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ABSTRACT

Numerical Model andnalysis on performana# astraightthrough swirl tbecyclone

Soroush Saberi

A numericalsimulationfor the rotational flow inside a special configuratiohinertial
gassolid separators performedThe inertial gassolid separator of the present wozkn be fit
in category ofstraightthrough swirl tube cyclonedJsing the results ofggametric stuiés a
modified geometry configuration for theertial gassolid separators achieved which shows
considerable performance improvement in comparison with the original nhodeils approach,
the CAD model for the original geometry of the dust separa&s generated arttie turbulent
flow field wassolvedusing timeindependent solver and Reynolds stress turbulence miduel.

solutionapproach demonstratesnsistency with the a

vailable experimental dataroving the accuracy of the solution methocheThighly rotational

flow pattern and its features adescribedoy analyzingthe different flow variables The main
contributorsof the pressure loss production in the flow field are identified and the most effective
geometry parametersre recognized inorder to perform theparametric analysisThe
modifications are implemented on the original geometry and flionulation isperformed for
each new configuratiowith the samesolution methodas used for the original moddlhe flow

field changes are evaliesl by comparinghe contours of flow variables and the generated
pressure loss for each case are compared with original configui@basidering the results of
parametric studies, a final model was made and solved numeriddily.resultsshowthat the

final modifications will result irconsiderable improvemesin the amount of pressure loss while

preserves the same dust collection efficiency.
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Chapter 1

Introduction

1.1. Application of inertial gas-solid separator

Inertial gassolid separatois a permanennertial air-filter which is a special format of
the cyclones and fits in the categafystraightthrough swirl ibe cyclonegin the next chapter
different categories of the cyclones are discusddw).application ofnertial gassolid separator
is significantin the large diesel engines where it&in objectiveis to collectthe dust particles
from the air Theinertial gassolid separators a precleaner viich filters out larger dust particles
after which there will be a battery of secondary filters for fine filtratdrset ofinertial gas
solid separatowill be installedas aprimary filtration systemupstream of aliesel engindo
increase the life time of treecondaryilters which areexpensive toeplace However, as in case
of any internal flow, there will be energy losses associated with the advancement of the flow

through thenertial gassolid separatoduct

1.2. Physical description

Structure of thenertial gassolid separatois consistingof a main straight tube with one
axial inlet, a set of static vanes downstream of the inlet and two axial outlets one for dust
particles and one for clean air. The contated flow enters thmertial gassolid separatoand
starts to spin by passing through the static vanes. Centrifugal forces drive the dust particles
towards the periphery and théme particles leave the flow through a slot which is designed to
collectthem. The filtered aithen enters a diffuser in order to be decelerateti moves towards
the enginesThe flow leaves thdnertial gassolid separatofrom both outlets with same
direction as it entersenceihis configuration is known as straigtrough configurationFigure
1 shows the overall geometry ofirgertial gassolid separatowhere the inlet is located at right

hand side and th&taticvanes can be seen right after the inlet.



1.3. Performance ofinertial gas-solid separator

Basically in cyclonic flows there are two paranats determining the performance
particle collection efficiency antbtal pressure los§l, 7. inertial gassolid separatarcan be
employed for differen applicationsto meet different requirementsHowever, n some
applications the maimbjectiveis to collect the maximum particlesn some otherghe fuel
consumptiorwhich is a function ofotal pressure loss of higher importancelhe application of
current configuration of thimertial gassolid separatois mostly in diesel engines tfiinsporting
vehicles which implies the importancetotal pressure loss in the systeiithe working fluid of
inertial gassolid separatois air and considerindié range of operating velocities (Mach number
below 0.3)the air can be considerediasompressibleThe assumption of adiabatic flow would

be reasonable and tHiew inside theinertial gassolid separators turbulent according to the

T

-~ Dust passage

range of flow Reyalds number.

~ Filtered air passage

Figure 1- Geometry of theinertial gas-solid separator




1.4. Objectives of the present study

The aim of this study is to investigate the flow inside timertial gassolid separator
while therehas not beemny numericaimodek developed for thesgassolid separatorsThe
overall total pressure loss generated by thertial gassolid separatowill be obtained by
simulating the flow using computational fluid dynamics (CFLY)e achievementsf this work
canalsobeused forageneralc at egory of ¢y c+{hmugkesswicral |teudb efissot rw
havenot been under the focus of cyclone flow investigations. The results of this proidetd
to urderstanding of theomplex flow patternnside these gasolid separators-urthermore, one
would be abldgo understand the relation between the geometrical parametersinéthal gas
solid separatoand its performance.nlorder toaccomplishthe above mentioned goals the

following steps wes completed:

- Dimensions of thenertial gassolid separatowere measured and tliest CAD model
for theoriginal configuration was built using the CATIA software.

- Different numerical settings andhodels have been tested in order to find the most
efficient and accurate oneslitable forinertial gassolid separatoflow simulation

- After achieving stable analccurateCFD solutions the values of total pressure loss were
compared to available experimental data. Tlbe field variablessuch as pressure and
velocity have been evaluated in order to understandniial gassolid separatoflow
physics and features

- After evaluation of the performance of the original modeke effect of different
geometrical parameters has been assesSé&d models of each new geometry
configurationhave been madand flow simulation was performedith the proposed
CFD settings The result led to understanding the effect of each geomgainameter on
the performance of thimertial gassolid separatorBased on these assessments a new

geometry is proposed which shows considerable performance improvement.

1.5. Thesis outline

The memoire consist of 6 chapters including the introduction. The sebaipter ishe
literature review ad the history of thelevelopment of the cyclones. Different categories of the
cyclones are introducednd the history of experimentsnathematical modgl and CFD

simulatons in this field is discussed.



Chapter three gives a detailed overview of the flow equations and thanfenthls
behind the commercial CFD softwares. The flow equations are presented and followed by the
description of different solution methods and algorithiNen-responsiveor weak solution
methods for the present applicatiare discussed and the possib&viations from the accurate
results are presented. At the end of this chaptepptimumCFD setup including computational
grid and solution method is present&étlis CFD model is found to be applicable for the original

configuration of thenertial gassolid separatoas well as the models withodified geometries

Chapter four presents the validati@nalysis of the inertial gassolid separatdr s
numerical model using the available experimental data. Boundary layereseition as well
as the corenesh resolution igalidated and the results are presented. In addition, the results of
comparisons between the steadgte and timelependent analysis are presenitedorder to
provethatthe timedependent phenomenathe flow fieldare negligible Further in this chapter
the effectsof different geometry parameters on the performancmetial gassolid separator
are evaluatedThe effect of three geometry parameters on the performance wfettial gas
solid separatois evaluated by analyzirthe flow variable contours as well as the amournoti
pressure lossThe contusion of the findings from thesgudies is presented at the end of this
chapter andmost effective geometrical parameters are discus$auring the discussions
comments a made on the possible effects of each parameter on the collection effiagency

well. These comments abased on the distribution of tangential velocity in the flow field.

An optimized model for theertial gassolid separatois presented imletail in chapter
five. The CAD drawings as well as the CFD resshliswing the performance improvemeats
presented in this chapter. The proposed final model is showehahly effective in reducing
the amount oftotal pressure loss itomparisonto the inertal gassolid separat@ ®riginal
configurationwhereareduction oftotal pressure loss up to 35% is achieved. Algevaluating
the tangential velocity distribution in the flow field, it is provibet the collection efficiency of

the proposectonfigurationwill have minimal deviation from the original case.

Chapter six summarizes the maishievementof the present researcimcluding the
discussion on thaertial gassolid separatoflow featuresand effect of geometry parameters on

its perfamance.



Chapter 2

Literature review

2.1.Cyclone history of development and applications

Amongthe different particleseparators such as settling chambers, liquid scrubbers, fiber or
cloth filters and electrostatic precipitatpcyclone or centrifugal collectorareknown by their
structural simplicity high efficiency and low operating and maintenance co$tsere are no
rotary parts intheir structureandthey can be builby differenttype of materials ® operate in
variousworking conditiong 3]. All thesereasons have made them the most popularly used gas
solid and liquidsolid separator$4]. Today cyclones can separdtee particles as small as 2

micronswith minimal energy consumptiofyclones are generally categorized in two groups:

- Tangential inlet cyclones

- Axial inlet cyclones or swirl tubes

Tangential inletcyclones also can be categorized according to thgewnetrical
configuratiors. Circular, slot type and wraground inlets are the forms of tangential inlet
cyclones which all work with reversed flow concefs.it can be seen iRigure2, in a tangential
inlet cyclone flow starts to spin by moving tangentttoh e ¢ y lwodlyoRotatidnal movement
of the flow separates thgarticles from the flow. The particles get collected from the dust outlet
designed at the bottoof the bodyandthefiltered flow moves upward towards the gas outlet or
vortex finder.Thatis where the reversed flow exists in the cyclones flow pat2espite the
tangential inlet cyclonesthe subcategories of swirl tubes are not conceptually identical.
Reversedlow and Straighthrough swirl ibes both have axial inlets but tiigraightthrougto
cyclonedoesndt wor k wi phénomehoeThe flow exits ghaswdrl tubdwithvihe
same direction as it enteend there is no change in the flow direction from downward to
upward As it is shown in figure 3in the structure of swiubes, stationary guide vanes are
installed in a duct in order to generate rotational swirling flowthe tangential inlet cyclones
flow rotates by passintangentto the curved inlet configuration. Centrifugal force of swirling

flow drives theparticles towards the periphery of the duct and separates them from the main

5



stream. Presence of the static guide vanes in the structure of swirl tubes generates challenges in
modelling their geometry whereas the geometry of tangential inlet cyclones is ledsexcamgp

easier to model due to absence of the static vamextial gassolid separatois alsoan axialdust
collectorwhich can be fit in category ddtraightthroughswirl tubes.

Clean gas

Sas+
particles

COutlet tube

Particles
| _—

Hopper

Figure 2- Schematic geometry of a tangentiainlet cyclone

Figure 3- Schematic geometry of a straightthrough swirl tube



The first official cyclone invention which is recorded in the US patent office backs to 1885 by
John M. Finch(see figure however the history of theléa to use such concept for the purpose

of particle collection from the flow was back to early 1800s. During the time researchers from
different countries such as United States, UK, Japan and Germany contributed in this growing
research area. According &m article published in 1939, cyclonasthat time vere efficient

enough tacollectthe dust particles as small as 10 micri@js

Application of cyclones was enormous due to their adoptability with different pressure and
temperature levels as well as different particle loadings. At the beginning cyclones were mostly
employed to collect the dust and particles from exhausts of treriésctindustries of coal, flour

and wood were the early utilizers of the cyclones. Cyclones gradually found their place in more
applications wherever the particle or fluid droplet separation was required. Today, cyclones have
variety of applications andaa be found in food industries, transportation, petrochemical, dust
sampling, vacuum cleaning and gas turbine indudiies

(No Model.) 3 Sheets—S8heet 1.
J. M. FINCH.

DUST OOLLECTOR.
No. 325,621. Patented Sept. 1, 1885,

A /)' e
A AT e R
R e i el /—’f s =

é L O A <
i CE L e

P o

B

Figure 4- First cyclone patent by John M.Finch 1885(US patent 325,521)
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The environmental ipacts of the industrial particfgollution became a critical concern such that
the governmental regulations came into effect for this type of polluti@yclonescould be
placeddownstream of a production line whete purpcseis to reduce the exhaust dust. They
can alsobe installed upstrearaf a sensitive mechanism and waak a prefilter preventing
particles to entethat specifianechanisnsuch as turbine stagé&he turbine blades work in high
temperature conditions drihe effect of erosion can be highly destrugti®yclones could also
work as an initial diluter where by decreasing the particle loaditigg life-time of a row of

expensive and sensitive filtarstalled next to them increases.

Cyclones are designed different geometries and shapes. From the recent configuration
we can mentiorOneida wood shop cyclontyo-stage LSR Core Separat®utcherand Dyson
vacuum cleaner multiclonesee figure §7-9]. In addition to the particle removabplications

cyclones can be used to collect thed droplets from the flow

Due toits structuralsimplicity and low operational costikie flow inside the cyclone was
believed to be simple therefooyclones were not under focus of performance analysis at the
beginning. As the industrial application of cyclones became numerous and they became one of
the important members of productiomds, their associated pressure loss as well as their
collection efficiency became an important subject of interest for the investigators. Starting
around 1930 the researches had more close attention to the performance characteristics of the
cyclones such saflow path inside the cyclones, velocity distribution, pressure loss and the
capability of the cyclones in ternaf collection efficiency. Experimental measurements and
mathematical models have been evolved for cyclone applications but there was rooess su
and result confidence until the invention of measurement methods which enabled the

investigators to make more progress.

2.2 Experimental investigations & empirical models

As it is mentioned aboveesearchers became more interested in flow pattsite the cyclones
as of early 1900. The first effenverefocused ordesigrng appropriate experiments and try to
generateempirical modelsThe main focuof these investigations wdke parameters such as

pressure drop and collection efficiency.



Clean Gas
toInduced
Draft Fan

21 Dirty Gas
A Entering

Figure 5- Examples ofindustrial cyclones, fom left to right, Oneida wood shop cyclone; twestage LSR core

separator Butcher; Dyson vacuum cleanef10]

Among the early works we may mentidhe work of Shepherd and Lapple in 193%Bhey
believed that understanding the flow pattern is highlgortantin coordinating the theoretical
predictions. Theyublished a paper in which they hanaported an experimental investigation
on a 12 inch glass cyclone. Theptainedvelocity distributiongraphsfor the flow inside the
cyclone andexpressed aempirical formulation to relate thperformance parameters to the
geometric parameters such adeindiameter andheight. Sincethen a largevariety of
mathematical modelsalwe been developed and reported whem@e of them deal with the
velocity distribution and the rest with pressdrep and collection efficienchll]. Invention of
new measurement tools such as Ld3eppler anemometry (LDA)and particle image
velocimetry(PIV) helped the investigators to make much more progress in analyzing the flow
inside the cyclones and to validate their mathematiwadiels[12]. In most of the cases the
models predict the axial and radial velocity in a simple and straightfdrmanner however
more closattentionis on the tangential velociipside the cyclone which is meichallenging to
predict and thereforédnas been the subject of different mathematical motfelseties of models

have been presented in order to predict the tangential veldaitgngthemwe can mentiom-



Type modeproposedy Alexander in 1949vhich proved to be applicable for all of the cyclones
andB a r 4 niodelback to 195Gvhich was more suitable féine swirl tubes.

Pressure losss an importanperformance parameter whiglasalwayssubject ofplenty
of researches and mathematical models. believed that in cyclone flow 80% of pressure loss
is generated bgnergy dissipationf viscous stresgsof the turbulent rotational flonAmong the
pressure losmodels we can mentioBtarmand modelback to 1949. This mode&Vas suitalg
for tangential inlet cyclone8 ar t h 6 s lopsrmedelwhich was applicable to all cyclones
and swirl tubesnd is a simple and useful model for the cyclones as reported by the researchers
There are alséew empirical modelssuch as the ongsresentd by ShepherdLapple Casal
Martinez andDirgo which their applicability isnostlyfor the tamential inlet cyclones with low
loading of the solid$11, 13, 14. In 2007, Cortes and Gil published a comprehensive report
summarizing the traditional algebraic models including the models for tangential velocity and
pressure drop. They concluded despite the current achievements still the lack of advanced ideas
can be sesed. They have reported tiuschelknautz pressure loss modehd Trefz and
Muschelknautz collection efficiency modehs the most accurate modetgcording to

comparisons made withe experimentadata[12].

2.2.1Discussion on three empirical models
In this section the formulatierof three empirical mods ShephereLapple, CasaMartinez and
Dirgo are brought. Figuré shows draft of a tangentiadlet cyclone demonstrating the different

dimension andhe namesssigned to them

-

B 'l ELEVATION PLAN

Figure 6- Schematic of atangential cyclonewith dimension nameg10]
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The amount of pressure loss in these three models is related to geometrical parameters as well as
working flow density and inlet velocityn all these modele general equation for pressure loss

can be written as:

yE A2 (2-1)

In equation (21),” represents gas density andis the inlet velocity.The difference between
the models is the definition of as presentedn the table 1 where H reperesertte overall
height of the tangential cyclone, D represents the overall diametisrti inlet diameter, and B
is the dust outlet diameteComparison between the resuwfshesemathematical models and the
results achieved from numericsimulationswill be presentedat the end of this chapternere
we canseethe result of Dirgo model shows more consistewtyen comparedavith numerical

results achieved from CFD softwaidg).

Table 1- Empirical models geometrical correlations( )

Name of the Model

Shepherd and Lapple [ P (PO—
Casal and Martinez r p@ o 0% o
. Y -
. wWw O
Dirgo o) 7
" tTeT ol
O O O

2.3. Cyclones and computational fluid d ynamics

2.3.1History and advantages

As the computational fluid dynamics has been emerged and develupeiderable progress

has been achieved by the investigators. CFD is shown to be highly capable of predicting and
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simulating the flows inside the cyclonksside the fact that it is faster and less costly relative to
the experimentsThere are lots of research articleshe literaturevhich employed the CFD as a
strong tool in order to simulate the flow inside the cyclones and to validatedhend new
experiments andhathematical models. Swithenbaakd Boysar{15, 1§ werethe pionees of

using the computational fluid dynamics for purpose of modeling Widesl flow inside the
cyclones. Evolution oCFD revealed that the flow inside the cyclones is swiple and need
higher technology, time and focublighly turbulent flow and near wall phenomenon make
strong challengem predicting the behavior of the flow inside tbgclones[4]. Variety of in

house codes and softwares emerged in order to facilitate the flow simulations. The simulation
using CFD became faster and more reliable following the increase and progresses in the
computational resources. The machines were able to sollegieer number of computational

grids which was a requirement for turbulent flows such as the ones inside the cyTlomes.
computational resources became capable of solving more complex mathematical equations such
as Reynolds Averaged Navistokes equains (RANS). Griffiths and Boysar{17] published

one of the first and most comprehengigsearches on the capability of the CFD in modelling the
flow inside the cyclonesTheir articles have been refed in numerous CFD publicatioriBhey
employed commercial packages such as FLUENT® order simulate the flow inside the
cyclones and to achievithe performanceparametersThey were able to accomplish their
parametric studies using the CFD softwares @mdpare them with the experimeiiheywere

able to generate the performance curves using CFD and compare it wittnspimcal theories
such as BaTheyhavecontludesitbat the CFD wagapable to predict even small
details of the flow fieldsuch that in their repgrgraphs of particle trajectories, velocity vectors

and collection efficiency is presenteldumerous articles exist in the literature each of them
evaluating the effect of specific geometrical parameters (inlet dimensions areb,shiapgex

finder dimensions, cyclone body diameter) on the performance of the cyfl@&2H. Raoufi et

al [22] have conducted a set of CFD simulations on 4 diffeostindershaped and 6 cone
shaped vortex finders (cyclones outl@ihey have varied the angle convergence and divergence
of vortex finders and assessed the effects of these geometrical changes ore posssand
collection efficiency. They achieved acceptable consistency with the experimental result.
Elsayal and Lacomalsopublished few articlegtroducingoptimized geometrical configuratisn

to achievethe minimum pressure drop and maximum collection efficiency. They used the CFD
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as a tool to validate their results and compared them to mathematical models such as
Muschelknautz method of modeling (MMJhey introduceda new design witlconsiderable
improvement in the pressure drop relative to the Stairmand dgg@nBeside the geometrical
parametersfluid propertiestemperature, density and viscoswiere also subjestof different
researchesGimbun and Chuabkt al have evaluated the effect of temperature and inlet velocity
on the pressure drop of the gas cyclones. They usembthmercialCFD software FLUENTto
assesgheir results. They announced tB8&D as the best method for purpose of cyclone flow
simulaton by means ofwhich they were able to get the numerical results as close as 3% to the
experimental resultgl(]. Figure7 shows a sample result achieved by Gimbun and Chuah et al
[10, 19]which indicates the variatioof pressure loss vselocity inlet. The resultef different

CFD models of RNG ¥ and Reynolds stress model are compacethathematicamodels of
Dirgo, Shepherd & Lapple, Coker & Casal and Matrtir@mat consistency bseen the Dirgo

semiempiricalmodel and Reynolds stresamericaimodel wasobserved.

Highly swirled flow inside the cyclonesould beaccompanied by unstable and non
steadyphenomena such as separations and vortices. Prediction of such unstable flomareeds
complex formulation and computational grid evaluation. This complexity has attracted the
researchex to investigate these phenomena more carefully andet@®lop more robust and
reliable methodsn order to capture and analyze the details of flomside the cyclones.
Researcherpublished their conclusions introducing appropriate combinabdrcomputational
grid and turbulence models. Hoekstra and Derkg&f have conducted a comprehensive
analysis both nuerically and experimentallfl. DV) and compared them in their publications.
They have evaluated different turbulence closure models and their capability to capture the
vortices and the fluctuating velocity components in the swirled flow inside the cyclimeis.
reports are accompanied with distributiohtangential and axial velocities alotige radial and
axial directionsThey have reported the Reynolds Stress Transport model as a reliable model to

predict the turbulent stresses in the flow.
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Figure7- Comparison between the results of mathematical models, experiment, and the numerical simulation
[10, 19

2.3.2Challenges in CFD simulations

Despite thecapabilities ofcomputational fluid dynami¢cghere are somaspects of it
which requires careful attention. Generating a sufficiently fine computational grid with high
guality is of high importance in CFOhis matter becomes quite challenging when one deals
with complex geometries such as cyclones avid tubes. Even few highly skewed or corrupted
grids can cause the simulation to fail. Besides, recently a fair number of turbulent models and
solution algrithms have been developed and applied in the commercial softwares each having
specific requirements of computational grids. Applying each model could end to some results
which can be completely wrong and misleading. In conclusion before starting a i@&Rt&in,
one should have a faknowledgeof the possible flowcharacteristics to set up the simulation
specially when using the commercial packadgresrder to start the CFD simulations, an initial
guess for the flow properties such, pressure, denggtpcity and viscosity is required. The
initial values will be distributed over all the computational nodes and the calculation will be
started from those values. Realistic initialization of the flow field before starting the solution is

another importanthallenge which needs experti$e.or nonraccurate initial values distributed
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over the computational grids, can cause the failure of the solution, long computational time or
weakly converged and nemliable results. In addition, once the solution of @D calculation

has converged, carefully pgstocessing is required in order to recognize theneatistic and
misleading resultsDuring the recent years, varieties of models with diffecarhplexity and
number of equations have been develofalution algorithms are also developed in order to
make the flow solvers more accurate and logithe higher the accuracy of simulation is higher
allocated memory and CPlime would berequired A complex model which solves 7 transport
equations at the samenie (for example RSTM) will take much more time to converge and needs
finer computational grid but it produces more accurate results in case of convergence. However a
simpler model can solve fewer equations and work with coarser grids. Therefore thedebghoul

a compromise between computational time and cost vs. the accuracy and preciseness.

2.4.0Optimization of the cyclones

In addition to the parametric studjegptimization algorithms are also widely used in
order to find an optimizk configuration for theeyclones[25, 26. As it was mentioned before
decreasing the pressure loss and increasing collection efficiency are the main objectives of
optimization investigations for cycloneRavi et al [27] have done a multiobjective optimization
using nondominated sorting genetic algorithm (NSGAJ)heir objective functions for this
optimization were maximization of the overall collection efficiency and the mzaitioin of the
pressure drop. They have reported NSGA as a capable algorithm for the purpose of cyclones and
mentioned the diameter of the cyclone and vortex fiadémportant decision variable dafng
the cyclone performanceRkeferring back tdrigure 6 and considering the dimensions name
results oftheir researchshowed the optimal variables are the ones on the highest or lowest

possible limits.For example optimal value for the collection efficiency achieved by maximum
value of decision variable and minimum value of. t meansft he r at i shemlittocyc !l or

diameter increaseshe collection efficiency increasescordinglybut on the other hand it is
necessary to choose a low value for ratio of dust outlet to cyclone diafietsr.havealso

observed a good consistency between their predictions and the optimal value of decision variable
— predicted by Dirgo and Leith modelsSafikhani et al also have published a paper in 2010,

optimizing the cyclones for minimum pressure dromgssMDH-type algorithmTheir decision
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variables werealso geometrical parameters of cyclones—) mostly same as other researches

with difference in the optimization algorithm. They achiewed reportechcceptable tradeoffs
between collectioefficiency and pressure drop and verified their results using [QBD

2.5 Previous works onswirl tubes

Despite all the comprehensive experimental works, empirical models and CFD
simulationsfocusedon tangential inlecyclones, few researches have beenformedon the
swirl tubes[29]. Weiming et al have done one of the few researches aiming to relate the
performance parameters of the swirl tubes to tangential inlet cycldhey. performed their
research on the Shell TSS® swirl tube whicla itype ofreversed flow swirl tubeAs it can be
seen ¢eeFigure8), the difference between tangential inlet cyclone and swirl tube is the direction
of the inlet Swirl tubes will generat the required rotation in the flow but still the reversed flow
exists inthe flow pattern. Weiming et alhave publishedthe experimental results for overall
efficiency and pressure drop of a swirl tube and compared them with experimental results and
emprical models for the tangential inlet cyclones. They conclutietl the performance of a
swirl tubes is acceptable as a wadisigned cyclone and @®@mparabldo tangential inlet family

of cyclonedespite the differences in the overall sizes and sH&pgs

Figure 8- Shell TSS with swirl tubg30]
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In addition of the above configuration, the swirl tube can be desigitedoth inlet and
outlets inthe same dirtion and without reversed flow (séggure 2). Related work to this

configuration is even rarer than the one with reversed flow.

Among the few worksin the field of swirl tubesnost of them are more focused on the
experiments and empiricahodelsand to the authorods knowl edge
simulatiors and optimization works reported in the literature for application of swirl tubes

especially for thestraightthrough swirl tubes (without reversed flaw)
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Chapter 3

Numerical implementation

Computatonal fluid dynamics (CFD) is a lagly employed tool for solving and
simulatingthe fluid flows in variety of applicationsin CFD since the flow equations of motion
are not analyticallgolvable;they will be expresseadhiterms of partial differential equations and
then will be solved by use of numerical methd@d]. In the field of cyclonic flows
computational fluid dynamics beenmostlyused and shown to beraliable tool forsimulating
the flow and predictingts featuresNumerous researelhavetaken advantaggom CFD as a
tool to validate and/or investigate experimental measurementor mathematical models
predictions In this way ®me of the researchedevelopedn-houseCFD codeg32-34] whereas
othershave used the commercial packages such as ANSYS CR@®35. Recently the
industriesare more interestedn the resultsachieved byCFD toolsdue to theirreliability, low

cost and time consumption.

3.1. Components ofcomputational fluid dynamics

Computational fluiddynamics consists of few fundamental elersent

-  Mathematical model The first component of a numerical siratibn is the
mathematical modelThese mathematical modeaientain flow equationsconservation
equations and equations of motioDepending on the case and application, realistic
assumptions alongith empirical or semiempirical relationswill be employed in order
to simplify and solve the flow equatians

- Computational grid and discretization of flow equations Computational gridmesh)
and discretizationapproachare important elementsof CFD. The system of flow
equationdmathematical modeheeds to be discretizehd solved numericallyoecause
so far there araeo unigue analytical solutienfound forthem.The discretized equations
will thenbe solved over the computational gugingnumericaltechniquesThe results
quality is highly dependenbn thecomputational griddiscretization approach artte

numerical échnique used to derive them.

18



- Solution convergence A numerical simulation is converged when the boundary
conditionsof the flow field are achieved and stabilized by the process of solulion.
doesnot necessarily imply the accuracy
converge to nomealistic results due to different reaso®onvergence criteria of a
solution haveo be accompanied by pgstocessingf the data in order to prevent any
misleading and wrongonclusions The convergencecriteria areachieszed from the
conservation laws, i.emass conservation, momentum conservation and energy

conservation.

CommercialCFD codes have been developaéaring the past yeamsnablingthe researches to
generate and modifne computational gridsgmploy differennumerical methodandadijust the
configuration of simulationsuch faster andhore convenientHowever, using theommercial
softwares without havingeepknowledge of fluid mechanics will lead to inevitable errors and
misinterpretation of the resultgnderstandinghe flow equationsnd fundamentals afumerical
solutionswhich are thebasics behindhe CFD software is necessary to obtain accurate and
reliable results. In computational fluid dynamicsh e  inpugimcliding computational grid,
solution methods and algorithmsitial values and boundary conditionkave considerable

effects on th@utcomeof calculations

3.2. Governing equations(Navier-Stokesequation)

In the process of simulating the flowNavierStdkes equationsincluding mass
conservation and momentum conservation equatadosg with conservation equationsother
scalars such as energpll be solved. In this sectiothe fundamental flow equations argefly

discussed

3.2.1. Conservation of masgcontinuity)

The mass conservation law simply implies theg imass inside a control volunas well aghe
overallflow domain would notbe created nor destroydeigure9 shows a fluid element, control
volume, for which the flow equations will be written.gHation (31) is the mathematical

expression ofhemass conservation laiv integral form.
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Figure 9- Schematic of a fuid element (control volume)

~ %Mo zp Wy (3-1)

In the above equatioM orepresents the volume of fluid element. Taigiationexpresseshat

the time rate of change of mass inside a control volume equals to summatioa mass
enteing andexiting the controlvolume.In case of a steady state flothe time rate of change is
equal to zero sthe incomingmass flow rate should be baladceith all themass flow rates
leaving the flow domainThe mass balance of inlet and outlet boundaries in the flow domain has

to be checketh postprocessing o€FD results

3.2.2. Conservation of momentum

The concept of conservation of momentuniNis wt osecorgl law. The summation of forces
acting on the fluid elements in relation withtheir accelerationThere are two sources of forces
"0 in the momentumequation:surface forcessuch as forcesreatedby pressureand shear
stresesandbody forcessudh asgravity and centrifugal foree The mathematical expression of

the conservation of momentum in integral form is:

—iTmo. z g ™ vB;y (32

Theright hand side of the equatioB2) can be spliand rewriten as follows:

— 2h®o _zfip W so W{ 2z {Wo (3-3)
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In equation 8-3), “Yis the stresss tensorwhich containsthe terms of static pressure and

viscosityforcesimposedon the fluid elementnd Grepresents the body forces.

3.2.3. General scalar transport guation

The integral form of the generic conservatiequation fora scalar quantity") is as

follows:

~. 2'Wo Bz My g W LW, (3- 4)

In equation (24) the N, is the source or sink of per unit volume, where represents the
diffusion coefficient of scalar. The terms on the right hand side of the above equation represent
the transport of scalar whereasthe left handside terms are the convection termshe
conservation equation can be written for any scalar in the flow field such as energy and
temperature.For instace if the heat transfemeeds to be considered in the flow field,
conservation of energy equation will selved along with other flow equatien Turbulence
phenomenoralso requiresadditional unknown scalat® be solvedsuch as Reynolds stresses
and turbulence dissipation raftherefore additionatonservatiorequationseed tobe added to

the system of 8w equations.The number of turbulent scalars and their corresponding
consevation equations depends on the turbulent behavior of the flow, required precision of the
solution andthe employedurbulenceclosuremodel

3.2.4. Reynolds Averaged Navier Stokesquations (RANS)

Turbulent fow motion is described by Reynoldseraged NavieBtokes (RANS)
equationsin order toobtain thef | o sy$tesnof equations, Reynolds averaging method splits
the flow varialtes into two parts; mean valueither enembleavaaged or timeaveragedand
the fluctuatingvalues This method can be implementéat all flow scalars andonservation

equations.

NN e (3-5)
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Substituting equatior¢5) in the continuity anenomentumequationstaking a timeor ensemble
average and showing the mean values without the over bar, the {Stokes equations will

have the following Cartesian tensor form:

Continuity Eq

T« e B (3-6)
Momentum Eq
&% 2% AL A J — H % i, 37

By substituting 1, 23 for indices ‘QandQ6 equations for momentum conservation would be
achievedThe term” 6adaeis calledReynolds Streswhich in general has the form 'dfa2 and

is known agurbulent scalar fluxterm.

Reynolds averaging addsomeunknowns to the system fibw equations.Turbulence
Modelsor closue modek containadditionalequatiors (empirical and semi empirigaby means
of whichadditionalunknowns of the system would be solved.

3.3. Solving the RANS Equation

3.3.1. Mathematical Modeling and Smplification

Defining a mathematical metlis the first stepf every numerical simulatioiMathematical
equations will beaccompaied by simplifying assumptions, whereet conservation equations
will be rewitten in simplerforms. Any flow category can fit in apecific mathematical model
and consequently a particular numerical simulation oeethould be required to solve. iAn
exampleof simplificationcan bethe assumption o two-dimensional2D) flow instead of 3D
flow wherever the variation of flow in the thidimensionis not of interest or is negligibigor
example the flow over amiinite wing which can besimplified to its 2-D section). This
assumption cancelhe third component of alflow equationsitherefore2 equations out of 6
momentum equatiawill be cancelled Below, two examplesof mathematical simplifications

most widely used in CFBimulationsare discussed
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- Steady, Incompressible Flow
Flows without major complexities in their pathihich produces large instabilities, flows without
any rotating part in their domaiand flows wih time-independenboundary conditionsan be
considered as steady state flo@s the other handlows with Mach number below thealue of
0.3 arebasicallyconsideredas incompressiblé hat impliesthe factthatthroughout the domain
t he f | owosu |ddenndsti aayxchamgesFl@vmmowes with a velocity well below the
speed of sound and would bevare of theupcominggeometrical changes or other phenomena.
Therefore the flow would have enough time to adopself whileit proceedsn the domainThe

differential form of continuity equation considering three dimensional, steady 1f), and

incompressible flow (}J=constant) wil/ be si mp

8 (3-9)

Consideringhe same conditions the momentum equation will have the following form
08 o - | iy 94 (3-9)
Z Z

In equation 8-9), "O represents the body forces.

In thenext chaptersjt will be showrthatthe fow insidethe inertial gassolid separatocan be
considered as steady stafEhe boundary conditionare timeindependentand the flow

instabilities were found to bdetectablen the steady state solution.

- Boundary layers
When a viscous flow passes ovesdid surfae a boundary layewill be shaped in the vicinity
of the surface. In case of turbulent flaive flow inside the boundary layer is of high importance
because othe presence of large gradients of scalars in that reditows along predominant
directionare good &amples of boundary layer flow i.ehear flow The pressure in these flows
is considered to be function of x and z direcsiamly, thereforefiyo will be omitted from the
pressure formulation. Considering this assumptio& continuity equatiowould notbe changed
but the momentum equatiain y direction will not be considered in the system of flow

equationsBelow the simplified momentum equations presented:

7=, Ome 73, (3-10)

z @ z d

|-|-_<> F - z O
2L ST H
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2, UM 25 cme 29, (3-11)

» z d

Theoriginal RANS equationsvill be replaced by the equations18) and (311) in the vicinity
of the walls. In thduture sectionsthe methods and algorithms to solve the flow equations over

the computational grid (mesh) will be discussed.

3.3.2. Discretization approach (finite volume method)

After defining the mathematical model which includes the simplified equations as well as
the nomiral boundary conditions, a suitable discretization method is necessary in order to
proceed with numericatalculations Discretization is actually the method of estimatihg
abovediscussedlifferential equations by the appropriate system of algele@u@tions. Three
types of mody used methods of discretization dfieite element method (FE)finite difference
method (FD)andfinite volume method (FV) Among thesenethodsthe most compatiblene

for the complex geometrigsthe finite volume methad

The finite volume method is known as simplest and the most understandable
discretization method because every term of the differential equations in this method has a
physical interpretation and sensibility for the analyzerscofputationalgrid will divide the
solution domain into a number of control volun{€¥/). The control volumes in this method are
independent of coordinate systems and the computational grid just defines the control volumes
boundaries. That makes the FV a suitable one for the cargptametries. Each control volume
has a computational node located at its center and the values on the surfaces of that control
volumes are related to theentra nodesof neighboring cellsusing interpolationFor each
computationahodean algebraic eqti@n will be derived in which the values of neighbor nodes
are visible[36]. As it was discussenh the flow equations sectipithe aim of flow simulation is
to solve thesystem ofconservation equation$he finite volume method for a steady state flow

starts with the generic form of conservation equation as follow:
Bzrye ®{ B ra M aWo (3-12)

This equation contains two integrals over the surface of the control volumes and one term over
the volume. Equatior{3-12) will be applied to each control volume as well as twerall
computational domain. The next step is to obtain an algebraic eqtatesch and every Cly
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approximating the surface integrals as well as volume integral by a quadrature formulae.

Approximating the integral terms has two consecutive steps:

- Each integral term (surface or volume) will be approximated by the prodwsnodl
nodevalue and area or volume of that computational cell (CV).

- Unknown rodal values will be estimated usimifferent interpolation methods from
neighboring nodes.

The order of approximation in the above steps should be matching. So far different integral
approximation methods as well as interpolation methods have been devélibgedint rule

andthe famouslrapezoid ruleare examples of second order methods@ndmp s o nidas r ul e
fourth order methodor approximation of the surface integrals. For the volume integrals the
simplest method is to replace the integral by produceater node valuand the volume of the

CV which isa second order approximation asliwé the order of integral approximations is

higher, the resolution and precision of the solution would be higher but with the expense of

additionalcomputationatime and resource.

I nterpolation schemes

As it is mentioned abovafter estimation of suate and volume integrals by the product
of nodal value ands consistenairea or volume, an interpolatie@ehemewould be required in
order toestimate the value of scalars at the surfaddbeo CV. The interpolation methods are
widely developed and variety of thehmve been used in the literatusach asupwinding
interpolation (UDS) linear interpolation (CDS) Quadratic upwind interpolation (QUICK)
higher order schemesextrapolation methods sues linear upwind scheme (LUDSand also
some methods werdeveloped by blending one or more of the above mentioned methods.
Among these methodspwinding methodis highly used for the application of cyclonic flows.
Upwinding means that the value bfat af ace of a CV is derived fr
(upwind) neighbor cell. Depending on the number of terms of the Taylor series beingoused
extract the required value at the consolface (one of the surfaces of the control volumibjs
method can be 6t order upwinding ohigherordes upwinding. Higher orders of interpolation
will end up withmore accurate resslbutwith theexpense of higher computational resource and

time. Figure10is a 2D schematic of theomputationabrid. The cerPPtNEan@B®di nt s |
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are the computational nodés.order to solve the integrals in the generic conservation equations,

the values of at p, n, e and s need to be found by interpolating the values at neighboring cells.

W =

W =

Figure 10- Graphical illustration of a CV in finite volume method

Conservation equations for the control voluaeound node PWill be written. In order to find

the surface integrals on the 99atf dadhde fhast fiamr et
to be estimated. Interpolation methods will be used to estimate a unique value/ioth

represents the whole surface. The upwinding simply approximateswlee| ue at f@feo by

at the upstream cell as follow:

(3-13)

m
08--

The above equatiols derived from onlyhe first term of Taylor series therefore it is a first order

upwinding discretization. This method is the oolye which is known to give nofoscillatory
results[36]. Considering the Taylor series expansion, different degrees of upwinding can be
obtained. The first term of the Taylor series will give a first order approximation pickeng

the second term will have the second order approximation accuracy.
=N i
"y "= g = 7] lm»"m>v (3-14)

26



Other interpolation methods use different combinations of neighbor values to get the value at
pointfi e O . For knraa mtprpokationt rhethodwhich is the simplest second order

method has the following form:

"w "r'm TF O (3-19)

Where the® . is the linear interpolation coefficient derived h;y— The above interpolation

schemes are available in t&D commercialpackages in order to be applied according to the
case For the currentnertial gassolid separatowhich is modeled in this researatategory of
straightthrough swirl tube) the first order interpolation methods were sehable and

inaccurateHence,a second order upwindirsghemevas usedo solvetheflow equations.

Specialpressure interpolation methods(ANSYS-FLUENT)

In addition to the upwinding schemes which are described above, there are some special
interpolation schemes for pressure which are diffetfeam previous mentioned methods and are
introduced in the ANSY&LUENT v14.57 commercial packageChoosing the pressure based
solver, few pressure interpolation methods including Stendard, PRESTO, Linear, Second
Order and Body Force Weightedvould be availableDepending on theaseone of these
interpolation schemesan be used. For the cyclonic flowsotational reversed flows)the
standard and PRESTO schemesjadiciously usedsince they have shown better convergence
and accuracyln case ofinertial gassolid separatothe standard pressure interpolation showed

satisfactory precision and stabiliby the results

Gradient interpolation methods

In addition to the value of itself, the diffusive term of conservation equatiogsn» & QY
requires the gradient of between center points P and-E € i—n) to becalculated Estimations

of gradientarealways of second order. There are several methods for gradient evaluation which
are alsocavailablein commercial package&reen Gauss Cell base@Green Gauss Node based
and Least Square Cell basegtadientestimationmethods are the mostly usedes The least
square cell based method is a suitable method for the cases with complex gemithetry

unstructured meshrhis method is also popularly used for the cyclonic flow simulatidhg.

27



accuracy ad required computationaksourcewas verified to be satisfactory for thmesent
analysis This methodestimates thgradiens simply by the followingequation.
n n
nyp Lk 3-16
ey (319
In this equation¥i is the distance between center points P and E. This methodawvill

finalized by a matrix equationb nn Yn in which 0 is only dependent on geometand

computationagrid and the solution would be the valuesidfat CV center points.

3.3.3. Deriving system ofalgebraic equations
After estimating the surface and volume integrals (Flux and Source integrals) and using
the interpolation to get the surface valube system ofalgebraic equationsill be created This

equation for an arbitrary writiemgstfolloa:t i onal node
Ade BiAM R (3-17)

In the above equation P is the control point itself and | points are the other points in the domain.
For each control volume a line of algebraic equaf®d7) will be writtenwhich includes the

terms from the rest of the nodes in computaticioahain The linearity of the algebraic equation
depends upon the method of estimation for integrals as wiseasterpolation methad Finally

a matrix equation can be derived as follow:
A E (3-18

Equation 8-18) represents the system of flow equationterms of algebraic equations. Matrices

A (interpolationcoefficienty and Q(source matrixjre the known matrices this equation and
matrix ) is the matrix of unknowns which its members @re" values at computational nodes.

An initial guess will be provided for matrix (initialization of the solution)Using this inital
guesshe software starts to solve the flow until reaching a solution fior the first iteration.

The results of first iteration will have a deviatifstam the valueshatsatisfy the equation {38).

In each of the next iterations solver tries to decrease the amount of error in previous iteration.
This method is the iterative method for solving the matrix equations. In the next section

linearizing approaches will d&riefly discussed
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3.3.4. Linearizing the algebraic equationsand solution of system

Different methods exist in order to solve the equatigilg) for the 1. Depending on the
linearity or nonlinearity of governing equations there are two general categories of methods
which are appropriateDirect methodsuch asGauss Eliminatiorwhich is mostly suitablefor

linear system wheredterative methodsvhich is more suitable faronlinear equationsystems.
Basically second order discretization methods accompanied by ndmearity. Using diect
methoddor these systems (ndimear)will be highly time consumingexpensive andometimes

not necessaryTherefore iterative methods will be usedmost of the casesAn initial guess

will be given to the equations and after the first iteration the matrixwill be obtained.

Considering the equationAQ, at the iteration numbén" the equatior{3-19) can be written:

wl o T (3- 19)
In this equatiof is the value of residual at iteration number n. The objective of the iterations

would be drivingthe]  (residual)to zero.

3.3.5. Pressure based and densitydsed solvers

Pressure based and density based methods are both algaitkoiving the flow and can be
used for a wide variety of flows. They both use the finite volume discretization algorithm but
they linearize andolve theequationswith different algorithmsin some cases the quality of
solution is better, convergencefaster and flow features are better captured by using one of
them. These methods also differ in the way and sequence that they solve the flow equations.
Pressure based solverisginally developed for incompressible flomshereaghe density based
solva which is designed for higispeed compressible flow&ecently both solvers can be
employed to simulate both the incompressible and compressible flows howebeasically
densitybased formulationis more advantageouand accuratein modeling the higlspeed
compressible flows in comparison with pressure based gd@vErThe pressure based soligsr
more popular for the cyclonic flows and we will employ this solver for our simulations. There

are two algorithms for pressupased solver which will be discussed here.

Coupled solver vs. segregated solver
Pressure based solver has two algorithms to solve the $bmwegated algorithms and

coupled algorithm. Coupled algorithm solver is much faster in convergence but sinisest so
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the continuity and momenturaquationsat the same time it need much more computational
resource and memory than the segregated sp@@&prin case of cyclonic flows, the segregated

solver was effetive and accurate.

Pressure correction methods

There are four segregated methods which are in the same family but with slight changes
in the way they correct the presswauesincluding SIMPLE, SIMPLEC, PISO, and FSM
(fractional step method) For steady state flows SIMPLE or SIMPLEC methods are
recommendedand used in the cyclonic flow simulationsr some cases SIMPLEorrection
methodmight beadvantageous in convergence speed and stability but in some others SIMPLEC

would be more appropriaf&9].

The SIMPLE algorithmfollows the following steps in order to solve the discretized flow

equations.

-An initial guess will be given to the numerical domain solving the momentum equation

for u, v and w the componera$ velocity field consecutively.

-The updated velocity values and mass fluxes will be used to calculate the pressure

correction (B using a formula.

-The pressure correction will be added to the initial value of presBujei$ing an under
relaxation fictor( ) t o get the next ) Monemtanteguatiodwll ber e s s u

solved again to find the updated velocities and then examining the continuity satisfaction.

(S (3-20)
- This process contires until the convergends achievedand continuity satisfied.

Under Relaxation ( » |1)

Under relaxation factor is a constamhich determines the corrected value of the variables
(0 ) in each solution iterationln some cases in order to stabilize the solution residuas
necessary to set lower under relaxation factarthis case the smaller change in the initial value
of the next iteration woule@nablethe solutionstability. The under relaxation factoisan be

varied and set for ea@nd everyflow equationsuch as pressure and momentum
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3.4. Turbulence modeling

As it is discussed iprevious sectiongurbulence models provide soradditional equations in
order to close the system of flow equations (RANS)sbiving for turbulent scalarsuch as
Reynolds stresses atarbulencedissipation ratelt is of high importance to have a preliminary
knowledge of the turbulence phenomena and boundary layer in the flovadielce proceeding
with the simulationIn internal flow simulations inside the tubes, turbulent flow is expedted
the Reynolds number exceeds the value of 2[38D Therefore it would be necessary to find an

initial value for the Reynoldsumber to see whether the flow is turbulent or laminar.

The characteristic dimension for computing Reynolds number in internal flows is hydraulic
diameter (HD). In case of pipe and tube flows the HD is identical to pipe or tube diameter.

{ge--aMyln (3-21)

In case ofswirl tubessimilar tothe othercyclones, the accuracy of results strongly depends on

the chosenturbulence modeDue to complexity of rotational flow inside the cyclongsois b e en
observedthat some of the turbulence models ar@dequate for the cyclorflow simulations.
Different turbulence modelalong with their modificationgxist but notall of them are capable

of adequately predict the turbulent flows behav&iill the lack of arobust turbulence model in

order to solve the complex flows can be sengextording toCortes and Gilan appropriate
turbulence model is the orikat accountfor curvature of averaged streamlines, high swirl
intensity and radial shear and adverse presgtadients and recirculating zorj8k In ANSYS-
FLUENT commercial CFD codd]ifferent turbulence models are providied the usersvhere
choosingthe one which is more consistent with an specific applicationcamdidering the
requirement®f each turbulence model is necessary to olgtEhle and accurate resul@ne of

the mostrustedturbulence models is théasmdard kU This model and k turbulence model are

known as tweequation turbulence models since they solve only two additional equations in
order to solve the Reynolds stresses while for 3D flow the Reynolds stress tensor has 6 terms.
Thereforethesemodek are shown to be notapablein case of highly swirledlows and flows

with boundary layeseparation. Since the flow inertial gassolid separatois in the category of

highly swirled andboundary layeseparation in the divergypart of the diffuser is expected due

to high angleof divergence,two equation turbulence models led nonreliable and not
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convergentresults[15]. A modification for the kUmodel was developed and introduced by
Yakhot and Orszad40] called renormalizatioigroup analysis(RNG k). This model is
modified somehow to better capture the swirled flows feat€esaprehensive studies have
been done by different researchers such as the one published by Griffiths and d&oysdinas

the oneby PapageorgakiandAssaniq17, 41. The focus of Griffiths and Boysamas mostly on

the cyclonicflows. They have evaluated fair number of turbulent flows for different cases and
have done a comprehensive literature investigation whaikatesthat for highly swirled flows
theReynolds Stress ModéRSM) showsconsiderablémprovedperformancevhencompare to

other models such aslt RNG k-Uand k. . The RSM model solves theansport equations for

all the 6 terms of Reynolds stress tensor along with an equation for turbulence dissipation rate
(¢). This model results in high precision of the solution but with higher computational cost.
However, Reynolds stress model is the ripsemployed modelin cyclonic flows. In the
FLUENT software, he Reynolds stress modeliigroducedas the most elaborate and complex
model which solvess additional equations in comparison to two equation mof&8s In
conclusion, for the case of switbe filters the most accurate and reliable model would be the
one which considers all the terms of Reynolds stresses (RSM). For the current research different
turbulence modslweretested to vefy their performance. The two equation turbulence models
(k-¢ and k. ) as well as their modifications were observed to bersbable and sometimes they

led to divergence of the solution. The Reynolds stress turbulence model was found to produce

satisfatory results however it is slower in the convergence and is more time consuming.

3.4.1. Near Wall Treatment and Grid Considerations

The man issuein simulating a turbulent flowis the near wall flowsince flow variables
experience large gradients in the near wall reg{twoundary layer) Consequentlya
computational grid should be consistent and capable of solving the flow in this region. Therefore
accuracy of the flow solution is highly dependenthe ner wall modelling method It is been
proved by variety of experimental works that the near wall region of turbflbeve consists of

three consecutivdayers starting from the walkalled viscous sublayer, buffer kryand fully
turbulent region.There ae two method accounting for the near wall regigorovided by
FLUENT. One is thewall function method and the other isear wall modelling [42]. Wall

functions are semempirical formulae (containing the scalars conservation and turbulent
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guantities)which relate theellsadjacento the wall to the fully turbulent region without solving

for the viscous regionf the boundary layeAmong the pioneers of proposing the wall functions
onecan name the Spalding and Wolfshté#48, 44. Since the wall function method replaces the
boundary layer with some empirical coefficients, there is no need to have a fine computational
grid atthe wall vicinity andin some casebavinga fine grid near the waland using the wall

functionswill result in wrong or inaccurate solution.

In ANSYS FLUENT four types ofwall treatments arprovidel to be used with RSM turbulence
model where the users can select the most appropriate one according to their requirements.
Standard wall functions, scalable wall functions and-egulibrium wall functions are the
mostly used wall functions for turbulent flows whiate also available in FLENT. Among the

wall functions, standard wall function is the default in FLUE&AF€ mentioned to be useful for
mostcases witthigh Reynolds numbédrowever their reliability for the relatively low Reynolds
number flows with curvature and rotation is an &3ine norequilibrium wall functionsnethod

is another alternative for near wall treatment which accounts for pressure gradients inside the
boundary layerln nonequilibrium wall functions, g@ressurderm is added to the mean velocity
formula which enalesthe model to account for the pressure gradigrsisie the boundary layer

such as those in swirling flows and separated boundary lalleesaccuracy of this model in
comparison with the standard wall functions was investigatedaleyYong Kim et al The

results proposed thahe nonrequilibrium wall functionsare suitable for the cyclonic flow
simulationg[45, 44. In addition to the wall functions,ear wallmodelling option is available in
FLUENT softwarewhich solves the flow in each and every cell from the wall all along the
boundary layer until the fully turbulent region. It is clear that the near wall modelling requires
quiet fine computational grid near the wall. This matter results isiderably large number of

grids and consequently higheequired computational time and resourc8ince this method
solves for every small turbulence features in the boundary layer, it is also slower in convergence

in comparison with wall functions.

Choosng a near wallmodel depends on the required accuracy aesblution of the boundary
layer. If the effects of walls on the wdilbunded flow are considerablgradients of different
variables inside the boundary layer are required to be considered (for example heat transfer

phenomenondr the separation phenomenimnalarge extent is predicted in the boundary layer
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region, having a fine mesh and using a neaallwmodel would be required otherwise the
computational expense of the near wall modelling is not justifidbléhe current research, i

was observed that using both these models results in a unique solution which shows the
capability of the wall functins in predicting and resolving the boundary layer. Figuresla
graphical demonstration of the two near wall modelling methods. On the left hands side a coarse
near wall cell can be seen where the distance of first computational node from the walk is muc
higher than the right hand side model. The value of this first node will be calculated directly
from the wall functions whereas in the case of near wall modelling the flow inside the boundary
layer is solved with more than twenty computational nodds. dtear that the distance of first
computational node from the wall lgghly important in CFD simulations. A nedimensional
distancefio A ( al so functi on dfocdnpaveithk resotutioo af diffesent 1 s
computational grids and judge thesufficiency accordig to different turbulence model

requirements

4
7
5

Figure 11- Comparison betweenboundary layer meshrequired for wall function methodvs. enhanced wall

treatment

3.4.2. WallYplus (0 )

As it was mationed in the previous sectiowall Yplus is an important nedimensional
parameter which depends on the distance of first computational node from the wall as well as the
flow Reynolds numbef47]. It is necessario check the value of the on all wall boundaries

before proceeding with pegrocessing of the resultShe requirement of each turbulence model

and near wall modelling for  should be respected and checked after the solution convergence.
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Figure 12- Schematic ofdefinition of wall Yplus

« 3% (3-22)

In the above equatioé is the friction velocity related to the wall shear coefficient and flow

density

0 <

= (3-23)

z

It is clear from the definition ot  for an incompressible flowhat « is a function of
distance and velocity (Reynolds numbés$.the first computational grid gets far from the wall,
or the flow velocity increaseghe value of«¢  becomes largerin the ANSYSFLUENT
software the suggested minimum valuecof for the wall functionamethodis around 11.225
(¢ p @ ¢)udependingon thechosen wall functionsThis means a quite large first layer
thickness is requiretb solve the flow It is also recommended to prevant below the limits
because it resdtin deteriorative andnhaccurate results. F@nhanced wall treatmemt X pis

recommendedince a highly fine mesh is required in vicinitytbé wall.
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3.5. Boundary Conditions (BC)

Flow equations derived in this chapter agplicablefor different types of flow but boundary
conditions as well as initial values limit them to a specific flow field such as flow inside a
cycloneor swirl tube Boundary conditions are aetly the valueshatsolvertriesto reach them

at the endof the solution iterations A brief discussion opossibleboundary conditionsvith

more focus on the cyclones is brought in the following material.

3.5.1. Mass Flow Inlet
The required mass flow rate at the inlet will be imposed normal to the boundary. This mass flow
rate input results in a velocity distribution at the inlet boundary. It is also necesskafyntthe

turbulence intensity and hydraulic diameter of the feathe inlet.

3.5.2. Wall Boundaries
This boundary condition imposes fAno slipbo
either stationary immediately at the wall or moving with the same velasityie moving wall

which for a stationary wall would be e

3.5.3. Outflow

Outflow boundary condition i suitable consideratiorwhere the flow informatior(such as
pressurent the outlet is not available. Therefore this boundary condition does not require the
values of pressure, velocity and other flow quantiiethe outlet. Extrapolation will be used to
achieve the required values at the outlet zone from the inside cells. One of the features of this
boundary condition ishat it is possible to divide the mass flow between the outletsases

where the flow dmain has more than one outlet, the mass flow can be divided in desired

portions between them and this is possible by specifying a weighting ratio for mass flow rate.
There are some limitations associated with this boundary condition which is lisbed bel

- Outflow is not applicable for compressible flows.
- Using the outflowwith velocity inlet boundary conditionpressure inlet or outlet
boundaries in the same flow domain is not possible.

- Outflow is not applicable for multiphase flow solvers.
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One of theassumptions of this boundary condition isazdiffusive flux at the outletf there is

an area changa the flow patterror strong flow instability is expected near the outlet boundary,
using the outflow boundary condition is not recommended dymesence of large gradients
normal to the outlet surface. In such cas#eis proposed to move the outlet surface downstream

by using an extension duahich is also considered in current research

3.6. Finalized Proposed CFD Setup

Following the discussiomithis chapter about different solution algorithms, turbulence models
and computational grid criterions, we will ndimalize a CFD setugor the subject of the current

project which is a swirl tube cyclon¥arieties of suggested algorithms and modelsshasen

tested in this research and it is observed some af tesult in inaccurate or weak solutions.

Some of them also would not change the accuracy and quality of the convergence as it was
reported in the literature. The follomg paragraphsontain thedetail of the finalized model

which observed to have enough accuracy and require acceptable computational resources and

time.

3.6.1. Computational Grid (Mesh)

As it is discussed in this chapter, generating a computational grid which satisfies the
requirement®f the turbulence model and obtains the required resolutiangsted In addition,

due to presence of static guide vanes in the structure of swirl tubes, their geometry is aomplex
comparison to the other cyclone categories. The number of cells flowheomain is another
parameter which should match the available computational resodrbese are only few
researchesn the swirl tubes and especially thieaightthrough categoryput for the complex
geometriestiis recommended toise unstructured meskince generating a structured mesh
(HEXA) for complex geometries would not increase the accuracy such that to compensate the

required computational resources and time.

ANSYS ICEM CFD is used to generate thestructureccomputational gd. This commercial
code is already evaluated and used by the reseafonéng application o€yclones simulations
but as it was mentioned not for the application of swirl tulgs50]. Figure B shows the
generated computational grid on the static vanes-ggute 14 shows theoverall computational

domain including the body and the diffuserwell as the generated boundary layer mesh.
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Figure 14-Overall view of the mesh672000cells
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As onecanseein theFigurel4, the boundary layer in the simulations is captured using the prism
layers near to the wall. The thickness of the first lay@f high importancen order to capture
the turbulent features inside the boundary layédre resolution of the first layes therefore
adjustedin order to satisfy the requirememtf Reynolds stress turbulence model as well as the
nortequilibrium wall functions(y+>11.225. Different first layer resolutions havesén tested
and simulated until thpoint the confidence on thesudts ha been achievedifter importing the
generated mesh in the FLUENT software firststepin setting ughe simulationss to scale the
mesh which is generated in the ICEM. The dimensions and directions of the rawddbhbe

checked and set todldesiredones(millimeters or inches)

3.6.2. Solversettings

Table 2summarizeghe chosensolver settings. Numerous simulations were performed and
tested. Ater evaluatng the resultsthe following solversettingswereusedfor the application of

straightthrough swirl tubdinertial gassolid separatQr

Table 2- Solver settingsused to simulate the flow inside thénertial gas-solid separator

Solver Pressure Based

Time dependency Steady State

Turbulence model Reynolds Stres€RSTM)
Near-Wall Treatment Non-Equilibrium Wall Function
Boundary Conditions Inlet: Mass Flow Inlet

Outlets : Outflow

Geometry surfaces : Wdlo slip)

PressureVelocity Coupling SegregatedSIMPLE

Spatial Discretization Gradiens : Least Squares Cell Based
Pressure: Standard
Momentun : Second order
Turbulent kinetic energy: Second order

Turbulent dissipation rate: Second order
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Reynolds stresses : Second order

3.6.3. Discussion on thenumerical model and settings

Various models and algorithms have been tried and evaluated for the applicatipeiooic

flows but there are very few workghich canbe related to the straigtttrough swirl tubes and
inertial gassolid separatorlt was necessary to validate the cotiiplty of the suggesta
methods for thenertial gassolid separatoflow. Use of SIMPLEC pressure velocity coupling
instead of SIMPLE method was suggested by few researchers in order to obtain faster
convergence but the improvement was not observedsa ofcurrent swirl tubeTherefore the
SIMPLE method which is the default method was chdsethe flow simulationg51, 53.

The steady state solution was obsdrie give satisfactory results and the timlependent
analysis didhot showimportant differenceslThe resultof this analysiswill be presented in the
next chaptesshowing the acceptable consistency between the solution obtained &igddy
state andie ones from timeependensolution after a certain flow time.

Reynolds stress turbulence modelthe most sophisticated arldrgely used model in the
literaturefor the application of cyclonic flowg38]. In the present projeché accuracy of this
model wasverified by comparing theexperimental an€FD resultsas well as comparison with
other turbulence model€hoosing other turbulence models led to divergence of the solution or
weak convergenc®ne of theproposedurbulence models the previous worksvas k¥ RNG
model which wasntroduced as a capable model for rotating and complex ftmt/$or the case
of inertial gassolid separatothe result was not satisfactory. The use #¢f RNG resuled in
large norrealistic vortices and separations the diverging part of the diffusewhich
considerably affects the accuracy of the pressure loss measurekwntsalistic vortices were
also observed in case of using the standard wall func{feWi&) for the near wallmodelling
Figure B shows thecontours of velocitymagnitudeobtained atsymmetrycutplane of the
inertial gassolid separatorThe inlet is located on the left hand side andstéic vanesan be

seen downstream of the inldthe large separationegionis visible in the diverging part of the
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diffuser. Consequent of this nerealistic vortex is up to 30%error inthe obtained values for

inlet to outletpressure loss

Due to complexity of the flow inside theertial gassolid separatqrsecond order discretization
approaches wenasedto solve for the flonequations of motionHowever it was observed that

the solution should be started by first order discretization in order to aduptier solution
convergenceStarting the solution directly from the second order discretization resulesthar
divergence or poor convergence of the final solutions. Table 3 shows values achieved by using
first order and second order approaches proving that in order to achfsersuresolution of

the solution second order discretization has to be empldyed.table alsccontainsinlet to

outlettotal pressurdropfor theinertial gassolid separatoat the volume flow rate of 20 cfm.

Velocity Magnitude: 2 4 6 8 10121416 18 20 22 24 26 28 30 32
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Figure 15 Contours of velocity magnitudeat x=0 plane obtianed from standard WF method illustating a

large separationzone
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Table 3- Comparison of the results of FIRST order and SECOND ordesolutions at20cfm

Discretization Approach Total Pressure (Pa) Error (%)
Experimental data 231.73 -
First Order Upwinding 304.11 +31.2

Second Order Upwinding 220.77 -4.7

Following the above discussions, in the next chapters the analysis of the original design of the

inertial gassolid separatowill be presented.
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Chapter 4

In this chapter the validation analysis of thertial gassolid separatonominalmodel is
presentedGeometryof the nominalmodel, grid independency analysis and final CFD results are
presented The results ofCFD simulations are achieved by imposing the models and algorithms
discussed in the previous chapters and then compared with the available experimentéledata.
geometry parameters which amore influential on thenertial gassolid separatoperformance
have been identified and the effedttheir changeon theflow pressure loss was evaluated. At

the endthe best configuration to achieve the minimum pressurenlibidse introduced

Figure B and I7 show overall geometry of thieertial gassolid separatoas well & afocused

pictureshowingthe configuration of vanes|eanair flow path and the dugta r t pathl e 6 s
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Figure 16- Schematic of CFD domainof the Mnoclone
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Figure 17- Schematic of inertial gas-solid separatorstatic vanes and outlets configuration

4.1.Geometry and model dimensions

The geomeir parameters oinertial gassolid separatowere measured and the detailed
CAD model is created usinGATIA V5R20° software. Generative shape design module in
CATIA is highly capable of creating curvy and complex paftghe inertial gassolid separator
structuresuch avanes Also modifying the geometry using this software is more earent and
less time consumintpereforet wasemployed for parametric studies and optimization analysis.
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Figure 18- 2D drawing of the original configuration of inertial gas-solid separator

4.1.1. Extension tubes
In order to meethe requirementsof the outflow boundary conditioand also to match the

experimental conditions, two extension tubes are added to the inlet and outlet of the model.
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These two additional tubes also exist in the erpemtal setup of thenertial gassolid separator
in orderto imposethe suctionand get the required flow rate portioriehe measurement of

pressure in the experiment is performedra pointlocated6 inches downstream of the diffuser
outlet

Outlet extension tube inlet extension tube
AN
N h
H"""“‘l
- /

Figure 19- Configuration of extension tubes

Table4 andFigure19 show the dimensions of added extension tubes as well as the configuration
of their installation on thaertial gassolid separator

Table 4- Extensiontubes lengths(L=overal length of the original model)

Extension Tube Length
Inlet 06L
Outlet 2.0L
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4.2. CFD analysis ofinertial gas-solid separator

The following paragraphs will present the CFD analysis of the nommaeel of thanertial gas
solid separator

4.2.1. Available experimental data and considerations

Herethe CFD resultsvill be compared by the low restrictiomodeldata Figure20 shows the
experimental datavhich is used in order to validate the numericabdel This experimental
chartis obtained at 10% bleed (10% of inlet flow is extracted forst outletusing a suction
pump). The experiments for the pressure loss are performed with pure air wlitisbparticles
The value of the outlet pressure is measured in a distance ofeé® idotvnstream of the diffuser
outlet. The range of tested flow rates lies between 20 and 40 cfm where treofguessure
loss at three flow rates (20, 30 and 40 cfang obtained andusing the log scaling the

experimentagraphis achieved.

In order tominimize the errors and to get the closest results to the experimental data, the values
of the static and total pressure are measured at the same distance (6 inches) downstream of the
diffuser outlet. Also since the exact location of measurement devaesot available, the mass
weighted average of the results is obtained at a surface lagiaenhches downstream of the

diffuser outlet.
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Figure 20- Experimental data of inlet to Outlet total pressure drop at 10% bleed54]

4.2.2. Boundary layer resolution & time independency

In order to verify that the flow inside thmertial gassolid separatolis accurately
resolved and all of theurbulent phenomena such wasrtices and separations apeecisely
capturedthe flow was solved with different boundary layer resolutions. As it diesussedn
the pevious chapters the firtayer of the computational grid (adjacent to the wall) has to meet
the requirements of the employadbulencemodel as wellas neamwall model. This matters
examined by using nordimensional value called wallky The near wall flow can be resolved
with each and every cell from the wall adjacent cell all along the boundary layer which requires
much more number of computational gridsmiés@ wall. In this case the value of thall Yplus
has to be less than one (y+<1) and the flaW be resolved using enhanced wall treatment. The
other approach is the wall functi@pproachwhich requires the y+ to be more thath.225

(y+>11.225. In case ofinertial gassolid separatothe nonequilibrium wall functions found to
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be more reliable and accurate in comparison with other wall functions and consequently were
chosen for the coarse boundary layer mesh simulatiimsse two case@wvall function and
enhance wall treatmendéye examined in order teerify the sufficiency of boundary layer mesh
resolution and tachieve confidence on the results. At the same time the sufficiency of the
steady state solutions for both cases have been exarfRoretthis purposes both cases have been
solved initially with steadystate solver at 20 cfm flow rate. After reaching the convergence (for
steady state), the solver was changed to-tiefgendentBoth cases were solved fartotal flow

time of0.2s which rquired 2,000 time stepsThe convergence of both cases was moedamtil

the scaled residualgeached taorder of10e7. The transient data has been evaluatedtime
variation of pressurevalues at a specified proleasobtained It was observed thahé steady

state solution wagoodenough tosolvethe flow inside theinertial gassolid separatorOn the
other hand, the results of two differebbundary layemesh resolutions were found to be
consistent with acceptable deviatioRigure 21 and 28how the boundary layer mesh resolution
for both cases andble 68 showthe simulation details such alistance of first node from the

wall, number of cells and timdependensolver settingdor each case.

Figure 21- Boundary layer mesh compatiblewith wall functions (y+>11.225
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Figure 22- Boundary layer compatible with enhanced wall treatment (y+<

Table 5- Thickness of frst grid layer , EWT vs. WF

1)

Case thickness(mm)
Fine mesh (EWT) 0.01
Coarse mesh (Nekg WF) 0.37

Table 6- Total number of grids, EWT vs. WF

Case Number of grids
Fine mesh (EWT) 1,935,843
Coarse mesh (Nekg WF) 672093
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Table 7- Initial setting of solver, steady stateand time-dependantcalculations

Flow Rate 20 cfm
No. of steadystate iterations 5000
Time Step sizéor transient solver 0.0001s
Number of time steps 2,000
Number of iterations per time step 15
Flow Time 0.2s

Figure B shows the variation of static pressure vs. the solution time until the flow time
reached.2 second¢The values are brought FPain order to make the variations more visible).
Tables 9 and 16ontain the results of the both transient and ststelydy tatesolutionsfor both
the enhanced wall treatment and wall function modelsrder to prevent any inaccuracgused
by placement ofthe probe insidénstability and alsao match the experimental setup, the values
of static pressure are extracted fromoint located 6 inches dowsiream of thenertial gassolid

separatooultlet.
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Figure 23- Static pressure value vs. timeright: enhanced wall treatmentleft: wall function

Table 8- Comarison between static pressures obtained from steagate calculations, EWT vs. WF

Parameter GageStatic Pressure Pa)

-251.51
Enhanced Wall treatmefy+<1)

Wall functionnon-equilibrium (y+>15) -237.16

Table 9-Comarison betweenstatic pressures obtained from time-dependent calculationsat 0.2 secondsEWT

vs.WF
Parameter GageStatic Pressure (Pa)
Enhanced Wall treatmefy+<1) -240.01
Wall functionnon-equilibrium (y+>15) -237.13
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It was observethat the enhanced wall treatment model gaggroximately no variation
for the static pressure after certain time steps while the wall function model gives a periodic
variation. However the valuexhieved byboth models are inapd agreement with each other.
Theresults show that the naquilibrium wall functiongwith steady state solveayresufficient
to solvethe flow field inside the inertial gassolid separatoand they arealso as accuaite as
enhanced wall treatmenin conclusion,in order to prevent excessive computational time the

model for thanertial gassolid separatois built using a coarse grid and wall function method

4.3. Inertial gas-solid separatorfinalized model validation

4.3.1. Solution initialization and convergence procedure

The model for the original configuratiori mertial gassolid separatois solved using FLUENT
commercialsoftwarewith the finalizedsettings which werédiscussed earlieifhe result of CFD
analysis compad with the available experimental datdesh independency analysigas
performedin order to verifythat the results are independent of mesh resoluitiothe core

region.

The working fluid of thenertial gassolid separatois considered as incompressillie as
for the most of cyclone analysiSince the flow Mach numbés well below the value of 0.3 the
incompressibility assumption would beasonableFlow inside theinertial gassolid separator
doesnot experience heat trafer and temperature change therefore the assumption of isothermal
flow is alsoreasonableHence the ar viscosity will beconsidered constant. Table no.9 shows

the working fluid properties.

Table 10- Properties of working fluid

Working fluid Density (kg/m3) Viscosity(kg/m:-s)

Air 1.225 1.7894e05

The finalized omputational grid used to solve the flow inside the original configuration
of theinertial gassolid separatoconsists 0f672709 computational cells ané31,296 nodes.

Mesh independency analysis will prove the sugficly of this mesh resolution.
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The values of total pressure are measured at a distance of 1.8 inches upstream of the inlet
for inlet total pressure and 6 inches downstream ofdifieser outlet for outlet total pressure.
The total pressure loss the inertial gassolid separatois then computed subtracting the inlet
value from the outletAll the measured values are gage values (the reference pressure is 406.64
inches of water (atmospherpressure).The results of pressure loss were measured3for
different flow rates consecutively from 20cfm (cubic feet per minute) to 40 cfm with irdedval
10 cfm. The solutions were initialized (until a convergence of-Q@ with using the "hybrid
initialization" in FLUENT.It is recommended to start the simulatlonfirst order discretization
approachegparticularly for the complex flowsn order to get better convergenaed in some
casesto preventthe divergence[38]. Therefore each case hhsensolved with first order
approach for the first50iterations. The solution then continued with second order discretization
approachThe second order solver then solved the flownfiamimum of3000iterations and the
residuals of solution were monitored until the convergerumeirred In addition to the solution
residuals the contours of flow variables sasistatic pressureverecheckedand comparegvith
the predictions andhe expermental dataThe computational time required for each chse
betweeril or 2 hours withan8 cores processor.

Figure 24 showsa sample of acceptestaled residuals of the solution at 20 cfm for the
inertial gassolid separatd@r sriginal model The visible discontinuity in the residuals happens
when thesolution approackhanges from the first to second order aftediterations.As it can
be seen in th&igure 24, thefinal values of the scaledresidualsareachieved aR,000 iteratiors
andthey were stable fahe nextl,750iterations.

Table11 containghe values of the y+ obtained by area averaging theawall boundaries of the
domain.They meet the minimum value criterion for the wall functions which is y+=11.225

Table 11- Wall y+ valuesof the original model at 20cfm

body Blades Diffuser Outlet duct
17.17 32.03 31.10 16.73
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4.3.2. Contours of flow properties

After the solution has reached to an acceptable and stable level of convergence, the
contours of static pressure and velocity components have been evaluated. These contours are
obtained from the original configuration of thmertial gassolid separatooperating at flow rate
of 20 CFM. The contours are plotted on the sytmn cutplane of theinertial gassolid

separato(x=0)

Residuals
—continuity
x-velocity 1e-01
y-velocity .
—2z-velocity .

k
—epsilon 1e-02
uu-stress 15
vv-stress
ww-stress
—uv-stress
—vw-stress
—uw-stress

1e-03

1e-04

1e-05 T T T T T T T T T T T T 1

S
0 500 1000 1500 2000 2500 3000 3500 4000
lterations

Figure 24- Scaled restuals for steady state solutiorof original model at 20cfm

Figure 25illustratesthe contours of static pressure. TWiee-frames of static vanes and
other parts ofinertial gassolid separatolare also shownin order toillustrate the working
procedureThe direction of flow is from left to right of the figure and tb& pressure contours
are located in the diffuser part right before the diverging pgiiteadthe vanesthe gage static
pressure ispproximatelyzero as it is expectedownstreanthe static vanes variation of static
pressure irdifferent directiors can beobserved. Theressure field inside thieertial gassolid
separatorshows consistency withsimilar cyclonic flows [53]. The static pressure has its

maximum value in vicinity of wall and it decreases by moving towards the core region.
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Figure 25- Contours of static pressurefor original model at symmetry cut-plane (x=0), 20 cfm flow rate

The redcolored contours demonstrate the highessure and lowelocity regions.The
green and yellow contours show moderate levels of pressure and velocityedrdd contours
demonstrate the minimum pressure levels in the flow field which implies the maxelooity
regions. The reduction of area at the inlet of diffuser is the reason for such increase in the
velocity which is one of the majarontributorsof thetotal pressure loss generation in ihertial
gassolid separatorThe matter isclearerin the contours of total pressure shownFhigure 26.
The considerable lower levels of total pressure can be seen in the diffuser part implying the
contribution of this region in generationtotal pressure loss in the flow fieldfter the diffuser,
flow startsto decelerate anthe pressure levels increase accordingly until the duct becomes
straight.
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Figure 26-Contours of total pressure for original model at symmetry cut plane (x=0), 20 cfm flow rate

0 0.03 0.060 (m)
[ aaa— ]
0.015 0.045

Figure 27-Contours of velocity magnitude for original model at symmetry cut-plane (x=0) at 20 cfm flow rate
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Figure27 shows the contours @klocity magnitudelt can be seen thataximum velocitylevels
up to 35 m/s occun the diffuserwhich is considerably fastlative to therest offlow field. In
the diverging part of the diffuseeparationmegiors (smallblue coloredegiong can be observed
close to the upper and lower wallBhe reason for these separations is that the fastngovi
rotational flow experiencea highly divergent patter(iL5.2 divergence angjeand cannot stay

attached to the wall§ hese separations and the associated vortices anstatahtiescan also

result in totabressure losproduction in the flondomain.

0 0.03 0.060 (m)

0.015 0.045

Figure 28-Contours of tangential velocityfor original model at symmetry cut-plane (x=0) at 20cfm flow rate

Contours of tangentiatelocity (circumferential viocity) in Figure 28 show consistency with
similar cyclonicflows where the maximum rotation strength can be seen near the walls and then
decreases towards the core regi®his velocity component is of main interest dieriving
mathematical modsifor flow inside the cyclonesspecially for collection efficiencysince the
centrifugal force is directly related to tangential velocity, it can be inferred that higher tangential
velocities in the flow field will result in higher collection efficiendypstream othe static vanes

there is no tangential velocigmcethe flow is perfectly axialBy passingoverthe static vanes
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tangential velocity is produceth the flow field. By entering the diffusewe can see the
maximum values otangentialvelocity in the flow field The radial variation of tangential

velocity is verified to be consistent wigimilar cyclonic flowsand expectationsTangential

velocity component starts to vanish after passing the diftusienotation of the flow lastsuntil
the outles.

0 0.03 0.060 (m)
0.015 0.045

Figure 29- Contours of radial velocity for original model at symmetry cut-plane (x=0) at 20 cfm

Figure29 shows the radial velocity distribution in tivertial gassolid separatorAfter the static
vanes the tendency of flow to move towards the walls can be observed in these coh®urs.
results of numerical simulations gpeesentedn table 2 and followed bya chart Eigure 30)
showing the accuracy of thmimericalmodel in predicting the pressure losdriertial gassolid

separatar
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Table 12- Comparison between numerical vs.x results of total pressure loss for original model

(units: inches w.g.)

Flow Rate (CFM) Experiment Numerical Error (%)
20 0.93 0.929 -0.1
30 2 2.005 +0.5
40 3.5 3.521 +0.6
4

LFD results :

Experimental re

pressure drop {inches w.g.)

20 25 30 35
inlet flow per tube (cfm/tube)

Figure 30- Comparison between nmerical and experimentalresults of total pressure lossoriginal model

4.3.3. Core mesh refinement and mesh independency analysis
In addition to boundary layer mesh refinement, a core mesh refinement hasabesoh
out for the same boundary layer mesh resolution in order to verify the mesh independency of the

simulations. A coarse mesh case with0 000 cells anda fine mesh with915,000 cells have
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been generated for the same geoméihe refinement was donefiow core region only and all

along the flows domain. The simulation has been performed at mass flow rates between 20 to 40
cfm with interval of10 and the convergence of the solution wasnitored The area averaged
values of the y+ was checked in order to verify the consistency of boundary layer mesh for all

the casesTlhe results of this analysis are tabulated and pldtéaiv.

Table 13- Comparison between experimental and numericalbtal pressure lossat 20 cfm(units: inches w.g.)

Number of cells Pressure Loss Pressure loss Error (%)
Numerical Experimental
55 0917 0.93 -1.4
67X 0.929 0.93 -0.1
91% 0.908 0.93 -2.3

In the aboverange of cell numbers the maximum difference between the resoltdyis
2.3% which is an acceptabl@eviation[35]. The comparison chastobtained fromall the flow

rates and all three mesh cases are plott&igure31.

Table 14- Comparison betweerresults of total pressure loss obtained frondifferent mesh resolutionsat all

operating flow rates (units: inches w.g)

Flow Rate(cfm) 20 30 40
550,000 cells 0.917 2.008 3.522
672000 cells 0.929 2.005 3.521
915,000 cells 0.908 1.963 3417
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Figure 31- Comparison betweerresults ofdifferent core mesh resolutions

4.4. Parametric study of theinertial gassolid separator

In this sectionthe results of parametric study ofertial gassolid separatomwill be
presentedAccording to the application of thaertial gassolid separatorthe pressure loss
more focusdin this researchThe mostly important and effective geometrical parameters of the
inertial gassolid separatowereselected and the parametric stwdgsdone in order to enhance
the performance ahertial gassolid separatoby reduing the amount of pressure logdl the
modified geometries have been solved numerically using ANBM3ENT commercial

softwareand the comparison charts are presented.

4.4.1. Selection of geometrical parameters

In cyclonic flows, pressure loss and collection efficiency are the main objectives of the
optimizations andhe geometrical parameters are the main decision variables in these researches.

Various researchers haperformedparametric studieand optimizatio in order to obtain less
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pressure loss and high collection efficien8yg it was briefly discussed in tlsecond chapter the
mostly investigatedgeometricalparameters foparametricstudiesof cyclonic flows are see
Figure6[10]:

- Cyclone body diametdD),

- Dust outlet diametd{B),

- Gas outlet diametgD,)

- Total cyclone heightH)

- Cyclone gas outlet duct lengt8)

Despite all the parametric studies and optimizations done for different types of the cyclones,
straightthrough swirl tubes are natufficiently investigated.However due toconceptual
similarity of the cyclones anidertial gassolid separatgithe above mentioned parameteas be
related to thenertial gassolid separatodimensionsThe flow field inside thenertial gassolid
searator was evaluated, the sources of losses and-stanlities were recognized and
accordingly some geometrical parameters were initially considered to be modifieeletting
the important geometricaparameters, it was desired to select the ones wimésh minimal
negativeinfluence on the collection efficiency of tiveertial gassolid separatotherefore if there
is any improvement in pressure loss that would be accompanied by same or higher collection
efficiency. For each simulation only one geometrical parameterchasgedn order toachieve
a distinction between the effects of each paramé&tdyle 15 shows the finathosenparameters

to be modifiedas well as the modification ranges
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Diffuser Straigh Part Length

Diffuser Thickness Diffuser Inlet Diameter \\\\\\\\“_ i)
s apumi
Diffuser Divergence Angle Vanes Axial Length

Figure 32- lllustration of name ofgeometrical dimesnions

Table 15-Selectedparametersand range of modification (org=original)

Diffuser divergence angle &

straight part length Org> Org-2.5" Org Org+1
Diffuser inlet diameter Org-10% Org Org+10% Org+20%
Vanes axial length Org-20% Org Org+209

4.4.2. Results of parametric studies

The required CAD models for each modificatmere made and the computational grid
was generated for each case with same resolution as the original mabbundary conditions
in parametric studies simulations were set identical to the original model and the comparison
charts have been derived for sararge of flow ratesThe simulations were performed until the

convergence of second order discretization appreasachieved. In order to verify the mesh
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resolution sufficiency the value of the wgit was checked for each case after the convergence

andthe contours of different flow parametevereobtained an@nalyzed

4.4.2.1. Diffuser straight tube length & divergence angle

This modification is a combination of di f
angle. Since overall length of tleertial ga-solid separatohad to be constant, decreasing the
length of straight part of the diffuser was accompanied by decrease in divergence angle of the
diffuser which was also believed to have positive effects on the flow fidid. original
divergenceangle of the diffuseis ratherlargefor the high speed rotational flow in that region
which can cause boundary layer separation and consequently non stable vortices in the flow
field. One of the factors which have considerablecontribution in flow distutbances and
consequently pressure losshe flow path variatios. The reason for this modification was first
to decrease the length of the region with reduced area in the diffuser and second to decrease the
flow separation by smoothing the flow path (diyence angle)Since the particle collection
happens before flow reacheshe diffuser,these twgparameteswill have minimal influence on
the collection efficiency of thmertial gassolid separatorin order to verifythe improvements of
this modifiation two diffuser partswvith smaller divergence angles well as one with larger
angle wereconsidered and the results werealuated The contours of velocity and pressure
were evaluated in order to visualittee improvemers in the flow field and ihally the values of
pressure loss for different diffuser amglleave been compared. Figur83 to 35 show the
contours of different flow parameters feach step of the modificatiofiable 18contains the

simulations details for each case.

Table 16-Initial solver settings for modification of diffuser divergence angle

Case Org-5° Org-2.5° Original Org+1°
Flow rate (cfm) 20 20 20 20
Number of grids 681K 67K 67K 666K
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Figure 33- Graphical illustration of diffuser straight length and divergence angle variation
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Figure 34-Comparison of pressure contoursfor different diffuser angles top left: (org+1°); right : original;

bottom left: (org-2.5°) ; right : (org-5°)

The effects othese modificationsvere mostly sen in the diffuser part itself whikbe
flow field upstream othe diffuserinlet does notexperience considerable changélkerefore i
wasconcluded that the collection efficiency of the filtgould notbe affected by changinipe
straight part of the diffuser arttle diffuser angleSince the straight tube became shorter as the
angle decreases, the low pressure regibhs®) get smaller by decreasing the angle. Tesults
in obstructionreductionand would be anadditional reason for theeduced totapressure loss.
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The second reason for the improvement is the reduction of separations due to smoother diverging

path.
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Figure 35- Comparison of welocity magnitude contours for different diffuser angles, top left: (org+1°); right :

original; bottom left: (org-2.5°); right : (org-5°)

Contours of velocity ar@lso demonstrative in this cas&he rotational flowinside the
inertial gassolid separatotubewill experience more losses if its velocity levels are highbae
red contours which represent high velocity region are getting smaller by shortening the straight
part of the diffuser and therefore lower pressure loss is expddtsdmprovementcanalso be
related to the reduction abstructionin the flow path.In addition the separatiaawhich were
presentn the diverging part of the diffuser becosmallerby decreasing the diffuser anglad
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they start to vanish ismaller angleslt is desired to prevent the boundary layer separations in
the flow field and it was observed that reducing the angle of divergence in the diffuser will have

positive effects in this regard. The conclusionabbve mentionednprovementsn the flow

field is reductiorof thetotal pressure loss.
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Figure 36- Comparison of tangentialvelocity contoursfor different diffuser angles, top left: (org+1°); right :

original; bottom left: (org-2.5°); right : (org-5°)

Contours of tangential velocity prove identical flow behavior before the diffuser entrance
implying the same collection efficiency. lkase of highdivergenceangles lover tangential
velocities can be observed in the diverging portion of the diffuser wisilsbws the flow
separationandstationary flowin thatregion.
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Due to manufacturingconsiderations it was not possible to decretse diffuser
divergenceangle more thara certain valuebut it is evident that pressure loss will keep
decreasing byurther reducingthe diffuser divergence anglehereits effects become more
visible at diffuser angles arounddegrees. Tables7 and18 showthe final results achieved by
modifying the straight part and divergence angle of dliffuser andFigure 37 is the comparison

chart for different diffuser angles.

Table 17- Comparion between the results of totapressure loss for different diffuser divergence angles

(units: inches w.g.)

Flow Rate (cfm) Org+1° Original Org-2.5° Org-5°
20 0.920 0.929 0.906 0.896
30 1.989 2.005 1.974 1.953
40 3.501 3.521 3.434 3.331

Table 18-Percentage of pressure losshange relative to original model fordifferent diffuser divergence angles

Flow Rate (cfm) Org+1° Org-2.5° Org-5°
20 -0.9% -2.%% -3.5%
30 -0.8% -1.6% -2.6%
40 -0.5% -2.%% -5.4%
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Figure 37-Comparison between results of total pressure loss for differentdiffuser modifications at 40cfm

flow rate

4.4.2.2. Diffuser inlet diameter (achieved by reducing the thickness)

The flow inside theinertial gassolid separatolis a complex rotational flow due to
different geometry variations along its way. At the inlet of the diffuser part, the highly rotating
flow hasto enter a duct which has smaller diametédre reduction of the flow area acts likes a
convergent nozzle whiicaccelerates the floand at the same time acts li&eobstructionin the

flow field. These mattes werefound to have considerable contributiongeneration opressure
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lossin the inertial gassolid separatorlt is concluded thatlecreasinghe changes ithe flow

path and smoothingt in any possibleway will result in pressure loss reduction. In order to
analyzethe effecs of diffuserinlet dimensionn the flow and consequentyessurdoss, the
diameter of the diffuser inlet increaséal provide the rotating flow with more space at this
section.This reduction in diffuser diameter could be done in two ways; either decreasing the
thickness of the diffuser part or maintaining the same dust outlet area or maintaining the same
thickness ad increasing the diameter of the diffuser inlet which results in lower dust outlet area.
The laterwill have negative effects on the collection efficiendye to reduction of dust outlet
area while the first will have minor effects on the efficientlyerdore the increasef diffuser

inlet diameter waperformedby decreasing thenaterial thicknessvith two intervalseach 10%

of the original valueThe resulted diffuser inlet diameters are shown in tabl®oThe
minimum tested thickness verified to Imanufacturable

Table19 contains the details of the CFD simulatidrean which thefollowing contourgFigures
39-41) are achieved. Due to larger area and consequently larger flow path the number of
computational grids varies by this modification but the boundary layer mesh has the same

resolution and configuration.

Table 19 Initial solver settings for cases of diffuser inlet diametemaodification

Case Org-10% Org Org+10% Org+20%
Flow rate (cfm) 20 20 20 20
Number of grids 626K 672K 711K 758K
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lorg-10%

Figure 38 Graphical illustration of d iffuser inlet diameter (thickness)variation
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Figure 39-Comparison of pressure contoursfor different diffuser diamaters, top left: org-10% ; right :

original; bottom left: org+10% ; right : org+20%

In the above contours, the blue colored regions demonstrat®wviest presure and
highest velocity levelsThe improvementsn the contours of pressures are considerable by this
modification. Theminimum pressure levslin the flow fieldare increase(thanged from blue to
green) from1300pagageup to -500 pagage As in case of diffuser divergence angle, the flow
field upstream of the diffuser inlet is not affected by this modification therefore the same
collection efficiency is expectedhe main idea for this modification is to reduce the geometry

variations asvell as theobstructionin the flow path.
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Figure 40- Comparison of velocity magnitudecontours for different diffuser diamaters, top left: org-10% ;

right : original; bottom left: org+10% ; right : org+20%

The contours of velocitymagnitude are clear demonstrators of velocity field
improvement The highlyacceleratinglow in the diffuser part is deceleratedhich causeghe
flow to passthe divergent part of the diffuser smoothReduction in the flonseparations and
nonstabilitiescan bealsoobserved du# lower velocity levels
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Figure 41-Comparison of tangential velocity contours for different diffuser diameters, top left: org-10% ;

right : original; bottom left: org+10% ; right : org+20%

Tangentialvelocity contours upstream of the diffuser inlet demonstrate acceptable similarities in
all cases and therefore minimal collection efficiency change is conclided.purposeof
diffuser partis to decelerate the flow and deliver itttee engines therefore more smooth and
stable flow is desired in this part. The current modification was found toghéy effectivein
improving the flow field disturbances and reducing firessureloss. Theresults oftotal
pressure loseeductionsare presented in the following tables and charts.
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Table 20-Comparion between the resultof total pressure loss for different diffuserinlet diameters

(units: inches water)

Flow Rate Org-10% Org Org+10% Org+20%
20 1.333 0.929 0.730 0.622
30 3.960 2.005 1.607 1.368
40 6.931 3.521 2.768 2.408

Table 21-Percentage ototal pressure loss change relative to original model for differentnodifications of

diffuser inlet diameters

Flow Rate Org-10% Org+10% Org+20%
20 +43.5 -21.4% -33.0%
30 +97.5 -19.8% -31.7%
40 +96.8 -21.4% -31.6%

The results shown in tabl@® and21 demonstrate considerable improvement in the pressure loss

value while due to the nature of modification the collection efficiency of the dewicdnave
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minimal changesAs it was mentioned before, reducing the thickness is one way to have higher
inlet diameter for the diffuser. In addition to thickness modification, increasing the diameter
without changing the thickness was also modeled and simulatetbt@heressurdoss values in

that case were up to 5%ss than the thickness modificatisnwhich means even better
performancéut due to reduction of dust outlet arthe negative effects on the efficienbgve to

be considered in that case.
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Figure 42-Comparison of pressure loss for diffuser diametemodifications at 20 cfm flow rate
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4.4.2.3. Vanes axial length (axial chord)

This parameteralso was consideredto have someimpacts on the flow pattern and
consequently the flow properties along the domain. In case of higher axial length the distance
between the vanes trailing edge and diffuser decreases therefore heleed that this
parameter would not affect the colliect efficiency considerablyThe flow field changes
resulted from variation of this parameter wagestigated for shorter and longer values. Figure
44-46 showthe contours of thpressure, axialelocity andtangential velocities achieved by the

modificaionsof this parameter.

Due to change in the vanesd trailing edges,
and itcausedess rotation in the flow fieldOn the other hand, the vanes will provide more space
for the flow to pass and consequently the blockage of the vanes would be réthisedatter

was observed as expected in the contouffowof field obtained at symmetry cyplane.Onecan

see the weakenotation of the flow right after the vanes. Also due to more space between the
vanes the overall velocity levels of the flow field are decreased which can be considered as an
improvement However itis difficult to have an estimatioof the collection eftiency since at

the same time the distance between the varel the diffuser is reduced and consequently
rotating particleswill not have enough space to move toward the flow coreeaadpe the dust
outlet. Therefore, despite the previous parametetbjsrcase a discrete phase flow analysis and
particle injection would be necessary in order to precisely judge the collection efficiency.
However reduction in the amount of pressure loss by increasing the axial length of the blades
was observed. Thigniprovement in the pressure logs mostly due to reduction of overall
velocity in theflow field. As it was mentioned before, the higher the velocity of the rotating flow

is, the more pressure loss it will experience by passingighra complex geometricphth due

to stronger vortices and natabilities.It has to be mentioned that this modification creates a
new flow pattern in thénertial gassolid separatowhich has to be evaluated carefullyable 22

shows the simulation details from which the foliogy contours are obtained.
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Figure 43- Graphical illustration of v anes axial lengthmodifications

Table 22- Initial settings of solver for cases of vane lengtmodification

Case Org-20% Org Org+20%
Flow rate (cfm) 20 20 20
Number of grids 657K 672K 679K
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