Re=1.46 Assumption waswrong
e

Assume Transition (1 < Re < 1000) > Cp = i =16.4

ReO.G

= Re=1.17 Transition assumption was correct

*11-3 *1073
_ 10205710 7)(22*107) 147, . ,_0031 K9
L ms

Re
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Settling of Particles

Example 3

Lead particles of diameter 3 mm are manufactured by spraying hot molten lead of density
11400 kg/m? from the top of a spray tower in which the hot lead droplets are cooled by the
surrounding stagnant air of density 1.21 kg/m? and viscosity 18.3 x 10°® kg/m s. By the time
they fall a distant H to the base of the tower they solidify and quench in a cold water bath as
shown in the figure below.

Spray

.. .. ..
o i ° [ J ... ° [ J
i [ J

H [ J ¢ i i [ J
.. i ° [ J

[ J i °
¢ o °° °

[ ]
. Water Bath

2 00 %0 00 ® oo

You are designing the spray tower and you are told by a heat transfer expert that molten
lead particles need about 10 seconds to solidify if they fall freely in air. Perform the
following:

(a) Assuming steady state, calculate the particle terminal velocity (steady state velocity) and
based on that calculate the height of the tower H. In this case you assume that the particles
reach terminal velocity in a very short time << 10 s.

(b) Do not assume steady state but assume that the drag coefficient is constant and it is equal
to that calculated by steady state approximation. Calculate the particle velocity as a function
of time and calculate the height of the tower H

Solution:
(a) Recall for steady state:
gD ps—p;  4(9.8)(3*10°) 11400-1.21 369.28

4
Co 3w L, 3 2 2
u; yor 3 u; 121 u;

Because we have high density particles falling in low density and low viscosity air, they are
expected to have high velocities and hence we can assume turbulent flow. However, we
have to validate our assumption after calculating u; to ensure that Re > 1000.
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Settling of Particles

For turbulent flow (Re > 1000),C, = 0.44

C,=044= 369é28 solve for u; =29.0 m/s
ut
uD *1073
Check Re = 21— _ (1'21)(29)(3 10 )=5752.5>1ooo

Y7, 18.3*10°
Indeed the turbulent assumption was valid and u; = 29.0 m/s

For steady state H =u, x t=29x10=290 m

(b) Recall equation (E4.2.5) of the textbook for unsteady state particle velocity when the
fluid density is very small compared to the particle density (1— P/ Ps )g ~g:

U= g e(z\/a)t _l
Ve liek g

3p:Co _ 3(1.21)0.44)
- - =0.012
4D p,  4(3x107*)11400)

98 e(Zx/9.8><0.012)[ 1 Q08 _q
u= \/ 0.012 e(2x/9.8><0.012)t 1 =28.6 Q08T g
The figure below shows u as a function of time calculated by using the above equation. It is
clear that the particle reaches the terminal velocity (steady state) in 7 seconds.

Particle Velocity

30 +

20 1
u(m/s)

10 |

Time (Sec)
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Settling of Particles

The distant travelled by particle as function of time is given in equation (E4.2.7) of the
textbook

x=1 3{2 |n(@} ~(2y/gc )}

“2c\Vec

(245800117 0
Heo 1 ){mn[e . +1]—(2\/9.8><o.0117)10 =230 m

2(0.0117

Conclusion: By assuming steady state for turbulent flow there is 26% error in calculating the
height of the tower.
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Settling of Particles

Example 4

Refer to the previous example but now the Lead particles are dropped immediately in an oil
bath of density 911 kg/m> and viscosity 1 kg/m s.

Spray

H o °

(PY) ',oo’oo'

You are designing a spray tower for this case and you are told by the heat transfer expert

that molten lead particles need about 1 second to solidify if they fall freely in oil. Perform
the following:

(a) Assuming steady state, calculate the particle terminal velocity (steady state velocity) and
based on that calculate the height of the tower H. In this case you assume that the particles
reach terminal velocity in a very short time << 10 s.

(b) Do not assume steady state but assume that the drag coefficient is constant and it is equal
to that calculated by steady state approximation. Calculate the particle velocity as a function
of time and calculate the height of the tower H

Solution:
gD ps — P

2
U; P

(9.8)3*10°) 11400-911 _0.45

@ Co= uZ 911 uZ
t t

w| s

4
3

Because the droplets are falling now in high density and high viscosity oil, they are expected
to have low velocities and hence we can assume laminar flow. However, we have to validate
our assumption after calculating u; to ensure that Re £ 1.

24

Assume laminar flow (Re £ 1) > 4 Cp = Re
e
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Settling of Particles

p.uD  u? (911,(3x10°)  u? ’

24u 045 _ 240) 045 e for iy = 0.051 ms,

-3
Check Re = 2140 (o1)0.0513x10") _ 0.14<1

Y7 1

The laminar assumption was valid u; =0.051 m/s

For steady state H =u, x t =0.051x1=0.051 m=5.1 cm

(b) Recall equation (E4.2.5) of the textbook for unsteady state particle velocity when the
fluid density is very small compared to the particle density (1— Pi /P )g ~Q:

u= gj_re(%/@t —1 where ¢ Pilo
c ez\/& +1 4Dps

Since the oil density is quite high (1—,0f /pS )g # ¢ the above unsteady state velocity can be

modified as follows:

o [=pipJg ey
- c e(Z,/(l—pf/ps)QC)t +1

24

30911 °°

3p:Cyp ( )(0.14j
c= = = 3424.8
4D p,  4(3x107°)11400)

911 911
1_7 98 2. /1 1-———19.8x3424.8 |t
_ ( 114ooj e[ itfersen “1_ st -1
e

3424.8 [2 (1—%]9.&3424.8} ¥ty
e +1

+
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Settling of Particles

The figure below shows u as a function of time calculated by the above equation. It is clear
from the figure that the particle reaches a terminal velocity (constant velocity) in a very
short time 0.01 sec.

Particle Velocity
0.06

0.04 -+

u(m/s)

0.02 -

0 0.01 0.02 0.03
Time (Sec)

The distant travelled by particle as function of time is given by equation (E4.2.7) of the
textbook when the fluid density is very small compared to the particle density

@L-pi/pJa~g:

xziclm ( clakil 1} (2\/_)[}

Since the oil density is quite high (1—,0f /pS )g # g the above equation can be modified as

follows:

=—|2In
2C

o e

. ( o e +1J

337.1
_ 2(34124 8){2"{(3 . +1J—337.1} ~0.05m=5 cm
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Settling of Particles

337.1

Note: The calculation of the above formula is not straight forward because e =owo! See

details below for simplification.

H = m&m(ewg +1j—337.1} - m[z{ln(eml +1)-In(2)}-337.1]

1 337.1 1 s
zM[Z{In(e )- In(Z)}—337.1]zm[2{ln(e )}-337.1
L 1
~ m[2{337.1}— 337.1]~ m[337.1] ~0.05 m

Conclusion: by assuming steady state for laminar flow there is small error in calculating the
height of the tower. The problem reaches steady state in a very short time for laminar flow
and hence it is safe to assume steady state for laminar flow.
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