6. FLOW OF FLUIDS PAST IMMERSED BODIES
(Theory and Applications)

6.1Free settling

By free settling is meant the vertical motion of a single solid particle in a fluid.
In case of numerous particles, free settling can be assumed to occur if the motion
of any particle will not influence that of a neighboring particle. This will
normally happen when the volumetric fraction of solids is very low.

6.1.2 Equation of motion of a single particle

When a single solid particle moves in a fluid under the effect of gravity, then
the forces acting will consist of:

e The weight of the body p,V,.g

e The force of buoyancy p;V,.g

e The drag force due to fluid colliding with the body Fq
A force balance shows that:

dv
PV, 0-pV,.g—Fy =m.— (6.1)

dt
Where,
p, Is the density of solid particle
P, Is the fluid density

V) is the volume of particle
The drag force is defined as:

F, - %.CD.Ap V2 6.2)

Where,

v is the settling velocity

Ay is the projected area perpendicular to the direction of motion
Cpo is a dimensionless parameter known as the drag coefficient.

As the particle descends across the fluid, its velocity rapidly reaches a maximum
constant value known as the terminal velocity vi. Under such conditions, the
RHS of equation (6.1) will vanish and the steady state equation will then read:

1
PoV,.9 - p; .\/p.g—E.CD.Ap.pf.vt2 =0 (6.3)
Finally, we get the following expression for terminal velocity:

v = 2.(py = P1)Vp 9
t PiCp-A,

(6.4)

6.1.3 Motion of spherical particles
In case of a spherical particles, the above equation simplifies to the following
form, taking into account that:
7.D} D’
V,=—Fand A = e’
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(6.5)
3.0;Cp

_\/4-(,0;) —p¢).Dp.0
V, =
a- The drag coefficient
The drag coefficient Cp is somewhat similar to a friction factor the value of
which is related to the Reynolds number.
A modified Reynolds number is used defined as:
_ pf 'Vt'Dp

Hy
Accordingly, it has been possible to describe the dependence of the drag
coefficient on Re by the following chart.
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Fig (6.1) Dependence of Drag coefficient on Reynolds number

This curve shows that dependence of the drag coefficient on Reynolds number
can be roughly divided into three stages:

a-1 The laminar regime (Stokes law)

This region is very limited and only extends to values of Re < 1. In that case, the

dependence takes the form:
24 24

== 6.7
° Re v.D,.p, (6.7)
Substituting in equation (6.5), we get the famous Stokes law:
D2, —
, 95 (Py—p4) 6.8)

' 18. 4,

a-2 The intermediate regime
This region extends from Re = 1 to Re = 10°. The relation between Cp and Re
reads as follows:



_ 187 187xu”

Co Re%6! - VtO.Glng.Gl.p(f).Gl (6.9)
Substituting in equation (6.5), we get:

.Dl.Gl. _
th.39 — g p (pp pf) (610)

14.#?'61.[)?.39

a-3 The turbulent regime (Newton's law)
For values of Re > 10%, the drag coefficient is practically constant and equals
about 0.44. Substituting in equation (6.5), we get:

v, :\/3-(/);) —P¢).Dp.0 (6.11)
Ps

b- The K criterion for determination of settling regime

The determination of the settling regime requires the knowledge of Re, which is
unknown since the terminal velocity is unknown as well.

A suitable combination of the limiting values of Re together with the equations
of terminal velocity is usually used to assess the regime of settling.

b-1 Stokes law region:

Vv,..D
Priete g , We get:

Hs

From the condition Re =

Hy
pf 'Dp
Substituting in equation (6.8), we get the following condition:

V, <

t

K-D .[g-pf -(,0,23 - pPy)
Hy

p

142 < 2.62 (6.12)

b-2 Intermediate region:

The condition related to that region is difficult to derive by eliminating the
terminal velocity term from equation (6.10) and the condition 1 < Re < 10%; so,
this will be deduced from the third region of settling.

b-3 Newton's law region

" v,.D
From the condition Re = 27" > 103 , We get:
Hy
10% 4,
v, >
pf 'Dp

Substituting in equation (6.11), we get the following condition:

g'pf (pp — Ps )]1/3
Ky

K=D,.[

p

> 66.3 (6.13)

To conclude, the following table can be used to decide about the settling regime
using the calculated values of K.
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K<2.62 Stokes law range
2.62 <K<66.3 Intermediate law range
K> 66.3 Newton's law range

6.1.4 Settling of non — spherical particles

In case of non — spherical particles, the prediction of settling velocity has to rely
on experimental data since the shape of particles will have a direct effect on its
settling behavior.

Several methods were suggested to account for the non — sphericity of particles,
by defining different shape factors. However, the easiest method among these,
although not the most accurate, defines an equivalent diameter as the diameter
of a sphere that would have the same volume as the particle:

6V
D, =32 (6.14)
T

Once this equivalent diameter has been calculated it can be substituted for Dy in
any of the equations (6.8) to (6.13).

6.2 Application to continuous fluidization

Continuous fluidization of a solid particle will take place if the velocity of the
fluidizing fluid exceeds the terminal velocity of the solid as it settles through this
fluid. This velocity is related to the minimum fluidization superficial velocity

v,, in the following way:
6.2.1 Laminar flow (Stokes law range)
The general equation used to predict the velocity at onset of fluidization is

obtained by equating the pressure drop obtained from force balance to that
predicted by the Ergun equation:

—2

AP _ 15043y (A-£y)"  LT5pi vy (A-éy)
L D3.ey, D,.&y
In case of laminar flow, only the first term in the Ergun equation is kept:

= 9.(p, —p¢)-(L-ey)

oo 9.D;.(p—p1)  Bay L 3

) 18.u, '25.(1-g,) ' 25.(-¢,)
The value of minimum porosity of fluidization usually ranges from 0.4 to 0.45
which gives the following result:

vi= (50 - 78). v, (6.15)

6.2.2 Turbulent flow (Newton's law range)

In that case, only the second term in the Ergun equation is kept. We obtain:
L75p, ¥, (L-éy)
D,.ey

p
Which reduces to:

=0.(p, —p;)-A—¢y)
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—_ \/3-(Pp —-p:)-De0

vy, x0.43x %% = vix0.43.,°"

Pi
For values of minimum fluidization porosity ranging from 0.4 to 0.45, we get:
vi=(7.6-9). v, (6.16)

Comparing equations (6.15) with (6.16) we reach the following important
conclusion:

Whenever fluidization is performed in laminar regime, usually in case of fine
particles, the sensitivity of the operation is low, so that it takes a very large
increase in velocity to reach continuous fluidization. On the other hand, if
fluidization is performed with large particles, the flow will be turbulent. This
way, the sensitivity is high, so that a slight increase in velocity can move the
operation from onset to continuous fluidization.

6.3 Hindered settling

When the concentration of solids in suspension exceeds 10% by volume, it is no
more possible to assume that the settling behavior of any particle will not be
affected by that of its neighboring particle. This situation is known as hindered
settling. Usually, the settling regime is determined from the K criterion assuming
free settling conditions.

In case of Stokes law applying, the terminal settling velocity will be calculated

from a modified stokes law equation in the following form:
2

g'Dp'(pp _pm)
18.4,,
Where U is the actual terminal settling velocity, and p,, and x,, are the density

and viscosity of the settling medium (suspension); fy is the volumetric fraction
related to porosity by: fy =1 -¢

The parameter (n) appearing in the above equation is related to the modified
Reynolds number by the following empirical formula valid for f, > 0.1

n =4.Re0 (6.18)

The calculation of the value of n needs knowledge of v¢ which is unknown. That
is why; it is common in case of settling in the Stokes law region, where Re < 1,
to use a value of n ranging from 4.3 to 4.6

U= (A-f,)" (6.17)

The medium density is calculated from the equation:
Pm = fv'pp +(1_ fv)'pf (619)

Finally, there are several empirical formulas that can be used to calculate the
medium viscosity; one of them is the following:

1+05f
=—. 6.20
zum (1_ fv)4 :uf ( )

Example 6.1

Dust particles settle in air at 25°C in a chamber 2 m. high. Their shape is assumed
to be spherical and their size about 10 pm. The density of fibers = 700 kg/m3.
How long it would take for these particles to settle? (Viscosity of air = 0.018 cP)
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Solution:
1x29

== =1.186 kg/m?

10,082 298 J
K = 105, [281x1-186x(700 ~1.186) s _ 595 < 2 62 (Stokes law range)

(1.8x107)

D2 — —5)2 _
v, 9.D;.(py —p¢) _ 9.81x(107) .(700_5 1.186) _ 1 50211 m/s
18. 4, 18x1.8x10
Hence the time required for settling = 2 - 948 s
0.00211

Example 6.2

Quartz grains settle in water in free settling regime. Their shape approximates
cuboids of dimensions 20 x 30 x 35 mm. The particle density = 2.65 g/cmq.
Estimate their final settling velocity.

Solution:
The equivalent diameter is calculated from equation (6.14):

6V
D, =3/ ®Ve :3\/6x20x3ox35:34_23 m
T T

Then, we calculate the value of K
K = 34.23x10° x[2-31% (2650 ~1000) <1000

(107°)?
Substituting in equation (11):

]V*=84.8 > 66.3 (Newton's law)

=1.29 m/s

o _ [3ps—p)Deg \/3.(2650—1000)><34.23><103><9.81
' oy 1000

Example 6.3

QOil drops of density 600 kg/m? and viscosity 15 cP rise in a water tank 3 m. high.
The average drop size is about 50 pm and the volume concentration of oil is 15%.
Calculate the time required to free water from oil.

Solution:
First, we calculate the value of K assuming free settling.

K=50x10"° ><[9'81>< (10?1%_3§?0)X1000]1’ *=0.79 < 2.62 (Stokes law range)

Hindered settling: f, = 0.15

P, =0.15x 600+ (1-0.15) x1000 = 940 kg/m?
~1+05x0.15

Hn =" 1-0.15)"

1=2.06 cP = 2.06x107° Pa.s

Substituting in equation (6.17) with n = 4.5, we get:

_ 9.81x (50x10°°)2.(940 — 600)

U
18x2.06x107°

.(1-0.15)*°=0.000108 m/s
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Hence the time required for oil drops to rise = 3 = 2777752771 h
0.000108

Example 6.4

Silt particles having the screen analysis shown below are to be separated from a

crude of API 38 in a vertical vessel 3 m high. The crude viscosity = 1.85 cP. The

volumetric concentration of solids = 1.6%. Estimate the percent removal of silt

after 3 hours operation. (Density of silt = 2450 kg.m3)

Dpmm | 0.416 | 0.294 | 0.147 | 0.110 | 0.074 | 0.063 | 0.045 | 0.032
Xi 0.00 | 0.06 | 0.18 | 0.22 | 0.35 | 0.09 | 0.06 | 0.04

Solution:
Since the volume concentration of solids is very low, then settling is assumed to
take place in free mode.

The specific gravity for API 38 is calculated as 0.835. Hence pr = 835 kg.m™,

The maximum particle size is 0.294 mm. The value of K will be calculated on
that basis:

= 1< 2.62 (Stokes law range)

9.81><(2450—835)><835]1/3
0.0185

K= O.294><10'3><[

The terminal velocity of any particle to ensure removal in 3 hours =
2.78x10* m.st

3x3600

Di.(p, - 9.81XD3X(2450—835
v, = 9202 = P0) 2.78x10* = bt )
18.u, 18%0.0185
Dp = 7.6%10° m = 0.076 mm (minimum size to be removed)
A cumulative plot is prepared from particle size distribution data:

Dpmm | 0.416 | 0.294 | 0.147 | 0.110 | 0.074 | 0.063 | 0.045 | 0.032
Qi 0.00 | 0.06 | 024 | 0.46 | 0.81 | 0.90 | 0.96 1

1

S

0 005 01 015 02 025 03 035 04 045
Dp mm

From the plot, the percent particles with D, > 0.076 mm is about 79%
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6.4 Application: Gas - liquid continuous separators

6.4.1 Types of separators

In upstream operations, crude oil is associated with high pressure gas stream.
Separation of these two phases is accomplished in either horizontal or vertical
separators. Figure (6.2) shows a horizontal separator while Figure (6.3) shows a

vertical type.
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Fig (6.2) Horizontal gas — oil separator

A horizontal separator consists of an elongated pipe where the two phase mixture
flows from one end to impinge against a diverter that forces oil to move towards
the bottom so while gas is removed at the upper end of the separator. During the
motion of gas towards the separator outlet, oil drops are eliminated by settling
vertically through the gas phase. A mist extractor is placed ahead of the gas exit
duct to filter off remaining oil drops.

A vertical separator, on the other hand, admits the two phase mixture at an
opening at its upper third and the gas leaves the separator at its top.

In the following are summarized the steps undertaken to obtain the dimensions
of a horizontal separator.
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Fig (6.3) Vertical gas — oil separator
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6.4.2 Design of horizontal gas — liquid separator
In the design of such separators the following assumptions are usually made:

Liquid holdup equals half the cylinder volume

Effective length Let = (3—4).D

Size of eliminated oil droplets ranges from 100 — 140 um.
The seam to seam length = Less + D

The residence time in drum ranges from 3 — 4 minutes.

Wb E

A

v

A main design criterion is that oil droplets should get eliminated from the
gaseous phase by settling during the time it takes for the gas to cover horizontally
the effective length. This is the gas phase criterion.

If the gas velocity is v, then its flow rate Qg = A.v, where A is half the cross
sectional area of the drum (Since liquid fills half of it). This way, we get:

8.Q,
V= 6.21
7.D? ( )
If the residence time of gas in drum = t;, then:
L, =Vt (6.22)

On the other hand, if the terminal settling velocity of a gas droplet is v, then it
will settle as it covers one half the drum diameter. The residence time being ti,
we get:

D

5= v i, (6.23)
Equating t: from equations (6.22) and (6.23), we get:
4.
L, =+ (6.24)
P AA

On the other hand, enough time has to be given for the liquid to fill half the drum
so that if the flow rate of oil is Q), then:

v DL,
Q == e i (6.25)
Hence,
7L, =%t (6.26)
T

This is the liquid phase criterion.
The design steps are as follows:
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1. Specify the conditions of gas and liquid and their flow rates

2. Evaluate the terminal settling velocity of droplets using equation (6.8) to
(6.11) according to the value of K.

3. Calculate the value of D.Left from equation (6.24)

4. Calculate the product from D?.L, from equation (6.26)

5. Start substituting in each of these two equations with values of D
corresponding to standard steel vessels. For each value of D take the largest
value obtained for Les.

6. Calculate the seam — to — seam length from Lss = Lett + D

7. Calculate each time the slenderness ratio SR = Ls/D. This should lie in the
range 3 to 5.

The following example shows the design steps of a horizontal separator.

Example 6.5
Design a horizontal gas — liquid separator from the following data:
Gas flow rate = 13500 sm®/h at 22°C and 45 atm.
Viscosity of gas = 0.023 cP
Qil flow rate = 6.6 m3/h — Density = 850 kg/m?
Consider the gas to consist of: 85% methane and 15% ethane (By
volume)
o Compressibility coefficient of gas = 0.9
e Oil droplet diameter to be removed = 100 pm

Solution
Gas phase criterion:

We first get the properties of the gas:
Molecular weight = (0.85).(16) + (0.15).(30) = 18.1

MP  18.1x45

Z.RT  0.9x0.082x 295
The actual flow rate of gas is obtained by converting from normal to actual
conditions:

Q,x45  13500x1
0.9x(22+273) 15.6+273

From which: Qg = 276 m3/h

We now proceed to calculate the terminal velocity of oil drops assuming D, =
100 pm. we first determine the settling regime of oil droplets:

4 .9.81x37.4x (825—37.4)
107[ —
(2.3x107)

Density of gas: p, = = 37.4 kg/m?

13=8.17 > 2.65 (Intermediate region)

The settling velocity is hence calculated from equation (6.10):

9 _ 9.D;*".(p, —p¢) _ 9.81x(107*) (825 —37.4)

= = =0.032
t 14.40%.00%  14x(2.3x107°)°* x37.4%%

Hence, vi = 0.084 m/s = 302 m/h
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4x276 _ 1 16 m2 0
02

From equation (6.24): D.L, =
T X

Liquid holdup criterion:
For a liquid holding time of 3 min., we calculate the separator dimensions from
equation (6.26):

3 8.Q ¢, _ 8x9.6x3
T 60x

=1.22 m? (ii)

D2.L,,

We then substitute in equations (i) and (ii) with standard pipe diameters starting
with D = 12”, obtain Lesr each time and choose the largest value. We calculate
then Lss and obtain the slenderness ratio. The following table summarizes
calculations.

A reasonable slenderness ratio has been obtained on using a 30” diameter vessel
of seam — to — seam length = 2.86 m

D" | Dm | Ler() | Lex (i) Les S.R.
12 0.3048 3.8058 13.13 13.44 44.08
14 0.3556 3.2621 6.65 10.00 28.13
16 0.4064 2.8543 7.39 7.79 16.18
18 0.4572 2.5372 5.84 6.29 13.77
20 0.508 2.2835 4,73 5.24 10.31
24 0.6096 1.9029 3.28 3.89 6.39
30 0.762 1.5223 2.10 2.86 3.76
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