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Abstract

A review is given of separation methods based on
centrifugation. Attention is focused on separation of
mixtures of gases and droplets. More particularly
we consider: the method of gas centrifuges or ultra-
centrifuges to separate gases of different molecular
weight, and centrifugal separators to separate dro-

plets from gases. Elementary physical principles are
used to formulate basic equations. From here on,
rules are derived for separation performance, energy
consumption and size of the installations. Status of
technology of each of the methods is illustrated by
presenting actual cases of application.
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1 Introduction

Removal of unwanted components from gases is one of the
common unit operations in process technology [1, 2]. Exam-
ples include uranium enrichment, CO2 removal from flue
gases, synthesis gas, and natural gas, scrubbing systems, and
dew-point separators [3].

Separation of gases of different molecular weight by ultra-
centrifuges is a technology used for the large-scale production
of uranium [4]. In [5, 6], the potential of the process is explored
for separation of methane and carbon dioxide mixtures. Based
on experiments it is concluded that the process is too slow for
industrial application. In Sect. 2, it is shown on basic principles
that indeed the residence time for this separation method is in
the order of hours. For that reason, the primary operation of
industrial gas purification processes generally falls in one of the
following categories [3]:
– absorbtion into a liquid
– adsorbtion into a solid
– permeation through a membrane
– chemical conversion to another compound
– preferential condensation

All processes that involve a phase change tend to produce very
small particles or droplets [7]. Three principles used to achieve
physical separation of gas and liquids or solids are momentum,
gravity settling, and coalescing. Any separator may employ one
or more of these principles, but the fluid phases must be immis-
cible and have different densities for separation to occur [1].

If the gas is traveling too fast to allow the liquid droplets to
settle out under gravity, they become suspended (or entrained)
in the gas or vapor. These particles can be separated by fiber
bed filters but these are characterized by a very low throughput,
leading to large installations [8].

In an inertial separator, a change in flow direction is in-
duced. Separation is now achieved by a combination of centri-
fugal, gravitational, and inertial forces. A change in flow leads
to a pressure drop so the extra energy consumption has to be
merited by the reduction in residence time or size. As the resi-
dence time in a separator increases with decreasing droplet
size, the following order of separation technology with decreas-
ing droplet size is seen in industry [1]:
– gravitational separator
– vane pack
– cyclone

In the rotational particle separator (RPS) under discussion in
this paper, the strength of a vane pack separator, that is the
small distance to the collecting wall, is combined with the
strength of a cyclone, i.e., the high centrifugal force, by intro-
ducing a rotating coalescer in a cyclone. In Sect. 3, simple equa-
tions for the separation efficiency as function of geometry and
flow velocity for vane packs, cyclone, and RPS are derived. In
Sect. 4, the flow instabilities that set limitations to separator
performance are discussed. In order to validate the separation
efficiency equations and to see the onset of instabilities,
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detailed experiments comparing not only the incoming droplet
concentration, but also droplet distribution with the outgoing
concentration and distribution are described in Sect. 5. In
Sect. 6, the pressure drop of a cyclone is compared to that of a
RPS. Both vane-pack and RPS-type separators may need a
cleaning system under heavy dry loading. This aspect is dis-
cussed in Sect. 7 with the RPS as example.

The design rules of Sect. 2 give a good indication for the sep-
aration method to be selected for a given application, detailed
experiments and prototyping are necessary to come to a practi-
cal design for a given application. In Sect. 8, an example for the
development of the RPS as demister in the semi-cryogenic
process of condensed rotational separation to remove carbon
dioxide from methane is given. Conclusions are presented in
Sect. 9.

2 Gas Centrifuges

A gas centrifuge is basically a cylinder, filled with a gas mixture,
and rotates at high speed. Due to the large centrifugal forces,
the gas is pushed to the wall, resulting in a pressure gradient
[9]. Gases with different molecular weights have different parti-
al pressure profiles and their mole fraction profiles vary with
radius. The partial pressure of component i is given by [10, 11]:

pi ¼ pjð0Þexp
Miw2R2

2R0T

� �
(1)

M denotes the molecular weight, w the angular speed, R the
radius, and R0 the gas constant. For the ratio of the partial pres-
sures of the components, it can be written:

piðRÞ
pjðRÞ

¼ pið0Þ
pjð0Þ

exp
ðMi �MjÞw2R2

2R0T

� �
(2)

and the separation factor a that can be achieved is

a ¼
N

1�N

� �
R

N

1�N

� �
0

¼
piðRÞ
pjðRÞ
pið0Þ
pjð0Þ

¼ exp
ðMi �MjÞw2R2

2R0T

� �
(3)

where N is the component concentration. Centrifugal separa-
tion technology was developed for separating uranium isotopes
introduced into the centrifuge in the form of the gas UF6 where
the aim is to enrich a stream in the lighter isotope from the
heavier. The weight difference is only 3 molecular weight units
whereas the difference that will be obtained for industrial gas
separation is an order larger.

The separation time that is needed is governed by diffusion.
A single particle with diameter dp moving through a gas with a
smaller molecular diameter d1 is considered. dp is smaller than
the mean free molecular path l. For air under ambient con-
ditions, l = 0.07 mm. The mean resistance force experienced
by a particle with mean velocity <u> due to collisions is
<Fu> = b<u>. When dp is much smaller than the mean free
length, b ¼ 5

3
p2md2

p=l, where m denotes the dynamic viscosity
[12]. For dp >>l, b = 3pmdp, and combination yields:

b ¼
3pmdp

1þ C
; C ¼ 9l

5pdp
(4)

In a centrifuge, the centrifugal force is mpw2<r>, where mp is
the mass of the particle and equals the resistance force <Fu> so
the drift in the Langevin equation can be written as:

p
6

rpd3
pw2 < r >¼ b

d < r >
dt

(5)

or equivalently in the diffusion equation

d < r >
dt

¼ DDMw2 < r >
R0T

(6)

where D denotes the diffusivity. The time needed for separation
can now be estimated as

t»
R0T
DDMw2 (7)

Gas centrifuges typically operate at a speed of 103 rad s–1 [4].
With D = 10–5 m2s–1, DM = 25 g mol–1, and T = 300 K, a typical
separation time in the order of hours is obtained. The conclu-
sion is that direct centrifugal gas-gas separation is not practical
for large scale industrial separation. Increasing the pressure is
not that helpful for component separation in the gas phase, be-
cause to a first approximation, the product of diffusion con-
stant and pressure, pD, is constant, that is, at high pressures the
diffusion constant decreases.

3 Basic Principles of Inertial Separation

In this section, the principle of inertial separation in three basic
geometric configurations is examined: A bend, in which the
centrifugal force is induced by forcing the gas to change direc-
tion. This is the basis of vane packs (Fig 1 a). In axial cyclones
(Fig. 1 b), droplets are centrifuged outwards in the cylindrical
(or annular) space downstream of a swirl generator. In a rotat-
ing element (Fig. 1 c) the gas is led through channels, rotating
parallel to the rotation axis. The distance to the rotation axis is
far as compared to the inner (radial) channel height.

3.1 Vane-Type Separators

Vane-type separators are widely used in industry and separate
larger (> 10mm) droplets or particles from gases [1]. The vane-
type separator is represented by a flow through a single bend
(Fig. 2, [13]). Three forces act on a particle moving along a
curved trajectory with radius r and velocity vq: (i) the centrifu-
gal force Fc, (ii) a drag force Fd, and (iii) a buoyancy force Fbuo:
Fc = Fd + Fbuo. For particles with diameters ranging from about
0.5 mm to 25 mm, the fluid force can be described by Stokes flow
[14]. For smaller and larger particles, Cunningham and Rey-
nolds number corrections have to be introduced, respectively,
however, at a diameter of 1 mm, the effect is only ca. 10 %.
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Omitting it is a more conservative approach [15]. The radial
migration velocity of a particle can then be described as

vr ¼
ðrp � rf Þd2

pv2
t

18mr
(8)

rp and rf are the densities of the particle respectively the carrier
fluid. m denotes the dynamic viscosity of the carrier fluid and vt

the tangential velocity.
The attention can now be focused on the collection effi-

ciency. The trajectory of a particle can be described as dr/dq =
rVr(r)/vf with the assumptions that the velocity is uniform, no
secondary flows, and a tangential particle velocity equal to the
carrier fluid velocity vax. Integration gives

rðqÞ ¼ rð0Þ þ
ðrp � rf Þd2

pvax

18m
q (9)

With the assumption that the particles are uniformly distrib-
uted over the cross section, the efficiency of the separator can
be derived as

e ¼
rðqsepÞ � ri

ro � ri
¼
jrp � rf jd2

pvax

18mðro � riÞ
qsep (10)

The particle size that can be separated with 50 % efficiency
can now be determined as

dp50 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

9mdch

ðrp � rf Þvaxqsep

s
(11)

with the channel height dch ¼ r0 � ri. With the definition of
the particle relaxation time

t ¼
d2

p50ðrp � rf Þ
18m

(12)

Eq. (11) can be rewritten as:

tvane ¼
dch

qsepvax
(13)

In practice, the minimum channel height is restricted to
about a millimeter. The velocity is limited by liquid entrain-
ment and droplet break-up. Typical values are below 10 m s–1,
so the particle relaxation time that can be achieved with this
type of separator is in the order of 10–4 s. For air-water under
ambient pressure, this corresponds to a minimal dp50 value in
the order of 10 mm.

3.2 Cyclones

The axial cyclone consists of a stationary cylindrical pipe which
contains at the entrance stationary vanes or blades (Fig. 3).
Fluid which enters the pipe and passes through these blades at-
tains a swirling motion. Dispersed phase entrained in the fluid
acquires this swirling motion as well. Having a density which is
higher than the density of the carrier fluid, the dispersed phase
will be subjected to a centrifugal force which causes it to move
radially toward the cylindrical wall. It leaves the device via out-
lets situated at the end of the pipe constituting the axial cy-
clone. To find the dp50, Barth’s cyclone model [16] is used with
the assumptions that the maximum tangential velocity in the
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Figure 1. Centrifugal separator configurations.

Figure 2. Vane-type separator.

Figure 3. Axial cyclone.



core of the cyclone equals the inlet velocity and slip can be
neglected:

dp50 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

9mvaxR2

2ðrp � rf Þv2
t L

s
(14)

vt is the tangential velocity, L the length of the cyclone, and R
the radius. To derive this equation, it is assumed that the axial
velocity vax is constant over the radius.

Typical cyclones have a swirl ratio S = vt/vax of 1–2 and a L/R
of about 5 [15]. The axial velocity can be higher compared to
the vane type: in the order of 20 m s–1. The only free parameter
is now the radius: i.e., to achieve a dp50 of 10 mm the radius has
to be below 0.15 m. For higher volume flows multi-cyclones
have to be used.

3.3 Rotational Particle Separator

The inline version of the rotational particle separator (RPS) is
an axial cyclone within which a rotating separation element is
situated (Fig. 4) [17, 18]. The rotating element consists of a
multitude of axially oriented channels of diameter of about 1 to
2 mm. The separation process taking place in the channels of
the RPS is similar to that in the cyclone. In this case, for dp50

[18] can be derived

dp50 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

27mvaxdchR
2ðrp � rf Þv2

t L

s
(15)

3.4 Comparison of Basic Geometries

Now, the performance of the RPS can be compared to the vane
separator by looking at the ratio of dp50 for the same axial ve-
locities:

dp50;vane

dp50;RPS
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
36
27

1
qsep

L
R

S2

s
(16)

While the separation angle is limited to about qsep = p/2, the
ratio R/L can be used for the RPS to increase performance.

To obtain the same particle relaxation time for the same cy-
clone parameters vax, vt, and R/L, R = 3dch. The dp50 for the
RPS is constant, while the dp50 of the cyclone scales with

dp;cyc

dp;RPS
¼

ffiffiffiffiffiffiffiffiffi
R

3dch

s
(17)

For equal separation performance the following relation is
found

R2
cyclone

R2
RPS

¼ dch

3Rcyclone
(18)

This ratio is a measure for the difference in footprint be-
tween the cyclone and RPS for an equal separation perform-
ance. For the same separation performance, the footprint of the
RPS can be an order lower compared to a cyclone. In the same
volume, the RPS can separate particles or droplets that are an
order smaller.

Often the performance of a gas demisters is presented in the
form of a sizing or load factor as used in the Souders-Brown
equation [1]

Vt ¼ K

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rp � rf

rf

s
(19)

The load factor or characteristic gas velocity K is a direct
measure for the required footprint of the installation and has
the unit of velocity. In Fig. 5, the K value for the RPS is com-
pared to state of the art demisters.

3.5 Closure

Based on, among other things, the simplifying assumption of
uniform axial flow, a general expression for inertial separation
efficiency is derived as a function of dimensionless droplet size.
In [19, 20], their influence was investigated on the velocity pro-
file and channel shape. The influence of the Rankine vortex on
the separation performance is studied in [15, 21]. These effects
turn out to be of second order to the separation performance.
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Figure 4. Axial rotational particle separator.
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Flow instabilities and turbulence however may destroy separa-
tion performance and are discussed in the next section.

4 Flow Instabilities

Although at first glance simple and straightforward, the radial
motion of phases and particles in a channel is a subtle and sen-
sitive process. The smallest fractions aimed of being separated
are those which move with a radial velocity which compares to
the axial fluid velocity as the ratio of channel height to channel
length: cf. Eq. (15). In practical applications of the rotational
particle separator this ratio is very small, typically < 0.01. So
the smallest separated fractions move with radialvelocities
which are only one percent of the axial fluid velocity. If now
secondary fluid flows occur in planes perpendicular to the axial
channel axis which are only one percent in magnitude of the
axial fluid velocity, the process of radial migration of the small-
est separated fraction may already be disturbed.

Unwanted secondary flows can occur in case the symmetry
axis of a channel is at an angle with respect to the rotation axis:
For example, by fabrication inaccuracy, the channels can be
twisted around the symmetry axis of the filter element, or they
can diverge or converge as their distance from the axis of the
filter element increases (or decreases) in axial direction. Corio-
lis forces will act on the fluid as soon as the fluid flow is non-
parallel to the rotation axis. Such forces lead to circulatory
secondary flows in planes, perpendicular to the axial channel
axis [23] of a kind similar to the circulatory flows in bends. For
circular pipes, it is possible to calculate these flows analytically
as solutions of the Navier-Stokes equation obtained under cer-
tain limiting conditions which coincide with the conditions
under which the rotational particle separator operates [24]. In
practical design it implies that nonparallelity of channels must
be limited to specific values, to angles of inclination of a few
degrees in typical cases.

Usually, the flow in the channels of the filter element is kept
in the laminar regime to prevent capture of particles or drop-
lets in turbulent eddies or swirls. In case of large volume and or
high pressure applications, the laminar flow condition may im-
pose a too severe restriction on the design.

In most cases, the Reynolds number is low enough for the
flow and particle behavior to be studied in detail by means of
direct numerical simulation (DNS) of the fluid flow and
Lagrangian particle tracking [25]. The results of DNS reveal
that an axial vortex is present in the flow, caused by the rota-
tion, but also that this vortex hardly influences the collection
efficiency. However, turbulent velocity fluctuations have a neg-
ative influence on the collection efficiency, especially for larger
particles (Fig. 6). In order to meet design criteria in practice,
the length of the RPS should be chosen about 20 % larger than
laminar design criteria prescribe to obtain the same collection
efficiency. The results confirm that when the rotational particle
separator is used as a bulk separator and a strictly defined cut-
off diameter is not required, the working range can be extended
in the turbulent range to enhance the throughput within the
same volume constraints. This is a major advantage in offshore
applications where platform space and load capacity are at pre-

mium and in recent designs of the RPS for natural gas treat-
ment that operate in the turbulent regime [20, 26].

5 Experiments

Two measurement methods are used to assess the performance
of centrifugal separators: laser diffraction and impactation.
Laser diffraction is based on the phenomenon that particles
illuminated by a laser beam scatter light at angles that are in-
versely proportional to the size of the particles. Large particles
scatter at small forward angles while small particles scatter light
at wider angles. Mie theory is used to establish the relation
between the scattered energy distribution on the detectors and
the particle size distribution. In both cases, the measurement
setup is such that the droplet distribution of a nozzle can be
measured with and without the separator in place. If the nozzle
droplet distribution overlaps the separator cut-off diameter, the
separator efficiency as function of the size can be deduced from
both droplet size distributions. The other apparatus used is an
Anderson-type cascade impactor whereby particles within a
size class are collected on a specific stage of the impactor.

5.1 Vane-Type Separator

As representative for bend-type separators, a moisture separa-
tion panel as applied to the inlet of turbo machinery was used.
The experimental set-up was similar to [27] and comprises a
Malvern Mastersizer S laser diffraction device. Based on the
fixed dimensions of the laser diffraction device, a square test
duct with external dimensions of 220 mm was used to guide
the air and droplets to the water droplet panels and through
the Mastersizer (Fig. 7). Complying with standard installation,
a fan was installed downstream of the duct. The laser measure-
ment is located about 300 mm downstream of the outlet of the
water droplet catcher panels to have sufficient mixing down-
stream the separator panel without significant evaporation of
the droplets. Before each spray spectrum measurement is done,
with or without the moisture separator panel in place, the set-
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ting of the fan is checked by measuring the velocity in the mid-
dle of the duct with a hot wire measuring device. Analysis of
the moisture separator panels was done at 3 m s–1 and 5 m s–1.

A typical measurement result is depicted in Fig. 8. Each data
point represents three measurements of both the nozzle distri-
bution and the distribution after the separator. Curve (1) is the
measured droplet volume distribution without a separator in
the duct. Curve (2) is measured with the separator mounted
between the nozzle and the measuring spot. Curve (3) is curve
(2) scaled to curve (1) using the measured concentration. The
probability P that a particle of a certain diameter passes
through the separator is found by dividing the values of curve
(3) by those of curve (2). The efficiency is equal to the probabil-
ity that a particle is caught in the separator or e= 1 – P. Conven-
tionally the cut-off diameter of a separator is characterized by
the dp50; the diameter of the particle that has a 50 % probability
of passing through the separator (22 mm in the case of Fig. 8).
The reached accuracy is below 5 % in the efficiency.

The measured efficiencies scaled to their respective dp50 are
presented in Fig. 9. The three panel types have slightly different
geometries but all panels essentially depend on two bends for
the removal of droplets. Consequently, the curves overlap each
other despite their difference in dp50. The exception is panel
type 3 at the higher velocity of 5 m s–1, here re-entrainment or
flooding occurs, a phenomenon reported since 1939 [28]. It
can be concluded that the dp50 indeed is a good measure to
compare the performance of geometrically similar moisture

panels as the efficiency distribution hardly changes. Neverthe-
less, the distribution should be measured to establish the oper-
ating limits of a specific panel.

5.2 Cyclone

The demisting stage of gas-liquid scrubber vessels usually con-
sists of a bank of axial cyclones (swirl tubes), working in paral-
lel. The efficiency of a single commercial swirl tube was mea-
sured in the way explained in the previous section. Since the
droplets leaving the cyclone are in the range 1–10mm, the lens
of Malvern’s Mastersizer S was too small; instead the Spraytec
was used.

During measurements the cyclone was contained in a bigger
pipe (diameter 200 mm), simulating a scrubber vessel with up-
wards gas flow. Nozzles injected a constant amount of water in-
to an adjustable airflow. Droplet distributions and concentra-
tions were measured in the open outflow above this pipe. The
efficiency is determined taking a dummy cyclone without swirl
element, i.e., vanes and body removed, as reference. Measure-
ments were done at eleven flowrates, for which the correspond-

ing values of dp50 were calculated according to
Eq. (14). Fig. 10 shows the combined result of all
measured efficiency curves [21].

5.3 Rotational Particle Separator

Many RPS devices have been designed and tested
over the past 15 years, e.g., ash removal from flue
gas of combustion installations, air cleaning in do-
mestic appliances, product recovery in pharma-
ceutical and food industry, oil/water separation and
gas demisting, see Fig. 11 [17, 19, 20, 26, 29, 31, 32].
Particle collection efficiencies were determined by
measuring distributions at the inlet and outlet us-
ing cascade impactors and laser particle counter
techniques. For each of the cases, the value of dp50

was calculated according to Eq. (15). These were
subsequently used to generate separation efficiency
distributions as a function of dimensionless particle
diameter dp50. Results are shown in Fig. 12. For rea-
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Figure 7. Experimental set-up.
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sons of comparison, the theoretical curve is shown as well.
The results of the measurements are consistent with each
other and compare sufficiently well with theory for design pur-
poses.

5.4 Closure

The basic equations of Sect. 3 describe the performance of well-
designed centrifugal separators well in the absence of flow in-
stabilities mentioned in Sect. 4 and can be used for a first order
comparison of performance. For the design of these devices a
detailed numerical and experimental analysis of the flow is
however still required to find the real performance, see [15, 27]
amongst others.

6 Power Consumption

The power consumption of both RPS and cyclone is investi-
gated in detail in [15]. Energy consumption occurs mainly
through the pressure drop the fluid undergoes when flowing
through the apparatus. One can assume that swirl induced at
the entrance, and associated radial pressure buildup, is eventu-
ally lost: the irreversible pressure loss can be taken equal to
rf v2

t . The total work loss can be calculated by integrating over
all radial positions. For vt and vax constant with respect to r, the
result is _E ¼ rf v2

t Q, where Q is the volume flow. Energy con-

sumption per unit mass flow e ¼ _E=ðrf QÞ then amounts to
e ¼ v2

t .
The flow through the channels of the filter element of

the RPS constitutes an extra pressure loss of
Dpch ¼ rf vax

2fL=ð2dchÞ. The friction factor for laminar flow in
a round channel is f ¼ 64m= rvaxdchð Þ. Here, the extra pressure
losses due to entrance effects, as well as blockage of channels,
are disregarded in practice these amount to < 10 % of the chan-
nel pressure drop. It has been shown that as liquid builds up
on the channel walls, shear stress exerted on the liquid is large
enough to tear the liquid stream into large separable droplets
downstream of the rotational particle separator [28]. For the
specific energy consumption, the following can be written:

ech ¼
S64mL
rf d2

ch

vt ¼ Oð1Þvt (20)

which, in most cases, can be neglected compared to the swirl
term v2

t . It can therefore, be concluded that the energy con-
sumption of an RPS is comparable to a cyclone in first order.

7 Loading

For certain applications, filter cleaning involves removal of the
filter element from the apparatus and followed by cleaning and

reintroduction or by replacement. For
most industrial applications, however,
in situ filter cleaning is preferred, with
or without limited interruption of the
filtering process.

For air-jet cleaning, a nozzle is fitted
on top of the rotational particle separa-
tor which can move radially from inner
to outer radius of the filter element.
Once the channels of the filter element
become saturated with particulate mate-
rial, the jet starts to blow into the chan-
nels. This can occur during normal filter
operation. The radial width of the noz-
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Figure 10. Measured cyclone efficiency as a function of the par-
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Figure 11. Rotational particle separator designs.
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Figure 12. Efficiency of the rotating particle separator.



zle compares in size with the height of
the channels, i.e., a few millimeters.
Due to filter rotation, a moment will
occur when the channel has passed the
column of air blown from the nozzle.
At this moment, expansion waves start
to develop from the top of the channel
resulting in intense cleaning of the
channels [22]. It has been established
that about 1 kg of fine particles material
collected in the channels can be re-
moved by injecting about 1 kg of com-
pressed air at 6 bar.

As alternative to air or other gases,
cleaning of the filter element may be ac-
complished by periodically injecting
water or other liquids. In practice, it has
been established that (hot) water at pres-
sures of 50 to 100 bar can be injected us-
ing the same nozzle as the one used for
air. It offers the possibility to clean the
filter from time to time very thoroughly with (hot) water, in addi-
tion to a regular air cleaning. It is particularly interesting for ap-
plications where high standards of hygiene apply.

A third method for removing particle material from the
channels of the filter element is to continuously add liquid.
This can occur by dispersing a spray of fine liquid particles
which are subsequently centrifuged towards the outer walls of
the channels of the filter element. Here, they form a liquid film
which moves downwards and which carries away the other
(solid) particles. The wet version of the rotational particle sepa-
rator appears to be an attractive alternative to existing wet
scrubbers often employed in the chemical and process industry.
In contrast to wet scrubbers, in the rotational particle separator
water is not injected to separate particles, but only to transport
particle material being centrifuged towards the walls. This re-
sults in much lower, by up to two orders of magnitude,
amounts of washing liquids [32].

In liquid applications, a film is builds up along the walls of
the channels. The speed at which the film can be drained deter-
mines the maximum liquid load. Both theory and experiments
show that liquid loads up to 50 %mass can be drained effectively
[33, 34].

8 Rotational Particle Separator
Demister

The introduction of the RPS as a gas demister in large volume
applications [32] presented a number of new design issues, the
most important being the behavior under high pressure and
the ability to cope with large liquid loads. In this section, the
development of the RPS demister is described.

8.1 Rotational Particle Separator Demister Design

Gas containing a mist of droplets enters the unit via a tangen-
tial inlet (Fig. 13). First coarse droplets, larger than 10 mm, are

separated in the pre-separator section. The pre-separator acts
as a cyclone and collects the droplets in the stationary pre-sep-
arator collection volute. This liquid leaves via the tangentially
connected pre-separator liquid outlet.

The gas stream, containing the remaining mist of mainly mi-
cron-sized droplets, enters the rotating element (Figs. 13 and
14 a). In the design point the rotating element can be driven by
the impulse of the rotating flow. An external drive and free-
wheel can be added for rotating speed, and thus separation,
control. While traveling in the axial direction through the ro-
tating channels, the droplets are driven to the channel walls by
centrifugal force and coagulate into a thin film (Fig. 14 b). The
rotating element thus acts as a droplet coalescer. For optimal
film behavior and minimal pressure drop the flow direction
through the element is downward [17] out of the channels.
Due to gravitational and shear forces, the film is forced.

At the end of the channels the film breaks up into droplets
of typically 50 mm (Fig. 14c). The outer wall of the rotating ele-
ment extends in the axial direction beyond the end of the chan-
nels the post-separator section (Fig. 13). This ensures that the
solid body rotation of the gas stream leaving the element is
maintained. Droplets that break up at the end of the channels
are centrifugally separated from the gas in this rotating field,
and collected in a film on the rotating outer wall.
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Figure 13. High volume RPS demister design.
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The liquid film leaves the gas stream at the end of the
extended outer wall of the rotating element towards a non-
rotating post-separator collection volute. The liquid still con-
tains significant momentum, which drives a standing film (F)
within the stationary volute. Via the tangentially connected
post-separator liquid outlet, the liquid leaves towards a collec-
tion vessel. The inner wall of the collection volute (G) keeps
the liquid separated from the product gas flow. This wall
prevents re-entrainment of liquid due to splashing in the post-
separator.

8.2 Prototypes

The capability of the RPS to separate micron sized droplets is
also the core of the process of condensed rotational separation
whereby a phase change is induced to separate unwanted com-
ponents from gases. In CRS, droplet wise partial condensation
is induced by fast pressure and temperature reduction (expan-
sion in a Joule-Thomson valve or a turbo-expander. Fast ex-
pansion generates instant bulk-cooling, which supersaturates
the gas when expanded into a vapor-liquid two-phase region
and drives condensation by means of nucleation and droplet
growth. Within milliseconds, a mixture of vapor and micron
sized droplets is obtained in concentrations according to ther-
modynamic phase equilibrium [36].

The first prototype (Fig. 15 a) was a bench scale unit de-
signed for low temperature separation of CO2 from CH4 and
N2 in a lab scale expansion pilot (–55 �C, 27 bar, 60 nm3 h–1) to
verify the CRS principles [17, 37, 38].

Since centrifugal separation is a process that is sensitive to
design details that are easily overlooked in CFD simulations, a
visually accessible industrial scale prototype (natural gas flow
equivalent 90 000 nm3 h–1 at 40 bar, –55 �C) has been built. This
RPS was operated with water and air under ambient conditions
(Fig. 15 b) to investigate subsequently high liquid loading and
separation performance under semi-turbulent conditions in the
rotating element [17, 21]. Performance was found to be accord-
ing to expectations.

The next step was a pressurized RPS-demister, capable of
handling a flow of 920 nm3 h–1 at 8 bar and –20 �C, to proof
construction according to industrial standards [20]. This RPS
was tested at Eindhoven University with water and air in the
same way the atmospheric 90 000 nm3 h–1 prototype was tested.
Again, the performance was found to be in agreement with
design specifications [20]. In 2013, this RPS was subsequently
installed in a slipstream of Enexis’ gas grid (Fig. 15 c) behind a
pressure reduction section (40 to 8 bar) for the removal of
heavy liquid contaminants and is running since summer 2013.
In phase II of the Enexis project this RPS demister shall be re-
placed by an up-scaled version that takes on the full natural gas
flow of 6500 nm3 h–1.

9 Conclusions

It has been shown that a purely gaseous separation process is
too slow for practical application. Process intensification can
be achieved by condensation of molecules to much larger par-
ticles. The separation performance of centrifugal separators ex-
pressed as the diameter of the particle that has 50 % chance of
separation, dp50, is a function of three independent process
parameters: residence time, specific energy consumption, and
volume flow. These three parameters can be used as a basis for
comparison between different separator configurations.

If the carrier fluid is a gas, then the separation performance
of a centrifugal separator as a function of volume flow varies
only slightly with pressure. An increase in operating pressure
leads at equal mass flow rate to a smaller volume flow rate,
and thus, to a better separation performance or smaller equip-
ment.

The RPS can catch droplets down to 1 mm with practically
100 % efficiency. The principal advantage of the RPS over the
cyclone thus is that for same residence time, i.e., building vol-
ume, and same rotational speed, i.e., pressure drop, it can sepa-
rate much smaller droplets, typically 5 to 10 times smaller.
Alternatively the RPS can separate the same droplet size as a
cyclone in a 10-times smaller volume. The pressure loss

amounts to roughly 2 % of the pressure of the in-
coming gas.

To proof reliability, a RPS is designed, manufac-
tured and installed in a natural gas distribution sta-
tion to remove condensate. A new RPS for the full
flow of 6500 nm3 h–1 is ready for installation. Low
temperature separation offers a large energy ad-
vantage compared to absorption techniques.

The authors have declared no conflict of interests.

www.ChemBioEngRev.de ª 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioEng Rev 2014, 1, No. 6, 262–272 270

Figure 15. Constructed RPS-Demisters.
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Symbols used

C [–] factor
D [m2s–1] diffusion constant
_E [W] work loss
d [m] diameter
e [m2s–2] specific power per unit mass flow
F [N] force
f [–] friction factor
K [m s–1] load factor
M [g mol–1] molecular mass
p [bar] partial pressure
Q [m3s–1] volume flow

R [m] radius
r [m] radius
R0 [J K–1mol–1] universal gas constant
S [–] swirl ratio
T [K] temperature
t [s] time
u [m s–1] velocity
V [m s–1] velocity
v [m s–1] velocity

Greek symbols

a [–] separation factor
b [Ns m–1] factor
e [–] efficiency
l [m] free molecular path
m [Pa s] dynamic viscosity
r [kg m–3] density
t [s] time constant
q [rad] angle
w [rad s–1] angular velocity

Subscripts

ax axial
buo buoyancy
c centrifugal
ch channel
d drag
f fluid
p particle
r radial
t tangential
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