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Abstract. This article describes some comparative resultdigfct measurements and CFD simulation of theoiglo
field in a commercial hydrocyclone for oil and wateparation, operating with water only. StereortiRde Image
Velocimetry measurements were taken from a tramsyacrylic resin prototype of the liquid/liquid dnpcyclone fed
with a monophase water flow, with fixed feed flaterand pressure drop ratio (pressure drop fronetirib overflow
divided by pressure from inlet to underflow). Tle@getric configuration and boundary conditionsta £xperimental
apparatus were reproduced in the simulation. 3DfiEiant Simulation was performed using ANSYS CFX® 11
software considering SSG Reynolds Stress Turbuldoce!.
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1. INTRODUCTION

There is a tendency of increasing the use of hydftooes as separation equipment in petroleum ptaxiuc
facilities due to its high efficiency and compaasavhen compared to traditional gravity separagignipment. These
characteristics are very much useful in offshorérenment where footprint area and load capacityallg mean very
high investment costs. Nowadays the use of hyditongs in treatment of oily water is very commonaifishore
installations, but, due to the abovementioned featutheir use as oil/water separation in highkicontent process
streams is starting to grow.

Despite of its geometric simplicity, hydrocyclongsesent some challenging characteristics, consigethe
hydrodynamic and separation performance designmeSof the features of the flow inside a hydrocyelgoose
complex problems to design engineers. Very higid fielocity, strong centrifugal field, curved stnalines, anisotropic
turbulence are some of the characteristics ofltwe in a hydrocyclone.

This paper presents some results obtained fronctdineasurement, using Laser Doppler Anemometer (L&
Particle Image Velocimetry (PIV) performed on a eoencial hydrocyclone and also results from numésgaulation
using CFD software (ANSYS CFX® 11.0) of the samelriogyclone subject to the same boundary conditafribie
experiments. Experimental and numerical resultcanepared and discussed.

2. DESCRIPTION OF THE HYDROCYCLONE

A real scale prototype of one commercial Bulk Oifiét Cyclone™ from Kvaerner, made of transparentliag
was built in order to make possible laser invesiigaof internal flow. Main geometric characteristiof the prototype
can be seen in Fig. 1.
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Figure 1. Kvaerner BOW™ Hydrocyclone.



This kind of hydrocyclone was developed by Kvaerper it is still not in large use in oil producti@ystems. It
aims to replace the conventional huge oil/watevityaseparators when produced water in feed strisaabove 50% of
the total liquid (oil+water). Due to its compactagsts use might be advantageous in offshore iasimhs and
particularly as a debottleneck device in existimgducion plants where produced water has increhsgdnd plant

capacity.
3. DESCRIPTION OF EXPERIMENTAL RIG AND MEASURING EQ UIPMENT
3.1. Description of rig flow diagram
A closed circuit of single phase water flow waseasisled so as to feed the prototype with a specifted rate. The

inlet pressure and the two outlet pressures (ax&rénd underflow) were continuously registered. Bigelow shows a
sketch of the flow diagram of the experimental @it.c
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Figure 2. Flow diagram of the experimental rig.

3.2. LDA system configuration

LDA used is a TSI model with two channels with a Pwer argon laser. Characteristics of the lasantseare
shown in Tab. 1 and the probe in operation is seéiig. 3.

Table 1. LDA laser beams characteristics.

Property Channel 1 Channel 2
Wave lenght (nm) 514.5 488
Focal distance (nm) 261.3 261.3
Distance between beamsn() 2.70 2.56
Control volume jim) 64.59 61.27

3.3. PIV system configuration

PIV system used is from LA Vision with the follovgrcharacteristics:

e  Stereo system — 3 components: VX, Vy, Vz;

* Two 12 bit cameras w/ 1376 x 1040 pixels of resoiut- angle between them = 75°;
* AF Nikkor 120 mm /2.8 mm lenses;

» 3-D Calibration target (25 mm x 25 mm);

» Reflexive particles (coated glass beads) — Avgndiar 14um;

* Nd:YAG BigSky Ultra PIV-120 laser.

PIV system in operation can be seen in Fig. 4, \belo
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Figure 4. Prototype and PIV cameras.
4. NUMERICAL SIMULATION: GEOMETRY, MESH AND SET-UP

Numerical simulation of the flow inside of a hydyotone is already being done by this group withcsss.
Currently, this tool is used to compare differeptifocyclone models, proposed during the designeaf@asmparison is
based in operation parameters (velocity profilegassnflow rate, head losses, mass split, etc.) sdjfrom the
simulation results. This is possible since previpus long study about the simulation set-up (meshameters,
turbulence models, among others) was done, reacirsglequate methodology (Aguirre Oliveira Jr.le806).

As already mentioned, the CFD software package isd¢de ANSYS CFX® 11.0. In a few words, CFX is a
general-purpose CFD code to approximately solve ciieservation equations applying the Element-beSaite
Volume method (EbFVm). In this system, around e@atle of the finite-element mesh a polyhedric cdntodume is
formed. The operations within this control volumavé high accuracy given the large number of intégmapoint
inside of it. The linearized system of equationsdved using an Algebraic Multi-Grid method (AM@)etailed
information on the governing equations, physicaldele and numerical methods used can be found iIrANBYS
CFX® 11.0 documentation.

4.1. Simulation domain (geometry) and discretizatio

The geometry of the simulation was built basedr@ngrototype assembly drawings. To assure cohetagtoaeen
physical construction and simulation domain, thesletassembly was reproduced in a CAD interfaces Blssembly
includes the feed involute and the hydrocycloneybddhe simulation domain was extracted from theeadsy as the
cavity space inside of it. Figure 5 shows the medejeometry (physical assembly and the hydrocycionelute in
detail). Figure 6 shows the simulation domain ected from the solid assembly, it shows the feednohks, the
involute, the hydrocyclone body and the overflovietu



Figure 6. (a) Domain simulation extracted from éissembled model and; (b) Simulation domain invodiatiail.

In an initial battery of tests this domain was difigd eliminating the external involute and usitige channels that
link the involute and the hydrocyclone body as fésed condition. In the discretization of the domairhexahedrical
elements mesh was used. Mesh refinements weresdppdiar the walls, in all geometric transitions anthe vortex
core region. These refinements are used to catitareffects of the boundary layer and the phygt@nomena in the
hydrocyclone flow (free and forced vortices, vortaxe precessing, etc.). A general view of the naash a detailed
view of the hydrocyclone body mesh are shown in Fig
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Figure 7. (a) General view and; (b) Hydrocyclondydetail.

The final mesh is consisted of 1999124 elementis aviibtal of 2030334 nodes. The mesh is build uiegANSYS

ICEM CFD® 11.0 software. All mesh criteria (qualitgspect ratio, angles, etc.) are kept inside do®@mmended
ranges.

4.3. Simulation set-up
A transient simulation is performed in order to tcap the complex phenomena present in the flow. Magimum

time step that can be used for this simulatioralsudated using Eq. (1) (Montavon et al., 2000)lu¢a above this can
cause loss of physical information in the simulatiesults.
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Here @yerfiow aNd @inderiow @re the overflow and underflow diameter values Tdctor of 10 was introduced because
of the high sensitivity of the turbulence modelsthis case. The simulation time step is adaptadive is allowed to
decrease to 1% of the value calculated using Bqg. (1

The boundary conditions imposed are: prescribedsrflaw rate in the involute feed (inlet); prescdbmass flow
rate in the end of overflow and underflow interfa¢eeighted by the mass split) and; no slip coadith the walls. For
the turbulence modeling the SSG model (ReynoldesStmodel with second-order pressure-strain ctior)awas
used.

The characteristic time of the flow, taken as beimg ratio of the hydrocyclone body volume and thkimetric
flow rate, is calculated. After reaching one chgegstic time, arithmetic averages of velocity campnts and pressure
are started and reported in the final results Aleonvergence criterion of 1.0E-5 (in the RMS eYiis adopted for each
time step and a mass conservation tolerance osécepted in the solution.

The problem was executed in five nodes of a clustech node composed by two AMD Opteron 275 dued-co
processor machines with 16 GB of RAM memory. Theusation took three to four weeks to conclude.

5. MEASURING PROCEDURES
5.1. LDA procedures

The prototype was built with flat external wallshi§ approach was used in order to minimize thectffef
diffraction and refraction of the laser beams beeathey have to travel through distinct medium, (agrylic and
water). Even so, it was necessary to make sonreatiims to correlate external displacement ofgitabe with the
correct internal position of the measuring volume.

Measurements were made in six cross sections dfytthecyclone, three of them in the 15° taperedecanmd three
in the 1° tapered cone. Positions of these meagatations are shown in Fig. 8.
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Figure 8. Positions of the measuring stations WibiA\.
5.1. PIV procedures

Aiming good resolution of the velocity field thernaras were positioned at a 75° angle and the sheet was sized
to 1 mm thickness. The parameters of the PIV systene adjusted as follows:
» Time between pulses = 18&;
e Multipass grid from 64 x 64 pixels and 50% overaB2 x 32 pixels and 50% overlap;
* Number of acquired images = 200;
e System set to calculate instantaneous and averegecities.
Due to these figures, the investigation strips xialglane of flow had a length of 50 mm.



6. EXPERIMENTAL RESULTS
6.1. Operational conditions

The operational conditions used in the experimetetsts were defined by the feed flow to the prgietymeasured
by a rotameter located in the upstream line, antheyressures measured in all the lines (feedfloweand underflow

lines). The values are shown in Tab. 2.

Table 2. Operational conditions.

Feed flow rate 6.5 1th
Feed line pressure 346.2 kPa
Overflow line pressure 112.8 kPa
Underflow line pressure 202.0 kPa

The flow split value to the model was estimatedsdobon the head loss ratio (the inlet-overflow hiead divided
by the inlet-underflow head loss), as 35% (35%heffeed flow is directed to the overflow).

6.2. Measures velocity profiles

Due to lack of space the measurements of only tht@ns are show here, the first one in the 4p€red cone, the
second one in the initial portion of the 1° tapecede the third one in the final portion of thetdSered cone. Figure 9
shows the LDV measurement results for the tangeatid axial velocity profiles at the first measumrhstation (at
z=180mm). Figures 10 and 11 show the measureditiefmofiles by both techniques (LDV and PIV).
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Figure 9. Tangential and axial velocity profilesasared by the LDV probes, station at z=180mm.

Tangential velocity profiles (line B - z=360mm) Axial velocity profiles (line B - z=360mm)
10,00 12,00

8,00 — © — Experimental - PIV

BF% — 8 — Experimental — LDV
6,00 g
8,00 73 r
4,00 ! ¢ \
&

_ — 6,00 \
@ 200 3
E E §
2 0001 &% 2 400
5] S
3 3 ﬁ]
) )

-2,00
> > 200 &

-4,00 é&é

0,00 &
600 — © — Experimental - PIV !Q
-8,00 — 8 — Experimental — LDV -2.00 \
-10,00 -4,00
-20,00 -15,00 -10,00 -5,00 0,00 5,00 10,00 15,00 20,00 -20,00 -15,00 -10,00 -5,00 0,00 5,00 10,00 15,00 20,00
position [mm] position [mm]

Figure 10. Tangential and axial velocity profileseasured with LDV and PIV techniques, station atG+8m.
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Tangential velocity profiles (line H - 600mm) Axial velocity profiles (line H - 600mm)
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Figure 11. Tangential and axial velocity profileseasured with LDV and PIV techniques, station atQt+6m.

7. NUMERICAL RESULTS

Figures 12 shows the pressure contour at the depleme and an instantaneous velocity isosurface
(velocity=7.5m/s) in the final section of the hydyclone (close to the underflow interface). Thesiiasting features

here are the low pressure core in the region ardhadhydrocyclone axis and the vortex precessirayvehby the
velocity isosurface.
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Figure 12. (a) Contours of pressure (céntral plan€) (b) Velocity isosurface.

The velocity profiles are captured in the same tposiof the experimental stations. The comparisbthe velocity
profiles is shown in the next section.

8. COMPARISON AND CONCLUSIONS

The comparison among LDV, PIV and simulation velpgirofiles is shown in Figs. 13, 14 and 15. Ing=h, good
agreement between measured data with LDV and RiNhtques was observed, even considering that eatimiue
was used in different days (slightly different ciiwahs). A higher deviation was observed in thegemtial velocity
profiles in the stations closer to the underflow &een in the plot for station at z=600mm). Weebvelithat this
deviation was due to technical difficulties to aicquLDV data in that region (low curvature radiuscrieasing
reflections generating too much noise).

There is some uncertainty in the flow rate andt spBasured data. This is caused by the use ofardyrotameter
flowmeter (located in the feed line). This uncertgiprevented us from defining more precise valoethe simulation
boundary conditions. Even though, the comparisonrggrexperimental data and simulated results shdsesaagood
agreement. The deviation observed in the velociyfilps can be reduced by using more refined mesreb
prescribing more precise boundary conditions.

In the near future the group is improving the floveasuring devices (new equipment and measuremergh i
lines). New experimental data and new simulatioitisbe performed at this time.
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Figure 13. Tangential and axial velocity profileeanured with LDV and from simulation result,
station at z=180mm.
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Figure 14. Tangential and axial velocity profilesasured with LDV, PIV and from simulation result,
station at z=360mm.

Tangential velocity profiles (line H - z=600mm) Axial velocity profiles (line H - z=600mm)
10,00 12,00
— © — Experimental — PIV
8,00 10,00
— 8 — Experimental — LDV
6,00 8,00 Simulation CFX
4,00
6,00
w200 o
£ £ 400
2 000 2
5] 5]
o o 200
2 200 2
0,00
-4,00
— © — Experimental — PIV E
600 p 2,00
— 8 — Experimental — LDV
-8,00 ’ ) -4.00
Simulation CFX
-10,00 -6,00
-20,00 -15,00 -10,00 -5,00 0,00 5,00 10,00 15,00 20,00 -20,00 -15,00 -10,00 -5,00 0,00 5,00 10,00 15,00 20,00
position [mm] position [mm]

Figure 15. Tangential and axial velocity profileeanured with LDV, PIV and from simulation result,
station at z=600mm.

Concluding, in spite of all the difficulties citeldefore, the results, both experimental and simd|asge very
promising, and the data generated so far is bepmieal in new hydrocyclone designs and used todsgdi the
numerical simulations.

This research will be complemented with field tasitng steel prototypes of the new hydrocyclonagissabove
mentioned, operating with multiphase flows. In platasimulation of the real operational conditiondl be performed
and validated with field data.
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