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A theoretical model for calculating pressure drop in the cone
area of light dispersion hydrocyclones
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Abstract

Pressure drop in a hydrocyclone reflects the energy necessary for a separation process. It is very important to predict pressure drop in a
hydrocyclone design. In this paper, pressure drop in a light dispersion hydrocyclone is conceptually divided into two parts: dissipated pressure
drop and effective pressure drop. The latter is the pressure drop in the major separation region that represents the energy converted from static to
kinetic form. Based on velocity distributions established by ZHAO and MA, a theoretical model is developed to calculate effective pressure drop in
the cone region of light dispersion hydrocyclones. Experimental results prove that the model can give a very good prediction of effective pressure
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rop. Though the calculated results are more or less higher than the measured, their differences are small enough to be neglected in a hydrocyclone
esign practice. It is indicated that effective pressure drop can be correlated to flowrate by �pBC = −0.000816 − 0.00186Q + 0.00667Q2 in the
ange of Q = 1–5 m3/h at F = 6% and Ro = 4 mm for 30 mm hydrocyclone with cycloid and involute inlets. Increase of split ratio is shown to lead to
ecrease of effective pressure drop, while overflow orifice diameter affects the effective pressure drop in a reverse manner. According to the model
eveloped in present paper, it is possible to study influences of operating conditions, design parameters and fluid properties on effective pressure
rop.
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. Introduction

Since the pioneering work [1–3] made by Thew’s group on
eoily hydrocyclones (generally called light dispersion hydro-
yclone), this kind of highly-efficient separating device has been
apidly industrialized, especially for offshore oil production pro-
ess [4–9]. The basic characteristic is the migration probability,
hich represents the separation efficiency of a hydrocyclone
ersus dispersed droplet size, and has been well correlated by
hew and his co-workers [3–5]. Another important character-

stic is the pressure drop, which is representative of the driving
nergy necessary for a certain separation. The latter was also
xperimentally correlated to Reynolds number and inlet size
y Thew [5] for Thew type hydrocyclones with involute inlets.
enerally speaking, the overall pressure drop in Thew type
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hydrocyclone can be calculated according to Thew’s correlation,
which will not be available for hydrocyclones different from
that of Thew type. In addition, it is often of academic impor-
tance to know effects of design parameters on pressure drop if
optimization is to be taken into account. Nowadays, treatment
of waste water, removal of printing ink from paper pulp made
of waste paper, separation of oil from orange juice, removal
of grease from milk, etc. are all potential applications of light
dispersion hydrocyclones. Often dispersed droplets in these pro-
cesses are of very small size, say, order of ten micron. In these
cases, the separation will be difficult. It is well know that sepa-
ration capacity increases with decrease of hydrocyclone size. So
it is possible to separate small dispersed droplets by decreasing
hydrocyclone size, but the pressure drop will be enhanced. From
these backgrounds the significance of research of hydrocyclone
pressure drop can be viewed from two aspects. One is its pre-
sentation of energy consumption for separation, and the other
is its competitive feature against separation capacity (that is,
small pressure drop means large room of improving separation
efficiency).
385-8947/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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Due to the complex of fluid flow in hydrocyclones, studies on
pressure drop have been experimentally carried out [5] in past
years. When a hydrocyclone is designed in a different way from
Thew’s type, new method must be developed to predict its pres-
sure drop. Martins et al. [10] derived a theoretical relationship
with coefficient and exponential index fitted from experimental
data, but effects of design parameters were not covered in it.
It seems that it is necessary to develop a stringent theoretical
algorithm for predicting the influence of design parameters on
pressure drop.

In a solid–liquid hydrocyclone, pressure drop is normally
referred to as the difference between inlet pressure and that
in the point immediately after overflow exit. This definition is
convenient due to the predominance of overflow rate over the
underflow rate and the fact that the overflow in many applications
remains the process stream. In a light dispersion hydrocyclone,
however, most of the fluid leaves hydrocyclone through under-
flow and the pressure drop from entry to underflow defines
the major energy necessary for separation. The present concern
focuses on the development of theoretical model for calculating
entry-underflow pressure drop.

In this paper, the pressure drop of a hydrocyclone is concep-
tually divided into two parts. One is called “dissipated pressure
drop”, corresponding to the pressure drop from entry 1 to the
point 2 joining cylindrical and conical section, as shown in Fig. 1.
It is the energy consumption due to the expansion of fluid flow
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energy. The objective of this paper is to develop a theoretical
model to calculate effective pressure drop of light dispersion
hydrocyclones.

2. Theory

2.1. Velocity distributions

It is important to know tangential velocity distributions in
a hydrocyclone for calculating pressure drop. Much work has
been done on velocity distributions inside solid–liquid hydro-
cyclones [12–16]. Generally it is considered that the follow-
ing form describes tangential velocity distribution in the main
flow:

uλr
n = C (1)

where uλ is the tangential velocity, r the radius coordinate, n the
index to be experimentally correlated, normally falling between
0.5 and 1, and C is a constant.

For light dispersion hydrocyclones, Thew et al. [17] stud-
ied residence time distribution characteristics and gave axial
velocity distribution. Wolbert et al. [18] introduced axial veloc-
ity correlation for small cone angle area as
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hannel, abrupt turn of fluid flow and fluid friction. The second
art is called “effective pressure drop”, that is, the pressure drop
rom point 2 to point 3 (joining conical section and tail section)
hown in Fig. 1. It is deemed that separation happens in the two
onical sections, and that the cylindrical section only serves to
ake a transition of fluid flow from linear movement at entry to

xially symmetrical flow in conical section [4,11]. The effective
ressure drop thus represents the effective energy for separation,
hat is, the energy for conversion from static energy to kinetic

Fig. 1. points for defining two kinds of pressure drop.
u1zw

= −3.33 + 12.0
R1z

− 8.63
R1z

+ 1.19
R1z

(2)

here the subscripts “1” and “z” denote small cone angle area
nd axial direction, and r and z are coordinates in cylindrical
oordinate system as shown in Fig. 2. R1z represents the radius
f hydrocyclone wall at axial level z1 (seen in Fig. 3). u1zw is
he superficial axial velocity at axial level z1, defined by:

1zw = Q

πR2
1z

(2a)

here Q is the inlet flowrate.
Eq. (2) describes measured axial velocity in small cone angle

reas of Thew type hydrocyclones. In a hydrocyclone different
rom Thew type, however, problems arise when we consider
hether Eq. (2) holds true.

ig. 2. Spherical coordinate system (ρ, θ, λ) and cylindrical coordinate system
r, λ, z).
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Recently, ZHAO and MA [11] developed a theoretical algo-
rithm for calculating migration probabilities of light dispersion
hydrocyclones and by solving the momentum equation in spher-
ical coordinate system (seen in Fig. 2) gave stream functions as

ϕ1 = σ1γ
2
1

{[
K1 − ln tan

(
θ1

2

)]
sin2 θ1 − (1 − cos θ1)

}
− D1(1 − cos θ1) (3)

and

ϕ2 = σ2γ
2
2

{[
K2 − ln tan

(
θ2

2

)]
sin2 θ2 − (1 − cos θ2)

}
− D2(1 − cos θ2) (4)

where ϕ is dimensionless stream function based on Q/2π, sub-
scripts 1 and 2 represent small cone angle area and large cone
angle area respectively, and γ is the dimensionless form of coor-
dinate defined by γ1 = ρ1/Rc and γ2 = ρ2/Rc. It should be noted
that points (ρ1, θ1) and (ρ2, θ2) are measured from their respec-
tive origins defined by intersected points of extended line of
hydrocyclone wall and central axis, that is, points O1 and O2 in
Fig. 3.

K, D and σ in Eqs. (3) and (4) are integral coefficients and
can be determined by:

K

D1 = 1 − F

1 − cos α1
(3b)

σ1 = D1

γ2
1u(1 + cos θ1u) ln[tan(α1/2)/ tan(θ1u/2)]

(3c)

K2 = 1

1 + cos α2
+ ln tan

(α2

2

)
(4a)

D2 = 1 − F

1 − cos α2
(4b)

where α and F denote semi cone angle and split ratio (the
ratio of the overflow flowrate to total inlet flowrate) respec-

tively, γ1u = ρ1u/R10, ρ1u =
√

R2
o + z2

1u, θ1u = arctan(Ro/z1u),
and z1u = Ru/tan �1. Point (Ro, z1u) (seen in Fig. 4) in cylin-
drical coordinate system corresponds to the point ϕ1 = 0 when
fluid immediately reaches underflow orifice.

In the same way, σ2 can be determined by:

σ2 = D2

γ2
2u(1 + cos θ2u) ln[tan(α2/2)/ tan(θ2u/2)]

(4c)

where γ2u = ρ2u/Rc, ρ2u =
√

R2
1m + z2

2u, θ2u = arctan(R1m/z2u),
and z2u = Rc/tan α2. R1m, z1u and z2u are all shown in Fig. 4.

Eqs. (3) and (4) can give stream function values at any
p
b

u

1 = 1

1 + cos α1
+ ln tan

(α1

2

)
(3a)
Fig. 3. Design parameters.
oints in the two cone areas. Then, velocity distributions can
e deduced as

∗
1r = −2σ1

1 − cos θ1

sin θ1
− D1

γ2
1

sin θ1 (5)
Fig. 4. Parameters for determining σ1 and σ2.
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Fig. 5. Comparisons of axial velocities calculated by Eqs. (6) and (2).

u∗
1z = 2σ1

[
K1 − 1 − ln tan

(
θ1

2

)]
− D1

γ2
1

cos θ1 (6)

u∗
1λ =

√
(V1/vel1)2 + 2σ1[ϕ1 + (1 − F )]

γ1 sin θ1
(7)

in the small cone-angle zone, and:

u∗
2r = −2σ2

1 − cos θ2

sin θ2
− D2

γ2
2

sin θ2 (8)

u∗
2z = 2σ2

[
K2 − 1 − ln tan

(
θ2

2

)]
− D2

γ2
2

cos θ2 (9)

u∗
2λ =

√
(V2/vel2)2 + 2σ2[ϕ2 + (1 − F )]

γ2 sin θ2
(10)

in the large cone-angle zone respectively, where superscript *

means dimensionless velocities based on vel1 = Q/(2πR2
0) in

the small cone angle area and on vel2 = Q/(2πR2
c) in the large

cone angle area. V1 and V2 are superficial maximum tangen-
tial velocities when fluid immediately enters small cone angle
and large cone angle area respectively, and defined by V1 =√

−(σ1QW1/πR2
0) andV2 = √−(σ2QW2/πR2

c). W1 and W2 in

Fig. 6. Element of fluid in a rotating body.

given by L1 = R0/tan α1. It can be seen that Eqs. (5)–(7) can give
reasonable good predictions in the main flow except points near
the wall where a laminar boundary layer exists.

2.2. Effective pressure drop

Consider a fluid element as shown in Fig. 6. Let the pressure
at radius r be p and at radius r + dr be p + (dp/dr) dr. Then
net pressure (neglecting second order terms) in r direction
(p + (dp/dr) dr)(r + dr) dλ dz − pr dλ dz − 2(p + (1/2) dp) dr dz
sin(dλ/2) balances the centrifugal acceleration of the element
ρ(r + (1/2) dr) dλ dr dz u2

λ/r + (1/2) dr.
Again neglecting second order term this becomes [12]:

dp

dr
= ρu2

λ

r
(11)

Eq. (11) is the generalized relationship describing
pressure–velocity relationship of a rotating fluid. It is of course
available in calculating pressure variations in hydrocyclones.

Now velocity components can be calculated according to Eqs.
(5)–(10). Take 30 mm Thew type hydrocyclone for example, cal-
culated tangential velocities in small cone angle area are shown
in Fig. 7. They can be well correlated in the form of Eq. (1) as
shown in Table 1.

Now that tangential velocities in both cone areas can be cal-
c
E
E
h
t

V1 and V2 definitions are superficial axial velocities, again when
fluid immediately enters small and large cone angle areas respec-
tively. They can be calculated by W1 = −(Q/π(R2

0 − R2
1i)) and

W2 = −(Q/π(R2
c − R2

2i)) where R1i and R2i correspond to the
points ϕ1 = F and ϕ2 = F immediately at entries of small and
large cone angle areas and are also shown in Fig. 4.

Through Eqs. (5)–(10), three velocity components at any
points in two cone areas can be determined. Calculation accord-
ing to ZHAO and MA’s algorithm [11] will be complicated, but
is very convenient because it is available for various hydrocy-
clones, rather than for Thew type only, whenever design param-
eters, operating conditions and fluid properties are given. Fig. 5
shows comparisons of calculated axial velocities in small cone
angle area according to Eq. (6) and those according to Eq. (2).
Calculations are carried out from r1 = Ro to r1 = R1z where each
r1 = R1z corresponds to the point at hydrocyclone wall at each
z1 level. L1 in Fig. 5 denotes the height of small cone angle area
ulated according to Eqs. (5)–(10) and correlated in the form of
q. (1), we can take tangential velocity in the form of Eq. (1) into
q. (11). Note that energy conversion from static to kinetic form
appens across whole downward outer flow region from r2 = Rc
o r2 = Ro (corresponding to points “o” and “w” in Fig. 8), and

Fig. 7. Tangential velocity distributions.
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Fig. 8. integration region from point “w” to point “o”.

integration in r direction should cover this region. This leads to:

�p = pw − po =
∫ Rc

Ro

ρu2
2λ

r2
dr =

∫ Rc

Ro

ρ(C/rn
2 )2

r2
dr

= C2
∫ Rc

Ro

ρr
−(2n+1)
2 dr (12)

�p = ρC2

2nR2n
c

[(
Rc

Ro

)2n

− 1

]
(12a)

Table 1
Correlated n and C in Eq. (1) for tangential velocity distributions

Axial level, z n C

L1/2 0.352163 0.0977404
2L1/3 0.364492 0.120813
5L1/6 0.373569 0.140209
L1 0.381381 0.158575

�p = ρu2
2λ,w

2n

[(
Rc

Ro

)2n

− 1

]
(12b)

where coefficient C and index n can be obtained by correlat-
ing tangential velocity distributions calculated according to Eqs.
(5)–(10), and u2λ,w = C/Rn

c is the tangential velocity near the
wall, that is, the calculated tangential velocity at point “w” shown
in Fig. 8.

Eq. (12a) or (12b) defines the pressure drop necessary for
energy conversion from static to kinetic form. As has been
explained in the introduction part, it denotes effective pressure
drop in cone areas of hydrocyclones.

3. Experimental

3.1. Experimental procedure

Experimental setup was established to measure pressure drop
in cone areas of light dispersion hydrocyclone, as shown in
Fig. 9. Fluid was pumped from water tank to hydrocyclone. The
flow rate entering hydrocyclone was adjusted by an adjusting
valve and measured by a turboflowmeter. The physical proper-
ties of fluid were obtained according to the fluid temperature
measured at hydrocyclone entry using a thermocouple. Another
turboflowmeter was used to measure the flowrate of underflow
s
i
B
f

for pr
Fig. 9. Experimental setup
tream, and by balancing the overall flowrates entering and leav-
ng the hydrocyclone the overflow flowrate can be determined.
oth underflow and overflow streams were led to water tank

or recycling. Pressure was measured at three locations, i.e. “A”,

essure drop measurement.
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Fig. 10. Testing hydrocyclone.

Fig. 11. Effective pressure drop vs. flowrate of hydrocyclone with cycloid inlets.

“B” and “C”, as shown in Fig. 10. Pressure data from manome-
ters were all within the accuracy of ±0.001 MPa. By adjusting
valves in underflow and overflow streams, split ratio.could be
varied.

3.2. Hydrocyclone

Main design parameters of testing hydrocyclone are shown
in Fig. 10a. There are twin inlets (Fig. 10b) leading fluid tan-
gentially entering hydrocyclone. Inlet fluid channels are varied
in terms of cycloid and involute forms with equivalent diame-
ter of 0.35Dc (where Dc is the diameter of cylindrical section).
Overflow diameter could be interchanged to be 6, 7, 8 or 9 mm.
Inlet flowrate varied within the range of 1–5 m3/h, while split
ratio covered 0.5–16%.

4. Results and discussion

Figs. 11 and 12 show comparisons of measured and cal-
culated effective pressure drop in conical section of hydrocy-
clone with cycloid and involute inlets respectively, at split ratio

Fig. 12. Effective pressure drop vs flowrate of hydrocyclone with involute inlets.

F = 6% and Ro = 4 mm. It is seen that calculated results are all
in very good agreement with measured ones. In the range of
flowrate tested, effective pressure drop can be well correlated to
flowrate by �pBC = −0.000816 − 0.00186Q + 0.00667Q2. The
calculated results are more or less higher than the measured
but differences between them can be neglected in a hydro-
cyclone design practice. Figs. 13 and 14 compare measured
and calculated effective pressure drop versus split ratio of two

Fig. 13. Effective pressure drop vs. split ratio of hydrocyclone with cycloid
inlets.



Q.-G. Zhao, G.-D. Xia / Chemical Engineering Journal 117 (2006) 231–238 237

Fig. 14. Effective pressure drop vs split ratio of hydrocyclone with involute
inlets.

inlet hydrocyclones at flow rate Q = 3.5 m3/h and Ro = 4 mm.
Effective pressure drop decreases with increase of split ratio.
Differences between the calculated and measured pressure drop
are clearly displayed in these figures, probably due to differences
between ideal symmetric flow assumption in theoretical model
and actual asymmetric flow during experiment. It is likely that
the central axis of exchangeable overflow tube does not exactly
superposed with hydrocyclone central axis, as shown in Fig. 15.
In this case the fluid must adapt itself to the actual overflow
orifice where upward inner flow spirals point to. This situa-
tion makes the actual diameter do1 of upward inner flow body
larger than the overflow tube diameter do and thus decrease the
effective pressure drop in terms of Eq. (12), leading to lower
pressure drop than predicted. The lower the split ratio, the more
prominent the effect. When split ratio increases, the experimen-
tal pressure drop would be close to the predicted. Fig. 16 gives
effective pressure drop variations with radius of overflow ori-
fice at Q = 3.5 m3/h and F = 6%. Pressure drop increases with
increase of overflow orifice radius. This phenomenon cannot be
directly observed from Eq. (12) because increase of u2

2λ,w with
overflow orifice radius Ro is not explicitly expressed. Again dif-
ferences between experimental pressure drop and the predicted
are clearly shown in Fig. 16. A tentative explanation can be made
as follows: it would be more difficult for upward inner fluid spi-
rals to point to smaller overflow orifice for a certain split ratio,
a

F

Fig. 16. Effective pressure drop vs. overflow orifice size.

Fig. 17. Calculated effective pressure drop vs the measured data for hydrocy-
clone with cycloid inlets.

Fig. 18. Calculated effective pressure drop vs the measured for hydrocyclone
with involute inlets.

installation of overflow orifice, resulting in higher experimental
pressure drop than the predicted. As overflow diameter increase,
this kind of difference would gradually disappear.

For a comprehensive comparison of calculated effective pres-
sure drop with those measured, data from Figs. 11–14, and
Fig. 16 can be incorporated into Figs. 17 and 18 for cycloid
and involute inlets respectively. From theses Figures, it is very
clear that though effective pressure drop data calculated accord-
ing to the approach developed in present paper are more or less
higher than the measured data they are on the whole in very good
agreement with the measured results.

5. Concluding remarks

A theoretical approach has been established for calculating
effective pressure drop of light dispersion hydrocyclones. It has
nd additional energy must be provided in the case of eccentric

ig. 15. Deviation of overflow central axis from hydrocyclone central axis.



238 Q.-G. Zhao, G.-D. Xia / Chemical Engineering Journal 117 (2006) 231–238

been verified that predicted results are on the whole in very good
agreement with those measured. According to this approach,
studies can be carried out on influences of design parameters on
effective pressure drop, and these influences have been implicitly
included in relationships of u2λ,w and n in Eq. (12) with design
parameters.
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