UNIVERSITY OF LEEDS

This is a repository copy of Particle concentration and stokes number effects in
multi-phase turbulent channel flows.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/128010/

Version: Accepted Version

Proceedings Paper:

Mortimer, L, Fairweather, M and Njobuenwu, DO orcid.org/0000-0001-6606-1912 (2017)
Particle concentration and stokes number effects in multi-phase turbulent channel flows.
In: Particles 2017: V International Conference on Particle-based Methods. Fundamentals
and Applications. 5th International Conference on Particle-Based Methods (Particles
2017), 26-28 Sep 2017, Hannover, Germany. International Center for Numerical Methods
in Engineering , pp. 859-869. ISBN 9788494690976

This is an author produced version of a paper published in the proceedings of Particles
2017: V International Conference on Particle-based Methods. Fundamentals and
Applications.

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

PARTICLE CONCENTRATION AND STOKESNUMBER EFFECTSIN
MULTI-PHASE TURBULENT CHANNEL FLOWS

L. MORTIMER, M. FAIRWEATHER AND D. O. NJOBUENWU

University of Leeds
School of Chemical and Process Engineeringyélsity of Leeds, Leeds, LS2 9JT, UK
pmifm@leeds.ac.uk

Key words: Direct numerical simulation, Lagrangigarticle tracking, Raicle-laden flow,
Fluid dynamics, Concentration, Stokes number

Abstract. This investigation examindise effect that particleoncentration has on the dynamics
of two-phase turbulent channebWs at low and high density rasioln the literature, little
explanation is offered for the et@sice of high particle turbulenagensities in the buffer layer
and viscous sublayer for particles with higbhk&ts number. The present study aims to explore
particle dynamics in those regions. The sg@@&lement method DNS solver, Nek5000, is used
to model the fluid phase at a shear Reynolds nunilzer= 180. Particles are tracked using
a Lagrangian approach witht@n-phase momentum exchanga&diway coupling). Mean fluid
and particle velocity statistics are gatherad analysed to determine the effect of increasing
both Stokes number and concentrat Results indicate that thestgm with the greater Stokes
number (air) has a much larger impact on teamstreamwise velocity and turbulence intensity
profiles. As the concentration is increased,tfean flow velocity anturbulence intensity are
reduced in the bulk and increased very closth¢owall. For the low Stokes system, there is
negligible effect on the flovstatistics at low concentratio One-way coupled solid-phase
statistics indicate that particles in water fallthe flow very closely. At the higher density-
ratio, particles lag behind the flow in the bullyt overtake the flow ithe near-wall region,
where the existence of increased streamwisbulence intensitiess also observed. To
elucidate the dynamics, concentrations and Buxee analysed. Partisl@re observed to be
distributed more densely closette wall in air, compared to a reasonably uniform distribution
in water. Finally, contour ploteidicate that particles in air tetal congregate in regions of low
streamwise fluid velocity, and ¢hextent to which this diffetsetween the two systems is then
quantitatively measured.

1 INTRODUCTION

The transport of solid particles by turbuldhuid flows is common in many natural and
industrial processes. A detailadderstanding of the dynamicssafch systems is important in
determining the properties of the flow, amd particular the dispersion, deposition and
resuspension of particles. A knowledge oésh mechanisms is vital to improving and
optimising flow systems containing particulatespensions. Nevertheless, due to the complex
nature of particle-turbuleecinteraction, the dynamics and mechanisms underpinning the
motion of particles in these flows is currentigt fully understood. Previs work investigating
this kind of phenomena has demonstrated Stokesber-dependent particle behaviour in the
near-wall region [1-3]. Howevennderstanding of the physicstbis behaviour is poor, with



relatively few sources offering explanations fta existence. Preferential concentration of
particles in low-velocity regions close to sbkurfaces has also been observed [4], but the
extent to which particles remain in these kpeed streaks is unknown. The topic of turbulence
modulation through two-way coupling is alsogkat interest, since the volume fraction of
most industrial flows tends to be high. It has bgleown that the additiaof particles can either
enhance or attenuate the tudnde depending on the propertegsthe solid phase [5]. This
tends to depend on the size of the particles such that those with large digheters00um)

will increase the streamwise turbulence intensifyMi@ilst the latter is attenuated for those with
small diameters.

The purpose of this study is to compare thealisige properties of pécle-laden turbulent
flows at two different Stokes nurals representing identical glass particles in water and air. By
fixing the diameter of each set of particles,sam examine more closely the effect of density
ratio. In order to assess the atéo which particle concentian affects the turbulence field,
the air channel flow is also compared at low and high volume fractions.

The fluid phase is modelled using the dinegtnerical simulation code, Nek5000, at a shear
Reynolds numbeRe, = 180. A two-way coupled Lagrangigoint-particle tracking method
is used to predict the dispersed solid phaseoi-dimensional particlequation of motion is
introduced using solely solid phase propertres)-dimensionalised against bulk fluid length
and timescales. This includes the effects of difigpressure gradient and added mass forces.
A feedback force is included in the Navier-Stekguations based on the sum of particle forces
in a grid-cell to account for two-way coupling. In both low dmgh concentration situations,
the volume fraction is high enough to causeulebce modulation. To allow focus primarily
on the two-way interaction of these systemtgriparticle collisions will not be considered.

2 METHODOLOGY

2.1 Fluid simulation

The carrier-fluid field represemig a fully developed channebfl is obtained using direct
numerical simulation. This allow$or resolution of the smakg length and time scales
associated with the dynamic turbulent structwiethe flow. In this work the Eulerian-phase
solver, Nek5000 [7], was used which utilizes ghhorder spectral element method to simulate
the fluid phase. This code was chosen duétstcefficient parallelisation capabilities and
extensive testing and validation history. time code, the incompressible Navier-Stokes
equations are solved to high accuracy onsardiized Cartesian grid consisting of 2718 x
23 8" order elements (i.e. 5.7M node$he elements are scaledtBuhat the nodeclosest to
the wall are distributed mormensely. The Navier-Stokesuadions are non-dimensionalised
using the channel half-heigld#, the bulk velocityUg, and the fluid phase densiy,. From
here on, a quantity with an asterisk (*) den@tegriable non-dimensiolsed in this manner.

The equations are:

V-u'=0 (1)

ot* u u = p ReB T fC

whereu* is the fluid velocityp™ is the fluid pressure&ey is the bulk Reynolds number defined



asRez = Ugd /vy, v is the fluid kinematic viscosity and is the viscous stss tensor. The
additional termf is cell-dependent and accounts for the two-way momentum exchange
between particles in thaell and the surrounding fluid.

For this study, the computational position dom@iyy, z) corresponds to 826 X 26 X
66 channel. Herex is the streamwise directiom,is the wall-normal direction, ardis the
spanwise direction. Periodic boundary conditiaresenforced in therstamwise and spanwise
directions, whereas the wall-nornaadis uses nonslip conditionsydat = +6§. The flow is driven
and maintained by a constant pressure gradigsing non-dimensional parameters this is:

*

dp
ox*
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whereRe; is the shear Reynolds number.

2.2 Particle dynamics

In order to model the transport of large rhers of particles tlmugh the fluid field, a
Lagrangian particle track€cPT) was developed which infaces concurrently with Nek5000.
Each element of the solid phase is represebyea computational sphere. The LPT solves the
non-dimensional Newtonian equations of motifam each particle inorder to calculate
trajectories. This equation is derived by considering the force-balance between the particle's
inertia and the fluid. For this study, we have @mw® consider contributions from drag, lift,
virtual mass and pressure gradient forces. Bagset history force hdmen neglected due to
long computation times and previous evidence [8] showing little effect on the resulting motion.
The equations of motion are as follows:

o] (4)
o~ Up
dup 3Cp|ug 3C 1 D'ug 1 Dug 5
P30l o+ 2 ey ¢ oy LD ©
Drag Y Lift Virtual Mass  Pressure Gradient

In Equations (4) and (5)p represents the coordinatef the particle position is the particle
velocity, ug = up — up is the particle-fluid slip velocityd; is the diameter of the particle non-
dimensionalised by the channel half-heigtjt,is the particle-fluid density ratio arals is the
fluid vorticity at the péicle position given by = V X ug. The drag coefficient),, is taken
from standard empirical observations [9, 104 dhe lift term uses the Saffman-Mei [11, 12]
coefficient. A fourth order accuradunge-Kutta scheme was applied (withtaequal to that
of the continuous phase solvery fategration of the differentiadquations in ater to obtain
each particle's position and velocity at each ftintestep. Each particle's inertial effect on the
fluid phase was considered dligh the inclusion of an additidnsource term in the Navier-

Stokes equations:
Np
L _ 1 ZF*
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whereV/, is the volume of a computational céll; is the number of particles in that cell and
F; is the non-dimensional fluiidrce exerted on partick This is applied at each fluid timestep

(6)



and uses the particle force calculation from the previous timestep.

Table 1: Simulation parameters (L: Low concentration, H: High concentration).

Parameter Water (L) Air (L) Water (H) Air (H)
Shear Reynolds numbete, 180 180 180 180
Bulk Reynolds numbeReg 2800 2800 2800 2800
Particle diameterdp 0.005 0.005 0.005 0.005
Number of particlesip 300,000 300,000 2,566,851 2,566,851
Shear Stokes numbeft, 0.113 91.845 0.113 91.845
Bulk Stokes numbef§tg 0.01 7.937 0.01 7.937
Density ratio,pp 2.5 2041 2.5 2041
Volume fraction,0p 10~* 10~ 1073 1073

The properties used in each simulation ass@nted in Table 1. Each simulation presented
here was performed both one-way and twg-waupled, with the exception of the high-
concentration water flow due to time constrainthe simulations werfrst run as a single-
phase flow using a standard turbulent profilthvedded chaotic terms in the wall-normal and
spanwise directions. Once turbulence was eshtaalidluid statistics we monitored every 100
non-dimensional time units until the mean streasewielocity and RMS velocity fluctuations
had reached a statistically steady state.

Particles were then injecteshiformly throughout the channehe given an initial velocity
equal to that of the fluid. P&ste statistical distributions acse the wall-normal direction were
obtained by splitting the domaintan120 cuboidal regions of edusaze, and taking an average
over all the particles in that zone. Once theigiarnumber density near the wall had reached a
stable value, considered later, particle data was collected and statistics were obtained. It was
from this stable state that ttveo-way coupled runs were stadte@educing the fluid and patrticle
timestep initially to avoid divergences in thewl field due to high particle forces. The fluid
velocity statistics were then tracked once adaidetermine whether the system had finished
responding to the addition of momentum-couplingc®satisfied, statistiasere reobtained as

previously.

3 RESULTSAND DISCUSSION

3.1 Fluid phase statistics

This section explores the effect of partictercentration and Stokes number on the dynamics
of the fluid phase. All flow vagbles plotted here are normalised by the bulk properties of the
flow. Figure 1 compares the mean streamwidecity of the fluid for each simulation as well
as for the unladen flow. Here, the diffece between the unladen flow and the low
concentration two-phase flow iwater is negligible. This is due to the low Stokes number,
limiting the momentum coupling between the two phases. In theclencentration air

simulation, the mean velocity profile isgitly reduced in the bulk flow region.
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Figure 1. Mean streamwise fluid velocity comparisen. : unladen flow; two-way coupled air phase at
low concentration,..... : two-way coupled water phase at low concentration; : two-way coupled air phase at

high concentration.
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Figure 2: RMS fluid velocity fluctuations and shear stress comparison. : unladen-flovewo-way
coupled air phase at low concentration;. : two-waypbed water phase at low concentration; . two-way

coupled air phase at high concentration.

This is further emphasised at high concentrgtisith an increase in fluid velocity found
near the wall. This effectively reduces theckiness of the boundary layer and increases the
wall shear stress due to a higher wall-normabaity derivative. The combination of both
increased volume fraction and density ratio ptes the particle phaseith enough inertia to
increase the fluid velocity close to the wall.

The fluid phase turbulent normal and shetesses are presented in Figure 2. When



compared to the unladen flowo(®l lines), the particles on@gain show negligible impact on
the water phase. With increased volume foaxGt particles tend to reduce the streamwise
turbulence intensities and increase the wall-nband spanwise components. Close attention
to the rightmost graph in Figeir2 indicates that the streanseiturbulence intensities are
increased very close to the walhgt< 0.035.

3.2 Particle phase statistics
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Figure 3: Mean streamwise particle velocity comparisen. : unladen flow;one-way coupled particle
phase at high concentration in air;.. : one-way coupled particle phase at high concentration in water;

To explore the dynamics associated with thi#igla phase, mean velocity and RMS velocity
fluctuation statistics were ddihed. Figure 3 compares the emay coupled particle mean
velocities in the streamwise dot@n. Since one-way coupled flostatistics are concentration-
independent, only the high concentration systeraansidered here. Famater, the particle
profile is very similar to the fluid profilayith a slight increase towards the wallyat< 0.02.
Particles in air generally lag beli the fluid in the bulk region, birtavel faster than the fluid
aty* < 0.08.

Particle RMS velocities are gited in Figure 4. There are slight deviations from all three
fluid RMS components in the water channele®panwise and wall-normal components are
all reduced slightly when compared to theagi@n flow, which is most emphasised arouhe-

0.2 (i.e. on the boundary between the bulk amgtlaw regions). The streamwise component
resides very close to the unladen flow except for very close to the wall where it increases
somewhat. These effects are strongly emphasis#tedtigher Stokes miber (air). A very
notable feature is that the streamwise RMS vslaoocreases as the wall is approached and is
significantly larger than for the unladen flow profile. Large RMS values imply that particle slip
velocities will also be high, sindbe particles are unlikely to bellowing the flow directly in

that region due to their range of speeds. Thihes directly linked tdhe magnitude of the
coupling in that region, since tippedominant forces (drag and lifg)ill be much greater. In



this case it seems that the particles dampembmentum, moving inrmore turbulent manner
themselves. In the spanwise and wall-normaaion, particles possess enough inertia to avoid
being influenced by the fluid turbulence, andtssir RMS velocity profiés are greatly reduced.

0.24

02

0.16

0.08

0.04

O L L 1 L O 1
0 0.2 04 0.6 0.8 1 0.01 0.1 1
y y
Figure 4: RMS particle velocity fluctuations comparisea. : unladen flow; one-way coupled particle
phase at high concentration in air;.. : one-way coupled particle phase at high concentration in water;

The left plot in Figure 5 depicts the concatitsn of particles close to the wall over time
which is used to establish whether the particle motion has reached stability. The concentration
is normalised by the concenti@iti at injection. Clearly ptcles in air take around 30 non-
dimensional time units to reach this point, afigich the gradient drops off greatly and the
normalised concentration continues to deviightly around 2.7. Theight plot shows the
distribution of particle across the channel @t= 150. Here we can see more directly the
effects of the increase in wall-region partidencentration for the air channel. The water
channel profile remains very flat, aside frorslight increase and dip meclose to the wall.

Table 2 defines the boundaries of the regions of the flow and provides the mean net flux of
particles through those regiomer timestep both up (towardke centre-line) and down
(towards the wall). For water, it is evidenathhe flux (upwards and downwards) through each
plane separating two regions ienast identical. This implies that there is no net ‘flow' of
particles in any particular direction, which is further valetl by the right platf Figure 5. This
also seems to be true for digwever, there are far fewer paeles moving between the log-law
region and the buffer layer than there are in wa&enversely, there are more particles moving
between the buffer layer and thesdus sublayer than there are in water, indicating more wall-
normal motion in that region.
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Figure5: Instantaneous normalised partictencentration in near-wall regigri < 0.0083 over time for air
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Table 2: Definition of flow layers iny*and particle fluxes through those regions (W: Water, A: Air).

Region Start End Fup (W) Fup (A) F down (W) | F down (A)
Bulk flow 0.200 1.000 - - 994 449
Log-law 0.166 | 0.200 994 456 914 458
Buffer layer 0.027 | 0.166 914 463 137 576
Viscous sublayer 0.00Q 0.027 136 576 - -

Figure 6 overlays one-way coepl particle positions onop of contour plots of the
instantaneous streamwiselifl velocity on the plang* = 0.0135 for both the air and water
channel flows. It is clear that for the air char(u@per plot), the parties reside predominantly
in areas of low streamwise velocity (white regprin an effort to compare the two flows more
quantitatively we define a low velocity regi such that the streamwise or magnitude
(uy, |Ju*| < 0.75) and the wall-normal and spanwise componéu;su; < 0.025). Figure
7 shows the percentage of timeaxticle spends in our defirotn of a low velocity region for
the air and water channels. The results of dhalysis are also féred by region. Comparing
the two, it is notable that in all cases partidpend more time in low velocity regions in air
than they do in water. In most cases, particiesr spend almost twecas much time in these
regions. Note that the percentage will be strgigipendent on where we define a low-velocity
region, so the emphasis of this analysignisomparison betweehe two systems.



Figure 6: Particle distribution overlaid on contour plots oftemtaneous fluid streamwise velocity in the viscous
sublayer * = 0.0135). Upper: Air; Lower: Water.

5%
- (8] = - 0% . — . - || P . —

Streamwise Wall-normal Spanwise Magnitude Streamwise Wall-normal Spanwise Magnitude

B Viscous sublayer ®Buffer layer ®Log-law region ®Bulk flow  mViscous sublayer mBuffer layer ® Log-law region = Bulk flow

Figure 7: Percentage of time a particle spends in low vglaoegion for air (left) and water (right) channel
flows.



4 CONCLUSIONS

This work aimed to expand the knowledgersunding turbulence modation and near-wall
particle dynamics at high Stokes number by conmgatine effects with that of a flow at low
Stokes number.

It has been demonstrated that at for pkasiavith high Stokes numbers there is a much
greater impact on the turbulensegch that it dampens the sinrewise component and enhances
the wall-normal and spanwise components. srthar-wall region, meagparticle streamwise
velocity fluctuations were high for the lar@#okes number system and tended to match the
unladen flow for the low Stokes number systdine effect of momentum-exchange between
particle and fluid and its relatn to the RMS profiles for the paie phase was explored. It was
speculated that the reduced flaistbulence intensities could loieie to the higtparticle RMS
velocities in that region. It is certain that regiafisigh slip velocity will directly impact the
magnitude of the coupling force term, but the nraf impact (attenuation or enhancement) is
yet to be understood. Further skashould be carriedut comparing densityatios at higher
particle diameters to try observe their effect on turbulence enhancement.

Particle distributions in thevall region were compared rfdow and high Stokes number.
There was a notable increase intjgée concentration near the ivduring the stabilising period
for the particles with greater inertia, which remained consistent for the remainder of the time
considered. This was not appat with the particles ofow Stokes number, which was
explained by the near identical streamwise andR&locity profiles. Byracing the fluid flow,
the mass flux through planes y1i must remain zero overallgan the cotinuous phase),
therefore there cannot be a buildhfgoarticles irany one region. By coitering particle fluxes
in the wall region, we observe this to be trudhia stable state for both air, and more so for
water. It is also notable that the greatesbamh of particle movement between one region and
another takes place on the boundaeyween the buffer layer andethiscous sublayer for air,
whereas in water this is frothe bulk flow into the wall-region.

Finally, the extent to which particles remaim low velocity streaks is assessed both
qualitatively and quantitively. It indicated by considering patgadistributions in the viscous
sublayer that there is a tendency in air to sipogference to low speed streaks, which is not
apparent in water. This is carmhed and examined in furthertdé by partitioning the domain
into regions. Results indicate that for a certaifiniteon of a low velocity region, particles in
air are around twice as likely bee found in a low speed streak than those in water. This could
be further validated by considering the effecingfreasing the cut-off point between ‘low’ and
‘high’ velocity regiors, as particle distoution plots indicate conggation around the regions
and sometimes not directly inside them.

After having observed how the turbulenceattenuated by high coentrations of small
particles in high-densityatio systems, this work shaube extended by performing similar
simulations with larger parties. This should encourage ltuience enhancement, with the
effect that density ratio anercentration has on the fluidrhulence of equal interest.
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