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Today’s mechanical fluid separators in industry are mostly operated without any control to maintain efficient separation

for varying inlet conditions. Controlling inline fluid separators, on the other hand, is challenging since the process is very

fast and measurements in the multiphase stream are difficult as conventional sensors typically fail here. With recent

improvement of process tomography sensors and increased processing power of smart computers, such sensors can now

be potentially used in inline fluid separation. Concepts for tomography controlled inline fluid separation were developed,

comprising electrical tomography and wire mesh sensors, fast and massive data processing and appropriate process con

trol strategy. Solutions and ideas presented in this paper base on process models derived from theoretical investigation,

numerical simulations and analysis of experimental data.
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1 Introduction

Separation processes are present in many industries. In par
ticular, they are vital to the oil industry, e.g., in the petro
leum exploration and refinement. In oil exploration, for
instance, the separation of the crude oil from other compo
nents (water, gas and sand) in the flow coming from the
well is achieved by exploiting the difference in the density
of these elements. Density driven separation methods typi
cally employ gravitational or centrifugal effects. Gravity
tanks (such as settling tanks or three phase separators) are
devices that rely on gravity to separate phases from a mix
ture, while cyclones take advantage of the centripetal force
to achieve the separation. Fig. 1 shows simplified schematics
of a gravitational separator (a) and a cyclone (b) on the ex
ample of oil water separation.

The vertical velocities of individual rising oil and settling
water droplets inside a gravity tank are determined by the
balance between the buoyancy, gravity and drag forces.
Therefore, this balance determines the time scale of the
separation process. Simultaneously, the flow continuously
crossing the separator generates a horizontal motion of the
particles, defining their residence time inside the device. A
successful separation is achieved when the residence time is
greater than the separation time. However, this leads to very
large devices when small droplets need to be separated as
their vertical velocities are low. In the petroleum industry,
for instance, gravity separators may be up to 25 m in length
and 3 m in diameter [1].

Cyclones are simple and robust alternatives to overcome
the size problem of gravitational separators. These devices
are designed to generate accelerations much higher than
gravity (up to 100g) via a swirling of the mixture. The much
higher driving force inside cyclones results in a tremendous
decrease in the separation time, which allows a considerable
reduction in the size of the equipment. The compactness of
cyclones in relation to gravity tanks makes them especially
attractive to offshore petroleum exploration, due to the
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spatial limitation of the platforms [2, 3]. Moreover, cyclones
are already being used in the petroleum industry, e.g., to
remove oil from the water before discharging it into the
ocean.

An inline fluid separator is a special type of cyclone sepa
rator. The difference is the flow direction of incoming fluids
[5 7]. In the cyclonic separator (Fig. 1b), the multiphase
flow is entering tangentially while in an inline fluid separa
tor the fluid is entering axially (Fig. 2a). The inline fluid sep
arator has a simpler design and its main parts are the pipe,
a swirl element, a pickup tube and control valves.

However, some care must be taken when using cyclones
and swirl separators. An oversized swirl motion shatters the
oil droplets into smaller elements, which can lead to emul
sions. The optimal operation points of swirl flow with
respect to separation efficiency are strongly dependent on
the individual flow rates (e.g., of oil and water) and on the
size of the oil droplets at the inlet [4], which can vary in
time. In addition, the swirl flow inside the swirl separator is
intrinsically unsteady, leading to a time dependent and
non optimal separation of the phases.

The unsteadiness of both the inlet flow conditions and
the flow dynamics inside the swirl separator makes it desir
able to have a real time control of the device. The complex
ity of the process and its short time constants are challenges
to be overcome. In our concept, the control of the process
will be achieved by using tomographic techniques that can
provide rich real time information of the phase distribution
upstream and downstream of the swirl element, and a sim
ple reduced order model of the flow dynamics that can be
used for real time computer control. To test this rather new
approach we yet perform experimental designs and analysis
on the example of air water separation, which is somewhat
easier to do, but plan to extend the experimental part to
oil water separation later on.

2 Concepts of a Controlled Inline Fluid
Separator

Two potential concepts of a controlled inline fluid separator
are illustrated in Fig. 2. These concepts are based partly on a
fundamental design that was already developed in previous
works of Slot [9], van Campen [4], Star [10] and Knöbel [11].
The core element of inline fluid separation is a swirl element
inside a pipe that converts pressure into fluid angular momen
tum via its curved blades. The centrifugal effects, thus, push
the heavier fluid towards the wall of the pipe, and the lighter
fluid starts to accumulate around the pipe’s center line. The
lighter phase, which is gas here, is extracted either by a down
stream pickup tube (design 1) or via a reverse flow through an
extraction channel in the swirl element (design 2). The heavier
phase (here water) leaves the separator straight ahead. Up
stream and downstream of the swirl element there are tomo
graphic sensors. In the experimental arrangement this will be
wire mesh sensors upstream and an electrical resistance
tomography (ERT) sensor downstream the swirl element.

The tomographic sensor upstream of the swirl element is
actually a pair of wire mesh sensors, which allows measur
ing both gas fraction and gas velocity simultaneously. This
provides the control system with information about the
incoming flow. The ERT sensor monitors the gas vortex
created by the swirl element. The choice of sensors is moti
vated by the following considerations. The wire mesh sensor
is a very fast instrument with a typical image rate of
10 000 frames per second. It can obtain gas fraction distribu
tions with high rate and accuracy. A further advantage it that
it needs less data processing, as it requires, e.g., no image
reconstruction. However, the sensor is intrusive and, hence,
not suitable for the downstream gas core measurement, as it
would create severe interaction with the gas core. There, the
ERT sensor as a non intrusive instrument is much better
suited. Moreover, ERT sensors can give some 3D informa
tion in principle. However, due to inherent relaxation time
constants and image processing, the ERT sensor is somewhat

www.cit-journal.com ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Ing. Tech. 2020, 92, No. 5, 1 11

Figure 1. Common separator types used for oil water separation. a) Gravity tank, b) cyclone separator.
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slower with a rate of about 10 frames
per second. This has to be taken into
account when designing the control
part. More details of the tomographic
imaging sensors are given below. The
instrumental part is further comple
mented by pressure transducers up
stream and downstream of the swirl
element and at the outlets to yield
additional dynamic pressure drop in
formation for control. Furthermore,
it is foreseen to capture the flow from
the gas and liquid outlets and mea
sure the gas carry under and the
liquid carry over in each stream via
scales. A CAD view of the test section
is given in Fig. 3 for illustration.

Chem. Ing. Tech. 2020, 92, No. 5, 1 11 ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cit-journal.com

a)

b)

Figure 2. Two conceptual designs of a controlled inline fluid separator with tomographic imaging sensors and a controlled pressure reg
ulator. a) Downstream gas extraction with a pickup tube; b) reverse gas extraction through the swirl element.

Figure 3. Experimental test section for the controlled inline fluid separator.
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3 Control Strategy and System

Control of an inline fluid separator is a critical issue as the
flow changes are fast and the imaging sensors produce some
latency due to image processing and data reduction. Differ
ent strategies are being considered for the control step. As a
classical controller a model predictive control concept is
pursued (Fig. 4). It is based on a combined feedforward
(predictive) action based on the wire mesh sensor signals
and a feedback action basing on the ERT sensors operated
at a lower frequency. Both the feedforward and the feedback
part will be first implemented via black box transfer func
tions using sensitivity matrices obtained from experiments.
A next step is to convert the black box into gray box mod
els using the reduced order modeling described below. Later
an extension to other controller types, such as controllers
based on deep neural networks is envisaged.

4 Wire-Mesh Sensors

A wire mesh sensor consists of two planes of parallel wires
placed in a pipe cross section [13]. They are separated by a
short distance and arranged so that they form an angle of
90� to each other. The phase fraction (ratio of air to water)
in the crossing points is obtained via electrical conductivity
by successively applying voltages to wires of one plane and
measuring electrical current flow to wires of the second
plane. The image acquisition rate is 10 000 frames per sec
ond and the spatial resolution of the sensors is ~3 mm.
Fig. 5 shows a photography of the wire mesh sensors used
in this study.

The fundamental parameter received from the wire mesh
sensor is the local gas fraction e in each wire crossing. From
that, the total cross sectional gas fraction over time can be
computed, which is

e tnð Þ ¼
X

i

X
j

ai;jei;j tnð Þ (1)

Here, ei,j is the gas fraction in crossing point (i, j), ai,j are
weights associated with the crossing points and tn is the
temporal sampling point. The ai,j mainly account for the
round boundary of the wire grid.

Gas phase velocity can be obtained with a pair of two
wire mesh sensors mounted adjacent to each other with a
small axial displacement in the pipe (Fig. 6). To do this, the
cross sectional averaged gas fraction readings from both
sensors are cross correlated giving the cross correlation
sequence

X kð Þ ¼
X

n

e1 tnð Þe2 tnþkð Þ (2)

Cross correlation is practically done via fast Fourier
transformation (FFT). Its maximum value Dk gives the dis
crete temporal displacement for maximal similarity. Eventu
ally, the average gas phase velocity �ug is then computed as

�ug ¼
DL

DkDT
(3)

with DT = 1/fs being the sampling time step, fs

being the sampling frequency and DL being the
axial distance between the two sensors. Both gas
fraction and gas velocity calculation have been
implemented into a fast FPGA hardware for
online data processing to provide this informa
tion to the control system.

Experiments were performed at Helmholtz
Zentrum Dresden Rossendorf to study the rela
tionship between upstream and downstream
behavior of the two phase flow in an inline fluid
separator using wire mesh sensor upstream and
a camera to observe the gas core downstream. In
the investigations it was found that the gas core
average diameter is correlated with inlet gas
fraction within an uncertainty band of ±15 %
[14]. This proved that the wire mesh sensor can
be used as a predictor for the forward control.

www.cit-journal.com ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Ing. Tech. 2020, 92, No. 5, 1 11

Figure 4. Generic control concept for the inline fluid separator.

Figure 5. Wire mesh sensor.
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5 ERT Sensor

For tomographic imaging in the gas core region, electrical
resistance tomography (ERT) is applied. This sensor
technology was first introduced for medical applications in
1984 [16]. Recently, this tomography variant has been
further developed for process imaging and monitoring
[17, 18]. The two most common modalities are electrical
capacitance tomography (ECT) and electrical resistance
tomography (ERT). As we deal with a conducting liquid,
ERT is used.

Here, the main focus is on the detection of the gas vortex
and the measurement of its diameter. The tomography
principle consists in retrieving cross sectional information
of a media in a noninvasive way [15]. Being noninvasive in
this region is very important as an intrusive sensor may dis
turb the flow and, hence, separation efficiency. A conven
tional ERT system is composed of three main parts: (i) sen
sor, (ii) data acquisition electronics and (iii) software for
image reconstruction and visualization [19]. ERT sensors
are used to obtain conductivity distribution of the flowing
mixture and this is achieved by placing sensing electrodes at
the periphery of the flow domain, while remaining in con
tact with the targeted medium [20]. The special excitation
measurement scheme, used to obtain pairwise electrical im
pedances and image reconstruction, is based on a forward
model of electrostatic field propagation. A commercialized
measurement system Flow Watch together with WebRoc
imaging software from Rocsole Ltd. is being used within the
inline separation demonstrator. The Flow Watch system
applies a voltage injection current measurement scheme
such that one electrode is used as excitation electrode V1

(source electrode) and the remaining electrodes (sink elec
trodes) are used for measurement as shown in Fig. 7 [21],
while V0 is ground voltage.

The physical sensor comprises 16 stainless steel elec
trodes of 12 mm head diameter and 5 mm thread size per
electrode. They are placed equidistantly on the inner surface
of the pipe. In order to avoid cross talk, the electrodes are
well separated by about 5.7 mm. Electrodes were placed

inside the pipe by drilling holes and are sealed using rubber
sealing of 2 mm thickness. In order to match the impedance
range of the signal with the target media the electrodes are
connected to the electronics using a signal conditioning
unit. This unit amplifies or damps the excitation voltage
depending on the conductivity of the media under investi
gation. Coaxial RF connectors (MCX) were used for the
connection between measurement electronics and the sen
sor. The Flow Watch system can be used for data acquisi
tion and live image reconstruction. The data acquisition
rate is 16 Hz and the image reconstruction rate is 4 Hz. For
reconstruction, the dynamical Bayesian estimation method
is employed. To observe the vortex, it is important to find
an appropriate distance from the point of mixing to the
point where stable vortex is formed. After some experimen
tal analysis a distance of 500 mm downstream the tip of
swirl element was found to be appropriate.

Preliminary experiments with tap water and air in a pipe
of 90 mm diameter were conducted at the Liquid Gas Flow
Research Facility of Tom Dyakowski Process Tomography
Laboratory (Lodz University of Technology, Poland). The
swirl element has been placed 1 m downstream the air and
water injection point. Gas pressure and liquid flow rate
were varied. Exemplary results for stable gas core are shown
in Fig. 8 (pressure between 0.5 and 2.0 bar and liquid flow
rates between 10 m3h–1 and 25 m3h–1). As image reconstruc
tion is slow, current work aims at accelerating this by fast
linear reconstruction schemes and applying a direct raw
data analysis.

Chem. Ing. Tech. 2020, 92, No. 5, 1 11 ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cit-journal.com

a) b)

Figure 6. a) A pair of wire mesh sensors used for gas phase
velocity measurement mounted with axial distance DL in the
flow loop; b) cross sectional images of largest cross correla
tional similarity having a discrete temporal spacing Dk.

Figure 7. Schematics of an electrical resistance tomography
front end with voltage injection current measurement protocol.
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6 Fast Data and Image Processing Hardware

Recently, the increasing computational capabilities of com
puters to process massive data at high rate has made it pos
sible to use tomographic sensors to quantify physical prop
erties of a process in an industrial environment in real time.
Tomographic sensors, like wire mesh sensors and ERT sen
sors, are generating large data sets. Two main parallel pro
cessing architectures are being used for concurrent compu
tation. One of them is the field programmable logic array
(FPGA) and the other is the graphic processing unit (GPU).
Both differ in how an algorithm is being executed.

The parallel computing platform CUDA (computer uni
fied device architecture) from Nvidia is used to prototype
the algorithm for processing of tomographic sensor data.
CUDA gives the ability to control a massively parallel pro
cessing environment and the algorithms have been tested
on a Nvidia RTX 2070 mobile graphic card that has 2304
CUDA cores. Thus, the card can perform 2304 floating
point operations in parallel per cycle.

An FPGA is a semiconductor device that can perform
logical operations enabling the user to program its func
tions. The building block of an FPGA are wires, logic gates
and registers. Modern FPGA, such as Arty 7 (Xilinx Inc.),
have additional components, like memory blocks, trans
ceivers, protocol controllers, clock generators and even a
central processing unit (CPU), which greatly enhance data
processing capability.

Eventually, the system will consist of a workstation com
bining GPU and FPGA capacity. The GPU will be a primary
processing engine while the FPGA has a supporting role in
the data acquisition. Thus, data from the wire mesh and
tomography sensors will be acquired and processed in real
time, so that information on flow properties can be pro

vided in continuous time inter
vals for control. Therefore, the
existing wire mesh sensor elec
tronics is extended with an
FPGA. A subsequent GPU is
used to process the sensor data
on a high level as well as compute
and execute control actions. A
similar concept exists for the ERT
sensor and feedback control.

7 Process Modeling

7.1 Lumped-Parameter
Reduced Order Modeling

Single phase bounded swirling
flows have a case dependent axial
velocity, a negligible radial veloci
ty, and an azimuthal velocity that
can be approximated to a solid

body rotation close to the center line and a decaying profile
in the annular region [23, 24]. The axial, radial and azimu
thal velocity profiles can be changed by controlling the flow
at the two outlets and/or the geometry of the swirl element.
These profiles are used in modeling to track the position of
the particles along the flow by assuming a one way coupling
between the phases [4, 25]. The small size of the particles
allows the adoption of a tracing behavior (i.e., the velocity
of the particle is assumed to be the fluid velocity) in the
axial and tangential directions, while considering an addi
tional slip velocity in the radial direction, caused by the cen
tripetal acceleration. The procedure leads to the velocity of
a single particle described by:

Up;r ¼
4
3

1
rp

rl

� �
dp

r
1

Cd

� �1

2

Uq þ Ur (4)

Up;z ¼ Uz (5)

Up;q ¼ Uq (6)

Here, Up,i represents the components of the particle
velocity, Ui represents the components of the fluid velocity,
rp and rl are the densities of the particles and of the liquid
phase, Cd is the drag coefficient and dp is the dispersed
phase diameter.

Fig. 9 illustrates a particle trajectory along the pipe for
two different conditions. The top part shows a scenario
where swirl motion is imposed on top of a uniform axial
velocity, and no gravity effects are considered. There, the
particle has a slip radial velocity in relation to the flow. This
condition is modeled in Eq. (4) by the azimuthal velocity of
the fluid, that induces a radial slip velocity of the particle.

www.cit-journal.com ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Ing. Tech. 2020, 92, No. 5, 1 11

Figure 8. Left: single plane 16 electrodes ERT sensor placed above the swirl element for obser
ving the gas vortex. Right: reconstructed images of the downstream gas core for different liquid
flow rates and gas pressure. Light color corresponds to water and dark color to the gas core.
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The bottom part of Fig. 9 presents a condition where no
azimuthal velocity is imposed and the particles follow the
continuous phase streamlines, which are being deviated
towards the pipe’s center line. The total radial velocity of
the particle in a contracting swirl is equal to the sum of in
dividual responses of these effects, as evidenced in Eq. (4).

The motion of multiple particles is tracked along the
pipe via a phase indicator function [26]. The expressions
describing the dispersed phase motion are relatively simple,
and the major challenge consists in obtaining reliable fluid
velocity profiles as function of time and space.

The fluid dynamics of swirling flows is highly complex
and unsteady, with, e.g., the precession of the vortex core
and recirculation regions [27]. Moreover, the effect of the
imposition of different flow splits on the dynamics of the
flow is not known. The development of a simple reduced
order model is fundamental for a successful real time pro
cess based control, and it is currently being explored.

7.2 Computational Fluid Dynamics

Most facilities or experimental rigs have limited range of
operation in which they can perform desired experiments.
Often, cost and time prevent excessive experimental studies.
To support the modeling of the process on a very detailed
fluid dynamics level, tools for computational fluid dynamics
(CFD) are developed and applied.

In order to simulate the interaction between the two
phase flow and the separator for the description of the gas
core formation a hybrid Euler/Lagrange approach is devel
oped. Considering that the scales are ranging from O(1 m),
i.e., the length of the device, to O(100 10 mm), i.e., the size
of the smallest bubbles, the hybrid Euler/Lagrange method
employs an immersed boundary method (IBM) to describe
the geometry, a large eddy simulation (LES) for the turbu
lent flow, a Lagrangian tracking method for the bubble
motion and a volume of fluid (VoF) method to describe the
gas core region once bubble coalescence takes place after
the swirl element. For the numerical simulations the IMFT
in house CFD code JADIM [28] and its solvers for IBM,
LES, Lagrangian, and VoF are used. For this study they need
to be coupled. This is done via the mass and momentum
conservation equations (Navier Stokes equations) in the
following way:

¶Ui

¶xi
¼ 0 (7)

¶Ui

¶t
þ

¶UjUi

¶xj
¼ 1

r
¶P
¶xi
þ v

¶2Ui

¶xi¶xj
þ gi

þ FIBM
i þ Fg

i þ FLAG
i

(8)

Here r is the fluid density, Ui is the fluid
velocity, P is the pressure, gi is the gravity, n is
the kinematic viscosity and FIBM

i ; FLAG
i ; Fg

i are
the volumetric forcing coming from the IBM, VoF and
Lagrangian methods, respectively. The Navier Stokes sys
tem of equations are discretized using a second order finite
volume method. Time advancement is achieved through a
third order Runge Kutta method for the advective and forc
ing terms and the Crank Nicolson method is used for the
viscous stress. The incompressibility is satisfied at the end
of each time step through a projection method.

In a first step the geometry is defined by using the
immersed boundary method (IBM) to describe the separa
tor and the pickup tube at the end of the pipe. The IBM,
firstly introduced by Peskin [29], adds a volumetric force
FIBM, which is induced by the solid inside the calculation
domain at the solid fluid interface level (Eq. (7)). The
approach developed in JADIM is based on a solid volume
fraction aIBM equal to 1 in the solid and 0 outside. This
method has been tested and used in JADIM for fixed and
moving obstacles [30].

For turbulence modeling, the LES solver of JADIM [31] is
chosen with a wall law to avoid the need of refined mesh
next to the wall in order to limit the cost of the simulation.
For that purpose, a specific treatment of the wall turbulent
shear stress has been developed in connection with the IBM
used for the solid description. The dynamic Smagorinsky
model (DSM) considered here is the most adequate
approach to simulate this kind of flow, allowing the calcula
tion of a local Smagorinsky coefficient CS used for the calcu
lation of the eddy viscosity instead of fixing a constant. The
filtered Navier Stokes equation then becomes:

¶Ui

¶t
þ

¶UiUj

¶xj
¼ 1

r
¶�P
¶xi
þ n

¶2Ui

¶xj¶xj

¶tsgs
ij

¶xj
(9)

where Ui is the filtered velocity and tsgs is the subgrid scale
stress tensor related to the Smagorinsky coefficient CS

through a subgrid eddy viscosity.
The dispersed flow is described using the Lagrangian

tracking method [32] developed in JADIM. The bubbles are
considered as spherical and their motion is described by
solving their trajectory equation:

CMrVB
dUB

dt
¼ rVBg þ F (10)

where CM = 0.5 is the added mass coefficient, VB is the bub
ble volume and UB their velocity. F is the force exerted by

Chem. Ing. Tech. 2020, 92, No. 5, 1 11 ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cit-journal.com

Figure 9. Particle trajectories inside the swirl tube. Top trajectory: swirl motion
effects in the particle trajectory. Bottom trajectory: flow deviation effects in the
particle trajectory.
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Symbols used

ai,j [ ] weight coefficient of crossing
points in a WMS

CS [ ] local Smagorinsky coefficient
Cd [ ] drag coefficient
CM [ ] mass coefficient
dp [mm] dispersed phase diameter
fs [Hz] sampling frequency
FIBM

i [N] volumetric force from IBM
method

FLAG
i [N] volumetric force from Langragian

method
Fg

i [N] volumetric force from VoF
method

g [m s–2] earth’s gravitational constant
k [ ] discrete temporal displacement
DL [mm] axial distance between sensors
P [Pa] pressure
Re [ ] Reynolds number
tn [ ] temporal sampling point
DT [s] sampling time
Up,i [m s–1] particle velocity
Ui [m s–1] fluid velocity
�ug [m s–1] average gas phase velocity
Vl [V] voltage of source electrode
V0 [V] ground voltage

Greek letters

e [ ] gas fraction
r [kg m–3] density
n [m2s–1] kinematic viscosity
tsgs [ ] stress tensor

Sub- and Superscripts

i row coordinate
j column coordinate
n number of samples
g gas phase
l liquid phase

Abbreviations

CAD computer aided design
CFD computational fluid dynamics
CPU central processing unit
CUDA computer unified device architecture
DSM dynamic Smagorinsky model
ECT electrical capacitance tomography
ERT electric resistance tomography
FCT flux corrected transport
FFT fast Fourier transformation

FPGA field programmable gate array
GPU graphic processing unit
IBM immersed boundary method
IMFT Institute of Fluid Dynamics Toulouse
LES large eddy simulations
MCX micro coaxial connector
RF radio frequency
SGS subgrid scale
TOMOCON smart tomographic sensors for advanced

industrial process control
VoF volume of fluid
WMS wire mesh sensor
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[11] R. Knöbel, Experimental Study on the Separation of Oil and Water

Using an Axial In line Cyclone, M. Sc. Thesis, TU Delft 2017.
[12] P. Airikka, Comput. Control Eng. 2004, 15 (3), 18 23. DOI:

https://doi.org/10.1049/cce:20040303
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Research Article: Multiphase flow entering an inline fluid separation system can be mea
sured fast and precise with a wire mesh sensor. A vortex shaped gas core, as a response of
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