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ABSTRACT

Investigation oimomentum and heat transfer between the fluid and solid phase is toitioal

study of fluid-particle systerm Dense suspensions are characterized by the solid fraction (ratio of
solid volume to total volume), the particle Reynolds number, anshityge of the particle. The
behavior of norspherical particles deviates considerably from spherical particle shapes which
have been studied extensively in the literature. Momentum transfer, torfiest is driven by

drag forces experienced by the paeticin suspension, followed by lift and lateral forces, and

also through the transmission of fluid torque to the particles. The subject of this thesis is a family
of prolate ellipsoidal particle geometries of aspect ratios (AR) 2.5, 5.0 and 10.0 at rewthi¢hal
fractions ¢ ) between 0.1 and 0.3, and suspensions of cylinders of AR=0.25. The nominal
particle Reynolds numbety Qis varied between 10 to 200, representative of fluidized beds.
Fluid forces and heat transfer coefficients are obtained ncatlgrby Particle Resolved

Simulations (PRSysing the Immersed Boundary Method (IBM). The method enables the
calculation of the interstitial flow and pressure field surrounding each particle in suspension

leading to the direct integration of fluid forcasting on each particle in the suspension.

A substantial outcome of the research is the development of a new drag force correlation for
random suspensions of prolate ellipsoids over the full range of geometries and conditioned

studied. In many practical plications, especially as the deviation from the spherical shape



increases, particles are not oriented randomly to the flow direction, resulting in suspensions
which have a mean preferential orientation. It is shown that the mean suspension drag varies
linearly with the orientation parameter, which varies fr@r0 for particles oriented parallel to

the flow direction to 1.0 for particles normal to the flow direction. This result is significant as it

allows easy calculation of drag force for suspensioh wity preferential orientation.

The heat transfer coefficient or Nusselt numiseinvestigatedor prolateellipsoid suspensions
Significantly, two methods of calculating the heat transfer coefficient in the literature are
reconciled and it is establisti that one asymptotes to the othdfris also establishetthatunlike

the drag forceat low Reynolds numbehe suspensiomeanheat transfer coefficient is very
sensitive to the spatial distribution of particles or ldcgbarticle solid fractionsfFor the same

mean solid fraction, suspensions dominated by particle clusters or high local solid fractions can
exhibit Nusselt numbers which are lower than the minimum Nusselt number imposed by pure
conductioron a single particle in isolatioithis resuls from the dominant effect of thermal wakes

at low Reynolds numbers. As the Reynolds number incsgihgeeffect of particle clusters on heat

transferbecomedess consequential

For the 0.25 aspect ratio cylinder, it was found that wéxlsting corredtions under predietl

the drag forces, a sinusoidal functi@;, Op ; 'O ; 'Op ;O E i captured the
variation of normalized drag with respect to inclination angle over the mmgeY Q ¢ 1 and

m e« 1. Further the mean ensemblagl followed O "0y ; - "Oj 370 5. lt

was shown thaift forceswere between 20% to 80% of drag forces and could not be neglected

in models of fluidparticle interaction force€omparing the pitching fluid torque to collision

torqueduringan elastic collision showed that as the particle equivalent diameter, density, and



collision velocitiesdecreasa, fluid torquecouldbe of the same order of magnitude as collisional

torgue andt too could not be neglected from models of particle transport in suspensions.
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GENERAL AUDIENCEABSTRACT

Momentum and heat exchange between the fluids
plays a critical role in power generation, chemical processing plants, pharmaceuticals, in the
environment, and many other applications. One of the key comsoimemtomentum exchange

are the forces felt by the particles in the suspension due to the flow of the fluid around them and
the amount of heat the fluid can transfer to or from the particles. The fluid forces and heat transfer
depend on many factors, chi@inong them being the properties of the fluid (density, viscosity,
thermal properties) and the properties of the particles in the suspension (size, shape, density,
thermal properties, concentration). This introduces a wide range of parameters that have the

potential to affect the way the fluid and particles behave and move.

Experimental measurements are very difficult and expensive to conduct in these systems and
computational modeling can play a key role in characterization. For accuracy, computational
models have to have the correct physical laws encoded in the softwa@hj€htive of this thesis

is to use very higfiidelity computer models to characterize the forces and heat transfer under
different conditions to develop general formulas or correlations which can then be used in less
expensive computer models. Three bamrticle shapes are considered in this study, a sphere, a
disk like cylindrical particles, and particles of ellipsoidal shapes. More specifically, Particle

Resolved Simulations of flow through suspensions of ellipsoids with aspect ratio of 2.5, 5, 10 and



cylinders with aspect ratio of 0.25 are performed. The Reynolds number range covered is [10, 200]
for ellipsoids and [10, 300] for cylinders with solid fraction range of [0.1, 0.3]. New fluid drag
force correlations are proposed for the ellipsoid anthdgl suspensions, respectively, and heat

transfer behavior is also investigated.

Vi
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Chapter 1

|l nt roducti on

In the study oflensefluid-particle systers) aside from the particlparticle and particlsvall
interactiors, the drag force induced by the fluid flow also plays a criticalirofgoverning the
motion of particles in the flow. To model such syste@omputationafluid Dynamics (CFD)
has becomanincreasingly importartbol for design compared &xperimeng which are
comparatively very expensive to perfar@urrently two methodstwo-fluid Model (TFM) and
Computational Fluid Dynamics Coupled to Discrete Element Method {CEM) are
frequently implemented to model such systefnine EuleriarLagrangian approach, CFDEM

is not only able to capture the flupdhrticle interactiog butalso track the location, heat and
mass transfer condition of each individual particle in the suspension. Therefore, it has &ecome
important tool fomodeling such systesnHoweverpecause the particles are treated as point
masses and not resolveatcurate dragprce and heat transfeorrelationsarefundamental for

accurately predicting thmomentumand heaexchange between the fluid and solid phase.

Due to the simplicity of geuetry and general applicabilitgarlyresearchers mainly focedon
an isolated spherical particle in the flawd proposedrag correlation$or a wide range of
Reynolds numbet As naturaland engineereparticles possess various geomefraesl spherial
particle drag correlati@may not be able to fulfill the accuracy requiremfentdrag prediction
investigatiors of othernon-sphericabparticle geometries including cylindgellipsoids, cubes,
plates, amongst others, have immergAdiong thesenanydrag correlations in the literatyridne

drag correlation derived ydzer and Sommerfeldl] has been widglimplemented by



numerous researctee In their correlation, spheri@s in different orierdtions are used to
represent orientinal and geometry difference of particles in the flow, which theoretically has
unlimited applicability to different partie geometriesin particle suspensions, in addition to
particle geonetry, each particlés surrounded by several other particles and the incoming flow
experiencedby each particle iaffected by nearby particleShese effects are not captured in
drag corredtions for isolated particlesshich has motivatedtudiesin recent years to focus on
flow through suspensions nbn-sphericalparticleswith different geometriesAmong these
studies, there is a lack of dragrrelationdor very elongted ellipsoidsand low aspect ratio
cylinders or particle shapes that deviate significantly from the spherical slimagadition,many
researchis haveobserved than practical systemsion-spherical particles may have different
meanorientdional preferenceas the fbw condition varies. Taking elongated ellipsoégan
example, in packed bsdf these ellipsoids, they tend to lie with their rotational symmetry axis
perpendicular to the flomaintaningminimum potential energy for the whole system. Whila in
fluidized bed, their orientation teatb bemorerandomly distributed. Howevelhe effect of
preferential orientatioon the drag force experienced by either individual particle or the whole

suspension hawotbeencharacterizedh theliterature.

Heat transfebetween the fluid and solichpse is another important factor since fluidized bed
reactos are usually accompanidxy heat exchange in the systeilnoughan increasingiumber

of heat transfer correlations have emerged in recent yearsapipdicability is always limited to
spheical or nearsphericalparticle gemoetriesThereare two approaches for heat transfer
coefficient calculation in particle suspensions. One defirilesdamixed-mean temperature for
each locationn the flow directon anduses the average surface temperature of particles at that

location to define the heat transfer coefficient. ®theer approach defines a body conform



shell around each particle of inter@sthin which the fluid mean temperature is calculated to
derivethe heat transfer coefficienf eachindividual particle in the suspension. However, there
is a lack ofclarity in theliteratureregardingthe differenceor similarity between thegeo

approaches.

Though most studies hafocusedon deriving dag force correlations, which is by far the most
consequential force in spherical systems, other fluid forces such as lift and lateral forces and
induced fluid moments or torques could also play a consequential role on the translational and
rotational motia of particles.In theliterature,rotational motions are almost entirely modeled
through particleparticle and particlevall collisions while fluid force induced torque are never
considered, but which could also be playing a substantialTo&reforejt is worthwhile to
estimatehe lift, lateral forcesand torques along different directioasid investigang their
characteristics undeiifferentflow conditionsandparticle inclination angle— to estimate their

relative importance against drag and pariaeticle or particlevall collisional force.

Motivated bythegeneralack of research itheliteratureon fluid forces in norspherical
particle suspensiont)e overallobjective of this work is teaharacerize and develogeneral
drag and heat transfer correlatipwhere appropriateyith applicabilityto various particle
geometriesln addition,the relative importance of lift and torque while modekingmotion of

the particless also investigated.

The following are the main contributions of the current wethich are described in Chapters 2

to 5.

1 Chapter 2: Development of a nedrag correlations for prolate ellipsoid suspensions

covering apect ratie rangng from 1 (sphere) to 10 under Reynolds number range of



p Ty Tt !and solid fraction range of [0.1, 0.3his is the only correlation in the
literature developed specifically for prolagéipsoids over the range of geometries and
parameters specified.

1 Chapter 3: Development of a relationship between drag force and suspension

preferential orientation for ellipsoidal particle suspensions of AR2.5 to 10. This reduces

the large number of characterizations necessary to calculate drag for an arbitrary

orientational pameter to just two characterizations at each Reynolds number and solid

fraction for each geometry.

1 Chapter 4: Heat transfer characterization of ellipsoidal particle geometries of AR2.5 to

10 and establishing the relationship between two methods usesllitethture to

characterize the heat transfer coefficient. It is also established that the mean suspension

Nusselt number, unlike drag force, is very dependent on the local solid fraction around

each particle at low Reynolds number.

1 Chapter 5: Drag, lift, lateral force as well as torques along different directions on both

isolated and suspensions of AR0.25 cylinders are also investigated. A new drag
correlation is proposed after obsekythat there is no reliable correlationthre literature
thatcan accurately capture variation of drag force on such paritice suspeisiens.
relative significance ofift, lateral force and torqueare also investigated withe
observation that lift and pitching torque play important roles in governing the

translational and rotational motion of particles in the flow.

The workdescribedn this dissertation has resultedtive following published and submitted

peerreviewedjournal publications



Chapter 2: Cao, Z, Tafti, D.K. and Shahnam, M., 202Development of drag

correlation for suspensions of ellipsoidal particewder Technology369, pp.298310.

Chapter 3: Cao, Z, Tafti, D.K. and Shahnam, M., Modeling drag force in ellipsoidal

particle suspensions with preferential orientatiowder Tehnology, 378 pp.274287.

Chapter 4: Cao, Z.and Tatfti, D.K., Convective Heat Transfer in suspensions of prolate

ellipsoids. Submitted thternational journal of mass and heat transfeén January 2021.

Chapter 5: Cao, Z.and Tafti, D.K., 2020. Fluid forces and torques in suspensions of
oblate cylinders with aspect ratio 1:ldternational Journal of Multiphase Flow 131,

p.103394.

Appendix: Cao, Z.and Tafti, D.K., 2018. Investigation of drag, lift and torque for fluid

flow past a low aspect ratio (1: 4) cylindE€omputers & Fluids 177, pp.123135.



Chapter 2

Devel opment of Drag
Suspensions of EI'l1lp

2.1. ABSTRACT

To model drag the current stadéthe-art is to use isolated nespherical particle drag correlations
modified by a solid fraction correlation that is based on experimental or simulation results of
spherical particle suspensions. It is shown that thistipeacan lead to substantial inaccuracies
when the particle geometry deviates significantly from a spherical geometry. In this paper particle
resolved simulations (PRS) are conducted for ellipsoids of aspect ratio 5 (AR5) and 10 (AR10) in
random suspengis with no preferential orientation. Simulations are performed for a Reynolds
number Re = 10 to 200, and solid fractlorr 0.1 to 0.3 and 0.1 to 0.2 for AR5 and AR10
suspensions, respectively. Combined with PRS data from past studies for spherical particle
suspensions and ellipsoids with AR2.5, a drag correlation is developed for the mean drag force in

suspension as a fuimn of Re,» , aspect ratio, and inclination angle

Keywords: Particle suspensions; PartidResolved Simulation (PRS); prolate ellipsoids; drag

correlation.

2.2. INTRODUCTION

Fluid drag forces acting on particles in suspension are of critical importancagturing the
dynamics of fluidparticle systems accurately. Due to the simplicity of the geometry and general
applicability, an isolated spherical particle in the flow field has been widely investigated by a
number of researchi@s 4] and drag correlations have been derived with applicability to a broad
range of Reynolds numbef5i 8]. Recently, with the increase in computational power and

maturation of numerical techniques and methods in computational fluid dynamics (CFD), highly

C
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resolved Particle Resolved Simulatiof®RS) have been performed for pgpherical particles

such as ellipsoid®i 12], cylinders[13i 15], cubeq16,17], and other complex shapes. In addition

to these works, that focus on a specific or on a series of similar geometries, there also have
been attemfg in the literature that seek to develop a general correlation that can predict drag force
on various nosspherical particles. One of the widely used correlation is that by Hdzer and
Sommerfeld1], who fitted 2061 experimental data points for different particle geometries and

proposed a drag correlation with a mean deviation of 14.1%.

Unlike the drag on an itated particle that has been extensively studied in the literature, there are
relatively fewer investigations that focus on particle suspensions. Er§lterived a correlation

for pressure drop over packed beds of particles based on a large number of experimental data.
However, the accuracy decreasesat $olid volume fractions(). Thus it is combined with the
correlation derived by Wen and YL9] for ¢ less than 0.2. The combined drag model is widely
used and provides reasonable drag results for flow throughicgdhearticle suspensiorjg0].

Another widely used correlation is that derived by Di Fe[RE] which is based on previous
experiments on particle suspensions. In the last decade, these correlations have been augmented
by computational investigations of fluid flow through paé suspensions. These have the added
advantage of being able to calculate the flow field around each particle in suspension and hence
directly calculate the fluid forces acting on the particle. Tenneti ¢22.did particle resolved
simulations of spherical particle suspensions covering a wide range of solid fractions and Reynolds
numbers. They found that after normalization, the dragfdue to the fluid viscous effect presents

a weak powetaw dependence on Reynolds number which disproved the previous notion that
normalized viscous drag is independent of Reynolds nu@3r They also showed that the

normalized pressure drag force varied linearly with Reynolds number. Using Lattice Boltzmann



simulations of spherical particle suspensions, Rong ef24]. observed that drag force on
individual particles fluctuated randomly around the mean with an approximate Gaussian
distribution. Similar investigations have also been coratuébr specific norspherical particle
suspensions. Rong et @5] did Lattice Boltzmann simulation for both oblate and prolate ellipsoid
suspensions and based on the drag model of Di Hli¢ethey proposed a new correlatidrat

takes the variation in particle geometry into account. CheivVidilet [26] simulated flow in cubic
particle suspensions and proposed a drag closure for the specific geometry. To evaluate the
accuracy of drag correlations in the literature, He ef2al.28] investigated fluid flow through
suspensions of spheres and ellipsoids with aspect ratio of 2.5 by performing particle resolved
simulations and found that drag correlation for isolated particlése flow proposed by élzer

and Sommerfelftl] combined with particle suspension correlation of Tenneti. 2] provided

drag results on the particles in the suspension with least deviation from the simulation data.

For CFD combined with poirbrce models for particles such as the discrete element method
(DEM), the general lack of available drag models for-spherical particle suspensions is
compensated for by combining drag correlations for isolatedspbarical particle in the flow

with acorrelation that accounts for the effect of particle density or solid fraetiofhis has been
implemented for suspensions of cylind@gi 31], ellipsoids[32] and cuboid$33]. However, the
experimental results oVollmari et al. [33] observed that though such combinations of drag
carelations can reasonably estimate the drag force on suspensions of spheres or particle
geometries similar to spheres (sphericity close to unity) , much poorer accuracy was found while
predicting drag force on suspensions of particles that deviated cagnti§i from a spherical

geometry (such as very elongated or flat geometries).



The objective of this paper is to develop a general correlation for prolate ellipsoidal particles
ranging in aspect ratios equal to unity (sphere) to 10. In this work, passblved simulations

are performed for fluid flow through suspensions of prolate ellipsoids with aspect ratio of 10 and
5 (abbreviated as AR5 and AR10 ellipsoid), which is defined as the ratio between length of the
particle along the axis of rotationglrsmetry and the diameter of the equatorial plane. Firstly, the
applicability of drag correlations in the literature is evaluated by comparing with our simulation
results. Then using drag data for spheres and ellipsoids of AR2.5 from our previoy2 @28k

a new drag correlation is proposed that covers ellipsoids in suspension with aspect ratios from 1

to 10, Reynolds number from 10 to 200 and low to intermediate solid fractions.

2.3. NUMERICAL METHOD AND SIMULATION SETUP

2.3.1. Governing equations

The governing flow equations in the particle suspension are given by the incompressible, constant
property, continuity and momentum equations. These are solved in the framewoikooké

CFD codei GenIDLEST (Generalized Incompressible Direct and Large Eddy Simulation of
Turbulence) with the immersed boundary method (IBM). The dimensionless forms of the

governing equations have the following form:

Continuity:

m (21)

Momentum:
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The above equations are Adimensionalized by:
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where the superscript)( represents dimensional variables. For the constant property assumption,

p8In the nondimensionalization process, the superficial velocity of the fdvis taken

as6” andd is the equivalent diameter of an equal volume sphere.

The equations are solved using a collocated orstaggered finiteyolume formulatiom with
secondorder central (SOC) difference discretizati@¥,35] The variables including flow
velocities, pressure and temperature are calculated and stored at computational cell center while
mass fluxes are calculated and stored at the cell f@&cesecond order predictarorrector
formulation is implemented for time integration: first an intermediate velocity field is calculated

in the predictor step, then a corrector step is carried out based on the calculated pressure field to

satisfy the discretcontinuity.

2.3.2. Particle Geometry and Immersed Boundary Method
In the present work, simulation for suspensions of ellipsoid with aspect ratio of 5 and 10 are
performed and for deriving the new drag correlation, drag force data for spheres and ellipsoids

with AR of 2.5 by He et al[27,28] are also included to extend the applicability of the drag

10



correlation for different particle geometries. The body conforming surface meshes of the particles
investigated are shown Figure2.1. From (a) to (d) are sphere, ellipsoid with AR2.5, ellipsoid

with AR5, and ellipsoid with AR10.

Particle surfaces are resolved by the Immersed Boundary Method (IBM). Particle surfaces are
defined by approximately 4000 (AR5 ellipsoid) and 7500 (AR10 ellipsoid) triangular elements.
The much greater number of surface elements of the AR10 ellipsoid results from its relatively
larger surface area and surface curvature. A sharp interface indinecgfmethod is used for the

IBM in which fluid nodes adjoining the particle surface are identified as fluid 1B nodes. Boundary
conditions on the immersed boundary (IB) surface are implemented in the scheme by using probes
normal to the IB surface passitigough the IB nodes to determine the appropriate value at the
fluid IB node to satisfy the boundary condition at the surface. Details of this implementation and
validation can be found in the work of Nagendra ef38]. Further, grid independency for nron
spherical particles in isolation and suspensions can be found in Cao an@7]aéind He et al.

[27,28]

(@) ) )
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Figure2.1. Surface meshes of different particles that are investigated

Forces on each individual surface element are calculated by:

B 0 £2) 24)

And the total fluidparticle interaction force on each particle is calculated using:

D 5" (2.5)

The drag force, which is of main interest in this study, is defined as the component of the fluid
particle interaction force in the mean flow direction. To find the effect of particle orientation with
respect to the mean flow direction on drag force egpegd by each particle, the angle between
the particleds rotational symmet Figurea2xsused and

as the singlar inclination angle to describe the orientation.

Figure2.2. Inclination angle of ellipsoid used to define orientation.
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2.3.3. Computational domain and background mesh

In this work, a rectangular computational domain is generated as is shbignre2.3. The total

length of the domain in the-or flow direction is ® nondimensional units, out of which the
ellipsoids are placed in the in the region of length 15 units, 5 units from the inlet plane. The size
of the domain is kept to 10 units in the crgi®am, yand lateral, directions. The inlet velocity

is setto the target superficial velocity, "Y orUp = 1.0 inFigure2.3. At the outlet, outflow

or zero gradient conditions are imposed on the velocity and pressure fields. Periodic boundary
conditions are specified in the gnd z directions to simulate an infile extent of the particle

suspension in both directions.

U Periodic

\l
10

Periodic

5 15 10

Figure2.3. Computational domain and boundary conditions

To supplement past grid independency stufié28,37] an additional grid independency study

is conducted irthis study for AR10 particles because of their extreme nature at the highest
Reynolds number of 200 at a solid fraction of 0.20. Based on our previous investigations, two of
the finest mesh spacings were investigad€dand 50 grid cells per equivalephsrical diameter,
amounting to a total grid size of 128 and 250 million computational cells in the domain,

respectively. With this study it is established that the calculated drag force on over 97% of the

13



particles had deviations of less than 2.5% betwkertwo grid resolutions while the mean drag

force over all particles in the suspension had a deviation of 1.0%, ascertaining grid convergence

and the adequacy of the grid spacing. Thus all reported results are engrid.

2.3.4. Generation of particle suspension

To create the suspension of particles without overlap or orientational preference, a physical
simulation enginé PhysX by Nvidig38] is employed. During this stage each particle defined by

a coarse surface mesh is introduced into the packing box with a random velocity. As more particles
are introduced into the packing box, overlaps are detected by the PhysX engine and the collision
operator moves the particles apart till no overlaps exist in the system. This process is repeated till
the desired solid fraction is reached and the system is in a stable state with no okFeglap2.4

shows an example of the AR10 particle suspension placed in the computational domain.

Figure2.4. Randomly placed particles in the computational domain.

14



To reach a dsired solid volume fraction, with the pset region that accommodates the particles,

specific number of particles are required, which is calculated by:

5 £°
“Q

(6)

In the equation) is the total number of particles in the domains the desired solid fraction and

wis the volume of the computational domain with a dimensiop of p T p 1IN X-y-z-
directions, respectively. The number of particles for each solid fraction for diffeilgsoid

shapes are presentedliable2.1. The difference in the number of particles for the samsedue

to the different domain size implemedta the study of He et g27], which had a dimension of

p T p 1t p Tin this study, two separatacgdistinct random suspensions are generated for each
solid fraction and particle geometry. Because of the large aspect ratio and the elongated shape of
the AR10 particles, it was not possible to construct the suspensior>for2 without introducing
preferential orientation of the particles. Since the objective of this study was to investigate random

arrangements, the solid fraction of AR10 particles was limited to 0.2.

Table 2.1. Number of particles required underdifferent conditions

\' 0.1 0.15 0.2 0.3 0.35

Sphere 191 - 382 573 669

AR2.5 ellipsoid 191 - 382 573 669
ARS ellipsoid 286 - 573 859 -

ARI10 ellipsoid 286 430 573 -

15



To ascertain that the AR10 particles are indeed arranged in a randomgement we make use of

the following relationship for a random distribution of ellipsoids

[ Q8 — 2.7)

Here0 are the number of particles present in the interval p mabout angle— and

0 are the number of particles in the intengait — w 1T The expression states that in

a random arrangement the number of particles in an interval centerathah normalized by the
number of particles in an interval near w Tshould approximately equal to"Qg39}. The
distribution of the normalized particle wat for AR10 ellipsoids with respect to inclination angle

is shown inFigure2.5. In general, the distribution follows the reference sinusoidal curviador
three solid fractions investigated. The larger deviation at low solid fraction is a result of the less

number of particles used for 1. A similar distribution is also present for AR5 ellipsoids.
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Figure2.5. Variation of normalized particle count with inclination angle for AR10 suspensions

2.3.5. Pre-processing of the drag data
The drag forces are presented after being normalized by the Stokes drag on an isolated sphere of
equivalent dieneter, and is calculated as:

3

° FTToOY

(2.8)

Due to the developing nature of the flow in thdisection, flow entrance and exit into and out of

the particle suspension (located between x=5 and 20) influence the drag forces which will behave
differently than in the core of the suspension. Both,rapst effects at the entrance to the
suspension and downstream effects at the exit from the suspension will impact the drag forces of
particles located near the entrance and exit, respectiviglyre 2.6 shows an example of the
normalized drag force on individual particles in the suspension for AR5, at Re=30 amp.

The symbols represent thdocation of the particle center and it can be noted ttzat dn particles

near the two ends exhibit different trends compared to the particles in the middle. Therefore, results
are only presented for particles that lie in the core of the suspension devoid of entrance and exit
effects whose centers lie between k.5 to 17.5 for this case. This requirement reduces the sample
size, however it is noted that the minimum particle sample size over all the solid fractions still

consists of 310 particles over two random distributions which were simulated for each case.

17
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Figure2.6. Drag force on AR5 particles in the suspension at Rex10, 8 hwith respect to
their x location

2.4. RESULTS AND DISCUSSION

2.4.1. Drag results and comparison with literature

In coarse grained simulations drticle mixtures, the particles are modeled as point masses and
typically require a model for the drag force. For +smherical particles in suspension, the drag

force is calculated by using the drag force on an isolated particle at different orieniatibas

flow (isolated particle drag correlationcombined with a correlation that accounts for the solid

volume fraction guspension drag correlatipnin the study of Zhou et dI32,40], a combination

of the isolated particle drag correlatiai Hdzer and Sommerfeld1l] and the suspension
correlation of Di Felicg21] that take® into consideration is used to calculate the drag force on
ellipsoids with aspect ratio from 0.5 to 3.5 in the suspension. These correlations are Tistad in

2.2. Due to the gener al appl i @dlacbrielatiort ty differént H° | z e

particle geometries, this combination has also been used for other particle geometries such as

18



cylinders[32,41], rod-like particles[30], cuboidg[33] and platdike particles[33]. Among these
studies, Vollmari et al[33] not only did simulations but also experiments for saspns of
particles with different geometries. On comparison, they observed that use of the combined
isolated particle plus suspension correlation estimated the pressure drop in the suspension with
reasonable accuracy for particles that had geometrigkisim a sphere. Particles whose shape
deviated considerably from that of a sphere, like cylinders with aspect ratio (height/diameter) 3.5
and elongated cuboids with dimensioncafa od & p & &, showed significant deviation

from the experimental results. Their study demonstrated the inadequacy of estimating drag for

particles in suspension when the geometry deviated substantially from a spherical geometry.

In addition to these there have beeheo studies in the literature to either build isolated-non
spherical particle correlations at different orientations and Reynolds numbers as well as for
particles in suspension. Recently Ouchene et al. (referred to as Ouchene henddfpriu)
particle resolved simulations (PRS) for isolated ellipsoids with aspect ratios from 1.25 to 32 and
derived a drag correlation with applicability in the Reynolds number of @d@o Tenneti et al.
(referred to as Tenneti henceforf®?] proposed a correlation for spherical particles in suspension
based on simulatioresults. Their drag model for suspensions when combined with the isolated
particle drag model of Hdzer and Sommerf¢ld was found to agree well with simulation results

of He et al[27] for ellipsoids wih aspect ratio 2.5. Rong et f15] using LBM of flow through
suspensions of ellipsoids with aspect ratio from 0.25 to 4 proposed a correlation based on the drag
model of Di Felicd21], by considering not only Reynolds number antid fraction, but also the
sphericity of the particle. Drag correlations derived from these studies are liStadl@®.2. In

these correlations, represents sphericity of the particle, which is defined as the ratio between

surface area of the volume equivalent sphere and the surface area of-fiph@wcal particle of
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interest/ andr- respectively are the crosswise and lengthwise sphericiiyedlby Hdzer and
Sommerfeld1].; is the aspect ratio of the ellipsoid amdis the drag coefficient fdfluid flow

over an isolated particle. Bold@ and™O represents drag force under the condition that there is
only one particle in the flow. It is noted that the suspension correlations of Di 2d4lj@d Rong

et al.[25] do not include the contribution of the mean pressure gragtighe suspension to the

drag force, whereas Tenneti et[@R] include the effect of the change in mean pressure towards
the drag forceSince the current PRS calculations and those done previously by HE&t 28]

include the contribution of the mean pressure gradient in the suspension towards the drag force,
during application and use the correlations of Di Felice and Rong et al. are divided by for

equivalency with the PRS data and the correlation of Tenneti et al.

Table2.2. Drag correlations in literature

Author Dragcorrelation Applicability
Hdzer and ¢ ——— —— —— T8 pTE & _ Single particle in
- M N —
Sommerfelfil] the flow field with
- %0 arbitrary geometry
0 &Y o—
C T

Ouchene et al & @f ;5 ©F ;3 OF 53 Q% YQ q1.,1
[42] .

ol . e N

Wp g —0 4 ™Y TYEF ] 1" pog

o @ i Single ellipsoid in

the flow
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To evaluate the applicability of these correlations under different Rad particle geometries,
comparison of drag force calculated from particle resolved simulation and the combination of
different isolated particle and suspension correlations is shokigune2.7 andFigure2.8 of drag

force versus patrticle inclination angle in suspension. Isolated particle drag camrefatidzer

and Sommerfeldil] for general norspherical particles and that of Ouchene efldl] specific to
ellipsoidal particles, and suspension correlations due to Di F2lieTenneti et al[22] and that

due to Rong et a[25] are considered. Four combinations are evaluated, HBeéice, Hdzer

Tenneti, HdzerRong and OucherBong. Figure 2.7 are the results for AR2.5 ellipsoid and
Figure2.8 corresponds to AR10 ellipsoid. Each green dot in the figures represents a particle in the
suspension while each red dot represents the mean drag force of the particles within an inclination
argle range of 52 In general it can be observed that for both aspect ratios all the correlations always
underestimate the drag force at Re=10. Out of the different combinations, the Hazrareti
combination is able to capture the mean variation reaspnahl for AR2.5 particles but fails for

the AR10 particles with large under predictions. The Ouclore combination, on the other

hand does a reasonable job for AR10 particles but under predicts for the AR2.5 suspension. At
Re=200, HdzerFelice and H&erTenneti (HT) provide reasonably accurate estimation of the
mean drag force for AR2.5 suspensions but tend to under predict the drag for the AR10 suspension.
This agrees well with the conclusion drawn by Vollmari ef38] that while predicting drag force

on particles with geometry similar to that of a sphere, the combination of isolategpimemcal
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particle drag correlation and spherical suspension dragelation can provide reasonable
estimation of the drag force for particles in a fluidized bed at relatively high Reynolds number in

the intermediate flow regime. At Re=200, for AR10 particles there is no single combination that

can predict mean dragif different solid fractiond at solid fraction 0.1, the HdzeRong
combination is best whereas at solid fraction 0.2, OucReoen g gi ves t he best ag
correlation is the only particle suspension drag correlation that takes the effetictd gaometry

into consideration. In fact for AR10 particles which deviate substantially from the spherical shape
(sphericity of 0.59), results using the Ouch&uang correlation show the best overall agreement

with the PRS data. On the other hand, thézetérenneti combination shows the best overall
agreement for the AR2.5 suspensions. The results for AR2.5 conform to the results of He et al.

[27] who also found that best agreement with PRS data was given by the-Héaeeti combined

correlation.
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Figure2.7. Comparison of drag force between PRS results and correlations in literature for
AR2.5 ellipsoid suspensions. H: Holddr O: Ouchenfl1], F: Di Felide1], T: Tenne{22], R:

Rong?25].
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The fact that irFigure2.8 the Rong et al[25] suspension correlation developed for packed beds

of ellipsoidal particles gives the best overall agreement for AR10 suspensions, conforms to the
conclusions of Vollmari et al33] that using suspension correlations developed for spherical
particles are inadequate as the particle geometry deviates significantly from that of aFsgphiere.

2.9 provides additional insight into this observation by studying tdeectional flow velocity at
different planes for AR2.8a)1 (d) and AR10 (e} (h) at Re = 10 and solid fraction 0.1. It can be
observed that in sf@ of the same solid fraction, due to the very elongated shape of the AR10
ellipsoids, a much greater disturbance is induced in the flow field compared to the AR2.5
ellipsoids. This is because, although these two particles have an identical volume, the AR1
ellipsoid has a much larger surface area that results in more prominent blocking of the incoming

flow. As a result, the interstitial fluid velocity is higher resulting in higher drag on the particles.
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Figure2.9. Flow field of AR2.5 and AR10 ellipsoid suspension at Re # 10, 8 8

A more quantitative measure of the effect of particle geometry on drag in suspensions can be
obtained by calculating the ratio of the PRS calculated mean drag force per particle in suspension
for a given Reynolds number and solid fraction to the weigtgethted particle drag force
weighted by number of particles in a given inclination angle range calculated by the following

summation.

"0 "0 30 (2.9)

In the equation)O j, is the isolated particldrag force (normalized by Stokes drag) at inclination
angle—ecalculated using the isolated particle correlation of Ouchene[giLhthown inTable2.2
and’Q is obtained from the theoretical randomly packed suspension, which is the fraction of the
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total number of particles at inclination angle-efwhich can be shown to be"Q8The weighted

mean is used to mimic the fraction of particles with the cooredipg inclination angle in the ideal
randomly oriented suspensiemore specifically the fraction of particles with inclination angle
within everyv Js used aX)dhe ratio between the computed mean drag force per particle in
suspension’O and theweighted mean isolated particle drag for@@ is calculated for each

solid fraction and particle geometry and the results are showigime 2.10. The ratio gives a
measure of the degree to which the presence of the particles in suspension affects the mean drag.
In the unlikely scenario that the suspension does not influence the drag on a particle, then the ratio
would assume a value close to unifny deviation from unity quantifies the effect of the
suspension on the average drag force felt by an individual particle in suspension. An increasing
ratio indicates that the mean drag per particle in suspension deviates more and more from the mean
dragacting on an isolated particle. A strong dependence of the ratio on Reynolds number and solid
fraction can be observed. If the shape of the particle were not a strong factor in influencing
suspension drag, the ratio would be the same for a given Re &hfilegmiion across all the patrticle
geometries (AR=1 to 10). However, it is observed that the drag ratio is dependent on the particle
aspect ratio as well and it increases with aspect fagore2.10 affirms the earlier observation

that using spherical particle suspension drag correlations to estimate the drag force on non
spherical particle suspensions leads to increasing errors as the particldeshates from that of

a sphere. These results demonstrate the importance of considering the effect of particle geometry

while proposing suspension drag correlations.
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Figure2.10. Ratio between suspension and isolatgrticle mean drag force (Light blue:
Sphere; Red: AR2.5 Ellipsoid; Blue: AR5 Ellipsoid; Green: AR10 Ellipsoid)

2.4.2. Development of mean drag correlation

Since the analysis above demonstrates that it is hard to find a closure in the literature that can
provide reasonably consistent predictions of the drag force for ellipsoidal particle suspensions,
here we propose a new correlation for ellipsoids with aspect ratio of 1.0 to 10. There are two basic
requirements imposed on the particle suspension drag corrslatdrene © 11, the drag
correlation should reproduce the drag force on an isolated particle in the flow; and the drag
correlation should be able to predict the correct drag for spherical suspensions as well (AR1). Itis
the intent of the final correlation predict the mean drag over the full ensemble of the suspension

as well as the variation of drag with inclination angle in suspension. In order to achieve this end
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objective, the drag correlation is developed as a combination of isolated particle diagecbm

with or modified by a suspension drag correlation. Agxisting isolated particle drag correlation

is used and the development focuses on the suspension correlation based on PRS data. First an
ensemble mean drag correlation is developed takingcotisideration the Re number, the solid
fraction, and the particle geometry. This is then modified further by introducing the dependence

of particle inclination in suspension.

To build the suspension drag correlation for the ellipsoidal particles aformbkiar t o Di Fe
[21] correlation with parameters modified to match our simulation results is used. Combining this

with isolated particle drag correlation, the new drag force correlation is written as:
O O - h h (2.10-a)

| T8OYY ™ pPpowodpxU
P8 w-o- AQD? p® O EPAYQ (2.10-b)
T PP 1o EpAY Q

A S S SR (2.10-¢)

0 T CTP P WT p KT
6 pXplo 08 gX P&
O pgivlep T OPOTIPOUY

In the equation; is the void fraction of the suspension gilgn- p .70 is calculated
using the drag correlation of Ouchene efHl,12](Table2.2) which covers the range of Re and

aspect ratios investigated inthispafgi. nce Ouchene et al . 6s™0Oi sol at
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is sensitive to the inclination angdeof the ellipsoid with respect to the flow direction, the mean

isolated particle drag@ is calculated using Eqr20). For spheres (AR1)D  "O is the

drag force for an isolated spherical particle in the flow, which is calculated using tpe dra

correlation of Ouchene et §1.1,12](Table2.2) which in the limit as ARJ 1 reduces t¢43]:
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Figure2.11. Comparison of ensemble mean drag force between developed correlatﬁm {
Egn 2.10} (Solidlines)and PRS result&Symbols) Spherical particle correlation of Tenneti et al.
[22] (Dashed lines)s also shown for comparisgnGreen: Sphere; Blue: AR2.5; Grey: ARS5;
Orange: AR10

Comparison of PRS results and the correlation is showfigare 2.11. To benchmark the
proposed drag correlation in Egn (10) it is compared to the spherical suspension correlation of
Tenneti et al. [22]n Figure2.11. It can be observed that Eqn (10) is in good agreement with
Tenneti et al. [22] for spherical suspensions but deviates considerably as the aspect ratio of the
particles increases. The discrepancies between Eqn. (10) and Tenneti et al. at high Reynolds
numbe and higher solid fractions for spherical suspensions was also observed by H27t al.
Tennet et al. [22] noted in their paper that their PRS on which their correlation is based always
predicted lower drag than previous works at Re=20Fidgnre2.11 a strong dependence of the
ensemble mean drag force on aspect ratio, emphasizing the importance of including the effect of
particle geometry for different nespherical particle suspensioiie mean deviation of Eqn.

(2.10) with PRS results for AR5, AR5 and AR10 ellipsoids are 3.24%, 4.96% and 2.24% while
relative deviation for the spherical suspension is 2.82%. The small errors indicate that the ensemble
mean drag force of ellipsoids with aspect ratio range from 1 to 10 can be well captuhed by t

current correlation within the Reynolds number and solid fraction range investigated.

Since drag force is also a strong function of particle orientation or inclination angkegses.7
& Figure2.8), it is desirable to be able to predict the mean drag force on a particle at a given

inclination in suspension. As a first approximation this can be accomplished by@sjngstead

of O in Eqn. @.10-a) for each inclination angle. These resalts presented iRigure2.12 (a),

(c) and (e) at the lowest solid fraction investigated for AR2.5, AR5 and AR10 ellipsoid,
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respectively, anérigure2.12 (b), (d), (f) for the highest solid fraction for these particles. The drag

correlation performs reasonably well compared to the PRS results. Theetat®e deviation of

the three ellipsoid shapes over all inclination angles, Re andestigated are 5.78%, 7.47% and

7.43% for AR2.5, 5, and 10, respectively. More specifically, the agreement is better at lower solid

fractions, however, at relativeljigher solid fractions, significant deviation starts to appear near

1t Andw 1t JThis suggests that for a dilute partifii@d system, scaling the isolated particle drag

force at different—by the same factor is reasonable for particles in suspension but this becomes

less accurate when the solid fraction increases.
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Figure2.12. Comparison of drag force dependence on inclination using drag correlation
{Ouchene i H'Hi8H,qm [ A8 8 }with PRS results.

The observations iRigure2.12 suggest that further sensitization of the suspension correlation in
Egn @.10) to inclination angle could potentially increase accurkesor analysis demonstrated

that the deviation from PRS data had a strong dependence on solid fraction and aspect ratio of the
ellipsoids, with a weak dependence on the Reynolds number. Therefore, a modification term for

—that is a function of and ARis proposed and the final drag correlation has the following form:
O O;- h hyg 09 (2.12-a)

W TBIMPpP TWIPPP TWBCX X
™ TIT TV T C WO TP X G (2.12-b)
w MIPx P& Mwg Bp@p

With the additional term  ° included in the drag correlation, comparison between
PRS and correlation results are showRigure2.13. The correlation now shows better agreement

with PRS data at high solid fractions when previously it did not without the modification. On the
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other hand, cases like Re=200, 1@ wseem to have larger deviationcattthan without the
modification term for— But there is better agreement fer ¢ 1L JAs a result, the weighted
deviation, which is based on the proportion of particles under different inclination angles, changed
from 641% to 7.11%. As for the overall deviation for the 3 particle geometries investigated, the
mean deviation becom8.90%, 5.74% and 5.20% for AR2.5, 5, and 10, respectively. To

summarize, the proposed drag correlatforeported inrable2.3.

Table2.3. New drag correlation for ellipsoids/sphere suspensions under different conditions
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Figure2.13. Comparison of drag force dependence on inclination using new drag correlation
{Ouchere i H'Hi8H3mp | A8 }with PRS results.

2.5. SUMMARY AND CONCLUSIONS

The lack of drag correlations for n@pherical particles in suspension makes it difficult to
accurately estimate tHferce on particles in studies that require drag closure to model the fluid
particle dynamics. The current statkthe-art is to combine isolated napherical particle drag
correlations and a correlation that takes solid fraction into account, whictes ba experimental

or simulation results of spherical particle suspensions. It is shown that this practice can lead to
substantial inaccuracies when the particle geometry deviates significantly from a spherical
geometry, thus motivating the work in thiager which aims to include the effect of particle
geometry on drag correlations in suspension. In this study random suspensions (no preferential
orientation) of ellipsoids with aspect ratios ranging from 1 (sphere) to 10 are considered in a

Reynolds numberange from 10 to 200, and solid fractions ranging from 0.1 to 0.35.

In order to achieve this end objective, an incremental approach is taken in the development of the
drag correlation. During this exercise, the drag correlation is developed as a cambaifati
isolated particle drag combined with or modified by a suspension drag correlation. In all instances
pre-existing isolated particle drag correlation are used and the development focuses on the
suspension correlation based on patrticle resolved simmldtta. In this process, an ensemble
mean drag correlation is developed for these particles in suspension taking into consideration the
Re number, solid fraction and aspect ratio. Then the resulting mean drag correlation is modified
further by introducinghe dependence of particle inclination in suspension. The final correlation

has a maximum mean deviation of approximately 6% from PRS data.
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Model i ng Drag force |
suspensions with pref

3.1. ABSTRACT

High aspect ratio ellipsoidal particle suspensions exhibit preferential orientation under the action
of external forces and in the presence of walls. The preferential orientation of the particles has a
large effect on the drag force experienced by theensspn. In this paper particle resolved
simulations are conducted on ellipsoidal particles of aspect ratio 10 and 2.5 in the Reynolds number
rangep 1 'YQ ¢ 1 and solid fractiong@p 1 « 1@ 1T An orientational order parameter

¢8t Y pis used to define thpreferential orientation of the suspension. It is shown that in
spite of up to 400% variation in mean drag force Wit simple linear relationship betweah

¢ and 1 can describe the variation of drag force. This is a significant finding whithssta
that only two data points & ¢ and 1 are needed to define mean drag at any preferential
orientation exhibited by the suspension. It is also shown that the inclination dependent mean drag
is quite independent df at low Reynolds number and sblfraction but shows increasing
dependence at higher values.
Keywords: Particle suspensions; PartidResolved Simulation (PRS); prolate ellipsoids; drag

correlation; preferential orientation.

3.2. INTRODUCTION
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The fluid drag force acting on particle assemblies and suspensions is consequential to the design
and operation of many static and dynamic particle systems. In many of these systems, particles are
often treated as spherical in shape in spite of thekspbaricity. This is because drag correlations

for single spherical particlg®i 6,8,44]as well as spherical particles in suspengid@i 22] are

readily awailable and relatively easy to use. For+spherical particles in isolation, not only does

the Reynolds number influence drag but also the orientation of the particle with respect to the flow
direction[45,46] Recently, experiments have been augmented with Particle Resolved Simulations
(PRS) for single ellipsoid§9i 12] and cylinderpl3i 15] of different aspect ratios, and cubes
[16,17]at different orientations to the flow to characterize the orientation dependence. Extensions
of drag correlations to nesphericalparticle suspensions have been limited. Common practice in
the literature has been to combine single particle correlations with suspension correlations
developed for spherical particlgal,22] Recently taking advantage of increased computational
power, PRS for different nespherical particle shapes in suspension have been conddetetl.

al. [27,28] performed PRS of flow over randomly oriented suspensions of ellipsoids wih aspect
ratio of 2.5 and observed the significant variation of drag force experienced by individual particles
under different inclination angles. They showvieat at a given Reynolds number and solid fraction

the mean drag force varied with orientation angle, but there was also considerable scatter of
inidividual particle drag about the mean drag at a given orientation angle. A broader aspect ratio
range of 0.8 to 4,which included oblate as well as prolate ellipsoids, was investigated by Rong et
al.[24,25] using the Lattice Boltzmann Method (LBM) for flow through a packed bed generated
by Discrete Element Method (DEM). With the observed different preferental oienfait oblate

and prolate ellipsoids, they demonstrated that drag in these suspensions is quite different from

39



suspensions that have particles randomly or uniformly oriented. However, this phenomenon was

not explicitly investigted in their study.

Buchalter and Bradley47] simuated the process of pouring hard particles into a three
dimensional container and observed that oblate particles in the packed bed tended to have their
rotational symmetry axis parallel to the direction of gravity, while for prolate ellipsoids, the
rotational symmetry axis was preferably perpendicular to the direction of gravity. A similar
phenomenon was observed by Zhou §4@].where they demonstrated that this was consistent
with the general understanding of minimizing system potential energy. On the other hand, in
fluidized beds, the preferential orientation babais different. Detailed orientational distribution

was studied in CFIDEM simulations of Ma and Zhg81]. They found that im packed bed of

disks with aspect ratio (defined as the ratio between height to diameter) of 1/8, nearly 45% of
particles rested with their rotational symmetry axis parallel to the direction of gravity, whereas
only 8% of the particles tended to rest wiitieir rotational symmetry axis perpendicular to the
direction of gravity, respectively. As the fluidization started and stabilized, an inverse trend was
observed with nearly 60% of the particles orienting their axis perpendicular to the flow with very
fewto no particles orienting their axis parallel to the direction of flow. For prolatkk@@articles

with aspect ratio 3, Ma et 4R9] observed that approximately 45% and 1% of the particles were
found to rest with their rotational symmetry axiseated perpendicular and parallel to the flow,
respectively. Under fluidized conditions, these two ratios changed to around 22% and 10%,
respectively. The influence of neapherical particle orientation distribution on the momentum
transfer between fluilow and particle suspensions has been reported by Vollmari [&34l.

They performed both CHDEM simulations and experiments of air flow over packed lwéds

elongated cylinders with aspect ratio of 3.5. They found large differences in pressure drop when

40



the particles were predominantly positioned with their symmetry axis parallel to the flow versus
perpendicular to the flow. However, they did not perform detailed investigation of the flow

field and drag force as influenced by the particle orientation distribution.

While preferential orientation would seem to be the more prevalent and natural condition than
random arrangements in static as well as fledizeds, particularly for large aspect ratio particles,
there has been no attempt in the literature to investigate the relationship between drag forces
experienced by a randomly oriented suspension versus drag force in a preferentially oriented
suspensionBuchalter and Bradlef47] defined an orientational order parameter with respect to

the flow direction for both prolate and oblate spheroids. The parameter encapsulates the full range
from parallelto-flow rotational symmetry axis to perpendicutafflow orientations and is
straightfoward to calculate. It has been used by researfh@9] performing DEM simulations

to quantify the orientational preference for different4spherical particles. Other researchers, like
Woodcock and Naylo[50] use eigenvalue analysis of the 3D orientation data to quantify the
orientational preference ohé particle suspensions. While this provides quantification of the
relative orientation of particles with respect to each other, it does not quantify the relative
orientation with respect to the flow direction. Bezrukov and Stoer) implemented an
orientation correlation function (OCF), which is a generalization of the definition in a planar case
[52]. By calculating the relative orientation for a particle of interest with respect to the surrounding
particles, local alignment can be well quantified. However, similar to the eigenvalue analysis of

Woodcock and Nayldj50], flow direction is not taken into account.

In summary, there is clear evidence in the literature that preferential orientation-gphenrcal
particles in suspesion is the norm rather than the exception. All past work in the literature on
quantifying drag force in suspensions assume a random arrangement of particles with no
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preferential orientation. As we will show in this paper this assumption can lead tetesgein
specifying the drag force in a suspension with preferential orientation. Thus it would follow that
to predict drag forces accurately, drag correlations should not only be function of geometry,
Reynolds number, and solid fraction, but also pesf@al orientation. This study focuses on this
aspect for prolate ellipsoidal particles. Our objective is to establish a relationship between drag
and preferential orientation, preferably one that is simple and general. In order to establish the
effect d preferential orientation on suspension drag, in this work PRS is performed for flow
through suspensions of prolate ellipsoids with aspect ratios of 10 and 2.5. Solid fractions from 0.1
to 0.3 and Reynolds numbers from 10 to 200 are considered. Theatioiealt order parameter
defined by Buchalter and Bradl§47] is used to quantify the ensemble preferential orientation of

the particle suspensions.

3.3.  NUMERICAL METHOD AND SIMULATION SETUP

3.3.1. Governing equations

All the simulations performed in this work are using arhause CFD codé GenDLEST
(Generalized Incompressible Direct and Large Eddy Simulation of Turbul¢g3¢&b] The

dimensionless form of the governing equations formulated using Cartesian tensor notation are:

Continuity:

T (3.1)

Momentum:
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(3.2)

where the variables amdndimensionalized by:

rz \Z \ 7 \ Z
, 0 . w . N n
(0] 7 Wz ;
0 r] d r]rl nZ OZ r]
» Z ¢ Z 9 Z 0Z ‘az
) ” Z r]‘ « Z r]'YQ « Z

Variables with superscript (*) represent dimensional valdies. is the undisturbed or superficial
flow velocity which can also be represented¥y. d is specified as the diameter of the sphere

that has an equivalent volume of the ellipsoid. The flow is assumed to be incompressible with

constant propertie®roperties of air at 300K are taken for the fluid in the domain.

The governing equations are discretized using seoctel central differencing scheme on a-non
staggered grid topology. Fluid velocities, pressure and temperature are calculated anttbired a
computational cell center whereas the mass flux is calculated and stored at cell faces. A semi
implicit method is implemented for time integration that treats the viscous terms with- Crank
Nicolson formulation and the convection terms with Addashbrth method. Firstly, an
intermediate velocity field is calculated by a predictor step, then it is corrected in the corrector step
using the calculated pressure field to satisfy discrete continuity. A preconditionedBIEB

method is implemented to soltlee pressure equation.
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3.3.2. Particle Geometry and Immersed Boundary Method

The particle geometries of interest are ellipsoids of 2.5 and 10 aspect ratio which is defined as the
ratio between length along the rotational symmetry axis and diameter of theeparscl | ar ge s
circular crosssection. Eq. (3) is used to generate the particle geometry. For an aspect ratio of 10,
a=2.32,b=c=0.232 and for aspect ratio 2éb7 0.921b =c=0.368 are used to give the desired

aspect ratio and volume equivalent sphere diameter of unity. During the simulation, each particle

is characterized by an inclination angle whi ch i s the angle betweer
symmetry axis and thendisturbed flow direction that ranges from 0%o 961g. 3.1. depicts the

inclination angle and surface mesh for aspect ratio 10 particle.

W W a
w w w

Fig. 3.1. Particle surface mesh and definition of inclination angle

The Immersed Boundary Method (IBM) is employed to resolve the particle surfaces. In this
framework, the computational domain is discretized into a structured Cartesian mesh. The
treatment of the cells adjacent to the immersed particle surfaces is maiiftadthat the

computation is able to detect the immersed surface. To represent the location and curvature of the
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particle surface, a mesh composed by 7538 triangular elements (2172 elements for aspect ratio
2.5) is generated for each particle as showrign 3.1.. More details about the IBM procedure

and implementation of boundary conditions can be found in the work of Nagendrgsé}. al.

Hydrodynamic forces induced by fluid pressure and shear stresses at the surface are calculated at
each triangular element of the particle surface mesh along the three primary orthogonal directions
inthe globako @ & Cartesian coordinate systg¢27,28] As is shown in Eq. (4), drag force on

the particle is obtained by the sum of ¥adirectional force over all surface elemeritss the total

number of surface elementstbe particle andQ is thex-directional hydrodynamic force on the

“th element.

"3 4o (34)

The drag force is further normalized by the Stokes drag which is calculated by:

"G

(3.5)

In this equation(Y is the volumeequivalent sphere diameter.

A critical parameter in IBM is the background grid resolution compared to the size of the object
that is immersed in the grid. A number of investigations preceding this study have vatdated

grid resolution and the overall methodology used in this paper. In HZfJaldrag force results

for suspensions of spheres and ellipsoids of aspect ratio 2.5 were tested at different grid resolutions

and with past work in the literature. Predictions of drag forces with grid resolution of 30, 40 and
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50 cells per volume equivalespherical diameter (dimensionless equivalent diameter is always
unity) were evaluated. It was found that the maximum difference between the three grids was about
2%. Spherical particle suspension results were compared with the correlation developeaby Tenn

et al.[22] using patrticle resolved simulations. The predictions showed very good agreement with
the correlation for Re< 200. At Reynoldamber of 200, the predicted drag force was 5%~10%
higher than the correlation. Tenneti et[@2R] have noted that their predictions, framhich the
correlation is built, consistently predicted a lower drag at Re=200 than that reported by other
researchers. In a closely related heat transfer study of 2.5 aspect ratio ellipsoidal suspensions, He
and Tafti[53] showed that the mean Nusselt number and its standardidewaried by 2% and

4%, respectively between 30, 40 and 50 cells per equivalent diameter. In yet another study by Cao
and Tafti[37] on single cylinders of aspect ratio 0.25, grids of 1/30, 1/40 and 1/50 were compared
for the prediction of the drag coefficient over the rang& @lip to 300 and particle inclination
angles from 0 to 90 degrees. It was foumat the difference in drag coefficient was bounded to
within 4% between 1/30 and 1/50 and to within 2% between 1/40 and 1/50 grids. In addition to
the grid independency study, the IBM predictions of drag coefficient for flow over a sphere in the

p 1 YQ o mrange were compared to past correlatigbs’], and to bodyfitted grid

calculations. Maximum differences were bounded to within 5%.

In all of these past investigations using the IBM method for single particles andgsaiti
suspension, we have established that 40 cells per equivalent diameter captures the physics

accurately up to Re = 300.
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3.3.3. Computational domain and mesh

The 3D computational domain used in this study has a dimensmmop ™ pTMw® @ «&
directions, respectively. Flow is in tlalirection with a constant homogeneous velocity specified

at the inlet boundary and a zero gradient condition at the outflewshéwn irFig. 3.2, particles

are located in the region between the two dashed lines, at a distance of 5 units from the inlet and
10 units from the outlet. Periodic boundary conditions are specified ¥ tred z- directions to

simulate an infinite extent of the suspemsiio both directions.

U. Periodic

L)
10

Periodic
! 5 15 10
X

Fig. 3.2. Computational domain and boundary conditions

A sufficiently refined mesh is necessary to resolve the fluid flow in the region between particles
especially at relatively high solid fraction and Reynolds number. To supplement past grid
independency studi¢®7,28,37] an additional grid independency study is conducted at the highest

Reynolds numbreof 200 at a solid fraction of 0.20 for aspect ratio 10 particle suspension. Based
on our previous investigations, two of the finest mesh resolutions were investigataed—,
which amounted to a total grid size of 128 and 250 million computatamtial in the domain,

respectively. With this study it is established that the calculated drag force on over 97% of the

particles had deviations of less than 2.5% between the two grid resolutions while the mean drag
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force over all particles in the suspemsttad a deviation of 1.01%, ascertaining grid convergence
and the adequacy of the grid spacing. Thus all reported results are eagrid. A total of 186

calculations are conducted in this study.

3.3.4. Generation of Particle Suspension

A physical simuléion engine PhysX by NvidigB8] is used to create the particlespensior27].

During this process each particle defined by a coarse surface mesh is introdioitled packing

box with a random velocity. As more particles are introduced into the packing box, overlaps are
detected by the PhysX engine and the collision operator moves the particles apart till no overlaps
exist in the system. To maintain periodicitythey- andz- directions, if any particle exists at a

given location on one side of a periodic boundary, it is replicated on all sides that are periodic with
that location. This process is repeated till the desired solid fraction is reached and the system is in
a stalte state with no overlap§ig. 3.3 shows different views of a particle suspension created

from PhysX.

\/“‘"r tr,;':.‘;/ Z
. 7 SRS
= M,_h |

Fig. 3.3. Ellipsoid suspensions created using the physics engine PhysX
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To reach a desired solid volume fraction within thegetregion that accommodates the particles,

the number of particles are calculated by:

g @
“Q

(3.6)

In the equation) is the total number of particles in the domains the desired solid fraction and
wis the volume of the computational domain over which the particles are spoedde same ,
depending on the actualdirectional length takehy the particle suspension, the exact number of
particles may vary. For a random arrangement the number of partickes fo@h® wand 0.20

are 286, 430 and 573, respectively for aspect ratio 10 particles.

3.3.5. Definition of Orientational Order Parameter

In this study, to investigate the influence of particle orientation with respect to flow on the drag
forces, the Orientational Order Parameter defined by Buchalter and Bgdleyused to quantify

the overall particle orientation distribution in the suspensions. It is represent8dabg is

calculated using:

Al & — E

"y (37)

Yalle!

P P
0 o
In this equation—is the inclination angle of théQ particle whileN is the total number of
particles in the suspensidrig. 3.4shows two special cases with extregwealues. The incoming
flow is in thew direction andFig. 3.4(a), (b) shows the arrangement when all particles are
perpendicular to the flow with an inclination angle of 90? However, there is no restriction on the
particle orientation in thed & plane, as can be seen Fig. 3.4 (b), particles are randomly
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orienied in thewy & plane with some inevitable local alignment. Bwalue for this case assumes
the maximum value of 1.0. Conversely when all particles are aligned with the flow direction with
an inclination angle of 07 as shown #rig. 3.4(c), (d), theSvalue for the suspension will reach

its minimum value of-2.0. Due to the monotonic increasing nature of the cosine function in Eq.
(7) as¢ — “7¥¢ increases from180°to 0; an increasingS value indicates that particles are
preferentially oriented wwards a larger orientation angle. A value®f= 0 indicates that the

distribution is random with no preferential orientation.

(©) (d)
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Fig. 3.4. » directional view of suspensions with all particles (a) perpendicular and (c)
parallel to the flow and e directional view of suspensions with all particles (b)
perpendicular and (d) parallel to the flow.

3.4. RESULTS AND DISCUSSION

3.4.1. Analysis of pressure and velocity distribution at different 'Y QQ» and S

Fig. 3.5 shows the pressure and velocity distribution in suspensionsS#itt2, 0.21, and 1.0,

YQ v mands 1®&. The dimensionless pressure field on the particle surfaces as well as a planar
view of thew @ mid-plane and a planao ¢ view of the streamwise velocity is shown. &

-2.0, by virtue of the patrticles being aligned parallel to the flow, the diowess pressure varies

from 0.0 at the inlet to approximatel¥2.0 downstream of the suspension. At the same time the
velocity field is quite ordered as the flow channels through the suspension. At the other extreme,
atS= 1.0 all the particles are aligd normal to the flow but with arbitrary orientations in éhe

a plane. This results in blocking the incoming flow and a pressure drop of approximately 30
dimensionless units is 2.5 times thaBat -2.0. Compared to the two extreme arrangemeé&hts,

-2.0 and 1.0S5= 0.21 represents a neandom arrangement with some preferential orientation
towards higher orientation angles. This leads to a tortuous flow path with accelerating and
decelerating regions of velocity and high pressure drop. Note th& $0t.0, because of the
ordered arrangement, less number of particles can be used in a grdatance to construct the
suspension for a given solid fraction. Thus, in spite of the pressure drop per particle being the
highest atS= 1.0, the overall pssure drop through the suspension is slightly less than th&t for

= 0.21 which has more particles spread across a laigjstance.
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Fig. 3.5. Pressure distribution on particle surfaces ank-z mid-plane and u velocity atx-z

mid-plane of the flow field with (ab): S=-2.0, (e¢d): S=0.21 and (ef): S=1.
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To encapsulate the effect ¥f(» , andS on the flow field, we look at the Probability Density

Function (PDF) of velocity fluctuations in the suspension defined by

(8)

where 6 is the volumetric mean streamwise velocity of the fluid within the fully developed
region as defined in Section3®. As a baseline, the PDF distribution difor a random
distribution of particles§~ 0) for'Y'Q 10 and 200 at 1@l wand 0.20are presented in

Fig. 3.6. A peak at/neadd  p8tcan be found for all the cases which is caused by the low
velocity boundary layers that are formed on the particles. Additionally,@gcreases from 200

to 10, a larger positive tail withd p® dewelops that is caused by the combined effect of thicker
boundary layers and large recirculating regioni¥ & p tresulting in more frequent occurrence

of negative as well as larger positive velocities from mass conservation principles. As the solid
fraction increases, for both'Q p Tandg T, the peaks aid  p increase, and because of the
greater flow blockage with less void space, flow channeling effects lead to more high flow velocity

regions. As a result, large positive excursions from the mdaaityealso increase.
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Fig. 3.6 Distribution of ¢ at different { gand v of randomly oriented suspensions

Having established the baseline trends for random arrangement3,7FRigmpares the effect of

the orientation parametes, on the PDF of velocity fluctuation¥.’Q 10 and 200 ane = 0.1,

0.15 and 0.2 are compared #r -1, ~0, and ~0.55=-1 correspond to suspensions in which the
rotational symmetry axis of the particles is predominantly aligned with the flow dire8to0,

has no preferential orientation, aBd= 0.5 describs a suspension predominantly aligned in a
direction normal to the flow. In general, the orientation parameter has a much larger effect on the
flow field as’Y (hcreases. Aty Q 10 ands = 0.1, the orientation parameter has little influence

on the PDHistribution with peak occurrences betweér} and-0.2. This is because at= 0.1,

the particles are not in close proximity to each other and in the viscosity dominated flow the change
in particle orientation does not have a large influence on theitefeld. Ase increases to 0.15

and to 0.2, increasing shifts the PDF to the left signaling the presence of more energetic wakes
with larger and more frequent negative fluctuations. The velocity field is much more sensitive to
the orientation paramat at'’Y'Q ¢ 1 at all solid fractions. AsS increases froml to ~0.5,
independent of the solid fraction, the peak in the PDF@at 00 & decreases with a
corresponding increase in large positive fluctuatiofis p. This trend is very similar to that
observed when increases, i.e. the overall velocity fluctuations in the suspension increase in
magnitude as the particle orientation changes from aligned to the flow field to perpendicular to the

flow field.
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Fig. 3.7. PDF distribution of ¢ sat different 4 gv and S.

3.4.2. Fully-Developed Drag force
Drag force on individual particles in a suspension with T&Y'Q v TandS= 0.21 is shown
in Fig. 3.8 (a) as a function af-distance. Each point in the figure represents a particle in the

domain and is located at the geometric centroid of a particle. The large scatter in drag forces at a
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given x-location is a result of the randomness of the particle distribution and its effdbe
pressure and velocity field surrounding each particle. It can also be observed that the mean drag
calculated over some intervéois not uniform withcbut is high at the entrance and exit regions

of the suspension. This is because the flow egpeed by these particles is not typical of the flow
experienced by a particle deep in the suspension. We denote these as entrance and exit effects
much like in the hydrodynamics of internal flows and only obtain force data from within the
suspensionint 0 fdelviey oped o r e g iFig.18.8(&))dFgs3B)dpresenttiees 1 n
drag force data that is extracted for further analysis with the observation that the mean drag force
has a near constant value withFor the rest of the cases, we obsdrthat the cut off length of 2

on either side is enough for most particle suspensions to effectively eliminate end effects from the
drag force. The decrease in sample size is countered by doing multiple simulations aSoogiven

in the vicinity of the ame S whenever possible. At least 2 different suspensions are calculated for
the cases withY Tt The calculated mean drag force for these different cases at the same solid
fraction and Reynolds number are all within 6% of each other. This gives usesufionfidence

that the number of particles used for each case to analyze the behavior of drag forces are

statistically significant and meaningful.
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(@) (b)

Fig. 3.8. Drag force on individual ellipsoids in the suspension (a) original data (b) after
filtering out data from ellipsoids near inlet and outlet regons.

3.4.3. Variation of Drag Force with Orientation Angle at Different S

As shown in Sectio.3.1 the preferential orientation of particles has a large impact on the flow
through the suspension. To further investigate its influence on drag force experienced by particles
in the suspension, drag on particles at a given inclination angle is firstigated. i.e., under the

same conditions dkeande , how will the composit&value affect the mean drag experienced by
particles inclined at a given anglgo the flow? Drag results corresponding to the suspensions
presented in Fi§.5 are shown inig. 9forYQ p fle 1 1 1& T1andin Fig. 1dor'Y Q

¢t 1 1 1@ TtEach symbol in the left column represents a particle in the suspension and
the right column plots the mean drag within @ Jange. At each solid fraction, drag results with
threedifferent S values are presented to show how the overall particle orientation preference

influences the drag on individual particles.

In general, as the orientation angle increases, the drag force increases with increasing variation in
magnitude. AtY Q p 1in Fig. 3.9, the results indicate that«at0.1 and 0.15, mean drag force for

a particle at a given orientation is quSte in
value)i i.e., a particle oriented at anglewill experience the samapproximate drag force
irrespective of the preferential orientational bias of the full suspension. However, this changes

ate =0.2 which shows that the mean drag is not only dependent on the individual particle
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orientation but also on the orientationahdiof the full suspensidnlarger theSvalue, larger is

the mean drag force experienced by the particle at any given particle orientation angle.
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Fig. 3.9. Variation of drag force on particles in the suspension at m 8

Fig.3.10 atY'Q ¢ 1t shows the same approximate trenel 20.1 and 0.15, while the sensitivity
toSate T1®& is somewhat larger than'd@'Q p mtThe overall behavior can be explained by

the observation that at low solid fractions and Reynolds numbers, the relative void space
between particles is large enough that the effect of neighboring particle orientations is not as
strongly felt. This situ@n changes as the solid fraction and Reynolds number increase and the
flow perturbation created by neighboring particles propagates through the suspension. Since a
particle aligned perpendicular to the flow creates the largest perturbation, the infifience
increasing suspensid@value will increase the drag force felt by a particle independent of its

inclination angle.
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The mean deviation of orientation dependent drag force between suspensfons@&tand™Y

p8tfrom the drag force alY Ttis expressed as:

D D
O

Q'QU primb (3.8

and tabulated iTable 3.1 At low solid fractione =0.1, the differences are bounded within 10%,
which increases to about 12%»&t0.15 and to 22% at=0.20.

Table 3.1. Percentage mean deviation ajrientation dependent drag at-|| 8 and
8 compared to a random suspensimﬂ 8.

Re *=0.1 * =0.15 *=0.2
S=0.952 7.0 12.3 7.0
10
S=0.523 7.5 10.0 15.0
S=0.998 7.4 8.5 10.5
50
S=0.564 8.2 10.6 15.7
S=0.782 10.5 8.6 15.4
200
S=0.675 8.8 11.7 22.0

3.4.4. Variation of Ensemble Mean Drag Force with S value of the suspension

In Lagrangian methods of representing the solid phase asrpas# particles such as Discrete
Element Method (DEM) and Euk&tuler methods such as the Two Fluid Model (TFM), it is the
ensemble mean drag force that is mostly modeled based on local Reyrlelds number and

solid fraction. In this section, the ensemble mean drag force of the suspension is related to the
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orientational order paramet&;, Fig. 3.11 shows the variation of ensemble mean drag force with
respect tsatRe=50 at different solidractions. Each point in the plot represents the average drag
force over all particles in the suspension. It can be observed that there is a strong positive
correlation between the ensemble mean drag force arfevileei asSvaries from-2.0 to 1.0

the drag force increases almost monotonically barring some local fluctuations. This is consistent
with the expectation that particles parallel to the flow will have less drag force than particles
perpendicular to the flow. The relative difference betweeradkses witts= 1.0 andS=-2.0 also

varies at different solid fractions. Using the dragat-2.0 as reference, the relative difference
between’Y ¢8tand’Y p8t ate T TiS 206%. It increases to 216%-eat T uand to

227% ate T® T The morethan tripling of the drag force indicates that while modeling
ensemble mean drag force of ellipsoidal particle suspensions, not only should the solid fraction
and Reynolds number be considered, but due consideration should also be given to the overall

susgnsion orientational preference.

Most importantly, from Fig3.11 an approximate linear relationship is observed between drag
force andS. In order to construct the relationship one option would be to do a lineastpeses

fit through all the data pois, or the other option, which is taken, is to constrain the line to pass
through the two end points 8t -2.0 andS= 1. The usefulness of the second option is significant

as it greatly simplifies the task of constructing the dependence for other gesrasing PR$ it

would suffice to only perform two simulations &t -2.0 and atS= 1.0 for a given Reynolds
number and solid fraction to define the dependence of drag folseltwe linear function passing
through the two end points is shown by tteshed lines in Fig3.11 (note that when more than

one data point is available at the end points, the mean value is used). The linear approximation at

+ 1 has anR? value of 0.9631, ¢ 1@ uhe R?> becomes 0.9744, andat T®&, it is
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0.9894. The maarelative deviations of the linear approximation are 4.56%, 4.52% and 4.04% for

solid fraction at 0.10, 0.15 and 0.20, respectively.
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Fig. 3.11. Variation of ensemble mean drag force with respect t8 value of suspension at
Re= 50.

Fig. 3.12 shows the results of drag forceRa= 10. Compared t®e= 50, the increase in drag
force is smaller @00%) betweers = -2.0 and 1.0 and the linearity of the correlation between
ensemble mean drag force & somewhat weaker. The mean relative deviation of the line fit
with PRS is 5.96%, 6.85% and 8% for solid fractions of 0.10, 0.15 and 0.20, respectively. From
the figure it can be observed that the linear fit tends to updetict the drag force especially for

Y 18t The deviation from linearity will be discussed further in the next section.
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Fig. 3.12 Variation of ensemble mean drag force with respect t8 value of suspension at
Re=10.

Fig. 3.13 shows the results of mean drag force ve&im Re= 200. As the Reynolds number
increases, the effect of the orientational parameter on the mean drag force irictbasdsag
increases by over 400% compared to particles oriented parallel versus normal to the flow direction.
Once again the linear fit ppoximates the variation quite well with some over predictio® at

values near zero. The mean relative deviations are 5.22%, 5.91% and 5.86% @010, 0.15,

and 0.20, respectively.
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Fig. 3.13. Variation of ensemble mean drag force with respect t8 value of suspension at
Re= 200.

It is noted that although the ensemble mean drag force is well represented by a linear tr&nd with
there is some scatter in the mean drag force atideatical values ofS. This is a result of
statistical variance caused by different arrangements of a finite number of particles for each

simulation (even for neadenticalSvalues).

3.4.5. Contribution of Pressure and Viscous Drag forces

Though the variation of the ensemble mean drag force of the suspension is approximately linear
with S it is informative to investigate the effect bn pressure and viscous drag in light of the
observation that the deviation from linearity is most at Rewhen viscous forces are important.

The effect of preferential orientation on normalized pressure and viscous forces which make up
total drag is investigated in Fi@.14 for all cases. At all Reynolds numbers normalized pressure
drag increases mongtically with Swhereas viscous drag exhibits a different behavior in which

after an initial sharp increase betweeq °Y p® the normalized drag increases minimally
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for"Y p® in all the cases. Contrary to this trend normalized pressure drag exhibéar

linear increase. AY Q p mand Y ¢ 8, viscous drag contributes betweeni780% of the

total drag for all solid fractions, decreasing to betwean v T Rt"Y p8t Thus atY' Q p 1t
because the viscous forces are significant and do not fallovear variation witlg, the total drag

force shows the largest deviations from a linear relationship in3Eg. At'Y Q v mand 200
however, the contribution of viscous forces to total drag steadily decreases and the total drag
variation shows betteagreement with the assumed linear variation 8ith is observed that at

YQ ¢ mande 1 VAT #& Tthe pressure drag starts deviating from the linear relationship.

However the total drag in Fi§.13 still maintains a fairly linear variation wit&
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Fig. 3.14. Variation of ensemble mean pressure and viscous drag force with respect to S
value of suspension.

3.4.6. Effect of Ellipsoid Aspect Ratio

The above results establish the existence of an approximate linear correlation between mean drag
force for suspensions of elongated ellipsoids with aspect ratio 10 and the suspension orientational
preference. In order to establish that the linear reldiipns not peculiar to the elongated high
aspect ratio particles and to establish the generality of this trend, the relationship is tested for aspect
ratio 2.5 particle suspensions fgrQ 10, 50, 100 and 200 ard 0.1, 0.2 and 0.3 and the results
areshown in Fig.3.15. The results show that the linear variation betw¥en ¢ andY p

predicts the drag force with a mean error of 4.4%, 7.5% and 6.8% forgh 0.2 and 0.3,
respectively, thus establishing the generality of the linear trend for pedligidal suspension

up to aspect ratio 10.
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Fig. 3.15. Variation of ensemble mean drag force with respect to S value of aspect ratio 2.5
ellipsoidal suspension. Symbols: PRS predictions; dash line: linear fit betweeHn and
1.0.
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3.5. SUMMARY AND CONCLUSIONS

The paper develops a broadly applicable simple relationship between suspension preferential
orientation and drag force by performing 186 particle resolved simulations on suspensions of
ellipsoidal particles with aspect ratio 10 and 2.5 for Reynolds numitoens10 to 200 and solid
fractions ranging from 0.10 to 0.30. An orientational paranti®used such that it varies from

-2.0 for all particles aligned with the flow t¥ p8tfor all particles lying normal to the flow
direction withY Ttspecifying aandom orientation in suspension. It is shown that to characterize
the variation of suspension drag with orientational preference it is sufficient to specify the
normalized drag force &=-2.0 andS= 1.0 at each Reynolds number and solid fractiorusyg

a linear variation of drag witB between these two values, the drag at any preferential orientation
parameter can be obtained. It is established that for the high aspect ratio ellipsoids the linear fit
satisfies PRS results with mean deviation e§lthan 6% and for the low aspect ratio suspension

to within 10%. These errors are miniscule in comparison to the large variation in drag forces
experienced at different preferential orientations. It may not be unreasonable to deduce that the

linear relatonship would be a good approximation for any aspect ratio between 2.5 and 10.

This study has two major findings with respect to modeling drag in {QE® and TFM

simulations.

1. If the ensemble mean patrticle drag is to be used to model the drag force ticl@ipar
suspension then the mean drag need only be calculatéd atg8tand™Y p for a
given Reynolds number, void fraction, and aspect ratio. Using these two values the mean
drag force can be calculated for any other suspension with preferentialtretda

within 10%.
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2. If a correlation describing the variation of drag with orientation angle is available for a
random suspensioiiY( 1) then at low solid fractiong ( 1@ L and low Reynolds
numbersY Q v Ttthis relationship can be directly used todicethe orientation based
drag (within 1812%) on a particle at the same orientation existing in a suspension with
Y m@BHowever, as Reynolds number and solid fraction increase the drag is
overpredicted fofY tand underpredicted fO¥ Tindependent of the orientation

angle of the particle by as much as 20%.
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Chap4d4er

Convective Heat Transtf
prol ate ell il psoilc

4.1. Abstract

Particle Resolved Simulations (PRS) using the Immersed Boundary Method (IBM) are performed
for flow through suspensions of ellipsoids with aspect ratios of 2.5, 5, and 10 for solid volume
fractions from 0.1 to 0.3 in the Reynolds number range froto 200. The mean Nusselt number
increases a¥ 'Y but shows only a weak dependence on the aspect ratio while increasing between
10-15% with an increase in solid fraction from 0.1 to 0.3. Two common practices of calculating
Nusselt number in past literatureeaeconciled. It is shown that the suspension mean Nusselt
number based on individual particles, by definition is always greater than or at the least equal to
the Nusselt number based on the internal developing flow analogy. It is established¥éat for

L Ttthe suspension heat transfer coefficient is very sensitive to the spatial distribution of particles
or locatto-particle solid fractions. For the same mean solid fraction, suspensions dominated by
particle clusters or high local solid fractions cahibit Nusselt numbers which are lower than the
minimum Nusselt number imposed by pure condudaiioa single particle in isolatiofhis results

from the dominant effect of thermal wakes at low Reynolds numbers. As the Reynolds number
increass to 100 andbeyond, the effect of particle clusters on heat tranbBamomesless
consequentialUnlike heat transfer, particle clustering has an insignificant effect on mean fluid

forces such as drag.

Keywords: Heat transfer; Ellipsoidal particle suspensions; HartiResolved Simulations;
Immersed Boundary Method (IBM)

4.2. Introduction

Heat transfer in particle suspensions in packed as well as fluidized beds play an important role in

many industrial processes. To investigate the heat transfer between fluid flow and
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susgensions/packed beds of sphericalAspherical particles, particiesolved numerical
simulations have become ttle factanethod for a growing number of researchers. To model these
systems, different approaches of calculating the heat transfer coefficidosselt number have

been proposed. Tenneti et 4] used the internal developing flow analogy by imposing a
constant temperature on the particle surface. Analogous to internal flow in a pipe or duct, the
thermal state of the flow undergoes a region of development followed by -aléwbjoped region
consicering that the thermal environment in a homogeneous random mixture of particles would
reach a statistical mean over many particles at a given streamwise location. Similar to that observed
in internal flow, a rapidly decreasing Nusselt number is followeda $tatistically constant Nusselt
number in the fullydeveloped region. The Nusselt number is calculated based on the heat flux at
the particle surface averaged over multiple particles and a reference fluid temperature based on the
mixing cup [55] or mixed mean temperatufé3] at eachw location. Using the Immersed
Boundary Method (IBM)Tenneti et al. [1] simulatefiuid flow through suspensions of spircal
particles for solid fractiong () of 0.2 and 0.4 with Reynolds number range of [1, 100] fatl@w-

up investigatior{56] with extended@ range from 0.1 to 0.5, they proposed a new heat transfer
correlation for spherical particle suspensions. Based on the Nasselt numbercalculation
appro&h, Tavassoli et a[57] investigated the sanmé ®ange of [1, 100] for spherical particle
suspensions with from 0.1 to 0.5 and good agreement was observed with the results of Tenneti
et al.[54]. Aside from patrticle suspensions, Singhal ef58l] simulated a packed bedEspheres

in theReynolds numbetange of [9, 180] and developed a correlation for Nusselt number. As for
research on nespherical particles, ellipsoid suspensions with aspect ratio 2.5 under solid fraction
range of [0.1, 0.35] withy ' @f [10, 200] hae been simulated by He and T§58]. They modified

G u n [5B] dlusselt numbetorrelation, to develop a correlation for the 2.5 aspect ratio atligiso
suspension. Singhal et §9] simulated flow over packed beds of cylinders with aspect ratios 2,

4, and 6 and proposedganeral heat transfer correlation applicable to packed beds of not only
cylinders, but also spherical particles. Simulation results for spherocylinders with aspect ratio of
2,3 and 4 for v ThTE from Tavassoli et al60] indicated that with the sphere equivalent
particle diameter chosen as reference length, spherical particle heat transfer cofs&lasaiso

applicable for suspensions of spherocylinders.

While the above method expresses Nusselt number as a function of the streamwise distance, it

does not define the Nusselt number for individual particles. This is an important quantity because
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individual particle heat transfer could vary substantially ftbenmean value obtained over many
particles. Therefore, instead of using the mixing cup temperature as the reference temperature,
Chen andMiler [61] defined a cubic box of siZd (di diameter) around each spherical particle

in the suspension (their cubic domain size varied frdohte ~7d to accommodate different solid
fractions with 54 to 61 particles) and uskd tnixed mean temperature of the fluid within the box

as reference temperatureca@culae the Nusselt numbdor each particle. Thejg1], under fully
developed conditions (periodic boundary conditions in all three directions) compared their results
with those derived by Tavassoli et @7] and Sun et a[56] using the mixing cup temperature.
Tavassoli et a[57] used a culgidomain of size ranging from edo ~7d with 54 particles under
developing flow conditions. Sun et §k6] also used a cubic domain of sizedté ~7d with
number of parcles ranging from 61 to 161 under fullieveloped conditions (periodic in all three
directions). On comparison, Chen avdler observed good agreement with Tavassoli €6l

fore THAT #®. Fore 1@, significant deviation appead which was attributed tthe
possible underestimation of the thermal developing region iNtisselthnumber calculation by
Tavassoli et al[57], resulting in higher values. On comparing their results with Sun 6.

Sun et al . 6s predicti onse+ amdRe. €hiswasatgibutelyCleen t he
andMdler to theinvalidity of the assumed similarity useg Sun et. al[56] betweera thermally
fully-developed pipe flow with isothermalalls and a packed bedn contrast, using thermally
developing flow, He and Taf{53] observed that their Nusselt numbers calculated using the
mixing cup temperature agreed well with Sun ef&] up toRe=100 indicating that there could

be other factors contributing to the deviation of Chen Miter [61] with Tavassoli et al[60]

and Sun et a[56].

Following this, Chen antiler [62] investigated heat transfen a suspension of cubic particles

and concluded that a box sizeaf® , wheréeQ i s t he cubeds volume equiyv
is representative enough of the surrounding fluid for estimating the heat transfer coefficient.
Besides, it was founahitheir paper that witty ‘@ndNu defined based on the hydraulic and Sauter
diameter of the particle, respectively, their proposed correlation is not only applicable for cubes,

but also ellipsoid$53] and cylinderd59]. Furthermore, by implementing the same method for

Nusselt number calculation and choosing a cubic box oli$daes suggested in the literati63i

65], Lu et al.[66] investigated the correlation between the heat transfer ratéharidcal flow
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velocity around the particles in the suspension and concluded that there was no correlation between
the two quantities. In yet another study to investigate the local heat transfer coefficient on the
particle surface, Kravets aktuggetEmden [67] introduced a different procedure fhiusselt
numbercalculation in a spherical suspension which can be regarded as a hybrid ofube abo
mentioned two methods. In their calculation, they used the cup mixing temperature as the fluid
reference temperature, and calculated the INcaiselt numbeat each lattice node defining the
particle surface making it possible to investigate not dmyNusselt numbeaf each particle in

the suspension, but also the local heat transfer rate on the particle surface at different polar angles.
Their calculatedNusselt numbeis validated in[68] through comparisons with correlations
[55,60,69]in literature.

In past work, most heat transfer investigations have been performed in spherical particle
suspensions with a few in n@pherical particle suspensions such as spty@noders of aspect
ratio 2 to 4[60], packed beds of cylindrical particlg®], and by Chen anilile r [62] for square
superellipsoid suspensions. The current paper extends the investigation of He arj83] difti

an aspect ratio 2.5 ellipgtal suspension by covering a broader range of geometritss paper

we investigate the heat transfer coefficient in random suspensions of ellipgogfseating some

of the calculations of He and Taf83] , albeit in a larger domain with more particles, and with
additionalaspect ratios @and 10. The Reynolds number range covered is 10 to 200 and solid
fractiors vary from 0.1 to 0.3.The relationship between particle based Nusselt number and the
Nusselt number derived through an analogy with the fully developed flow asearbptirowed

from internal flows is investigated in detail together with the effect of particle distribution on heat

transfer characteristics of the suspension.

4.3. Numerical method and simulation setup

4.3.1. Governing equations

Under the assumption aonstant property, incompressible flow, the governing equations are
solved in the framework of an-imuse CFD codé GenIDLEST Generalized Incompressible
Direct and Large EddyiBwlation of Turbulenceusing the Immersed Boundary Method (IBM).
The equatins describing mass, momentum, and energy conservation are solved in their

dimensionless form given by
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where superscript (*) represents dimensional variables. In the processdihmarsionalization,

the superficial fluidvelocity Y is taken a®” and diametekY o f the ellipsoid:

Z z

equivalent sphere is takend@s .Y is the inlet flow temperaturey , and’Y —, where

n “is the uniform heat flux applied at the particle surface.

The governing equations are solved using a collocated estaggered finite volume formulation

with implementation of secondrder central (SOC) difference discretization schg¢8#35]
Variables including flow velocities, pressure and temperature are calculated and stored at
computational cell center whereas fluxes are calculated and stored at cellAfgoeslictor
corrector formulation is used for time integration of the velocity: an intermediate velocity field is
calculated in the predictor step followed by a pressure correction applied to the velocity field to

satisfy discrete continuity.
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4.3.2. Particle gereration and immersed boundary method (IBM)

The ellipsoidal particle shape investigated in this research is generated using:
W W o
- = - P (4.4)
W W W

Prolate ellipsoidal particles are investigated with aspect ratio 2.5 (abbreviated as AR2.5), 5 (AR5)
and 10 (AR10) with sphericities (ratio of surface area of equal volume sphere to particle surface
area) ranging from 0.887 to 0.593, respectively. The runob elements used to resolve the
surface area of each particle ranges from 2100 to 7500 as shdahl@é4.1 It is noted that the
element size is commensurate with the background grid resolution and the number of elements
increase as the surface aréshe particle. The particle surface grids are showfign41 for the

three aspect ratios.

Table 4.1. Geometry and surface grid specification of ellipsoidal particles.

Aspect ratio (AR) AR2.5 AR5 AR10

(a,b,c)in Eqn. 4 (0.92,0.37,0.37) (1.46,0.29,0.29) (2.32,0.232,0.232)
Sphericity 0.887 0.735 0.593

Surface elements 2172 4176 7538

(2)AR2.5 (b) AR5 (c) AR10

Fig. 4. 1. Surface meshes of ellipsoid with aspect ratio &5,5 and 10
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The particles defined by their individual surface meshes are immaradzhckgrounchulti-block
volume mesh composed of structured sumiform orthogonal cells. The IBM method is
implemented in generalized coordinate system and is fully descridddgendraet al [36]. It

uses a sharmterface indirect forcing method. In this implementation, no additional forcing term
is used in the governing equations. Instead, solution to the governing equations is suitably modified
at grid nodes that lie in the immediate vicinity ofetimmersed surface. The major steps in the
implementation can be listed as follows: (1) identify the location of the immersed surface and
designatesurrounding nodeasfluid or solid; fluid nodes immediately adjacent to the IB surface
are labelled as IBades (2) solve the governing equations at all nodes in the domain except at the
IB nodes, and (3) apply a special treatment to reflect the presence of an immersednstirface
specified boundary conditioras the IB nodes.

In (1) above, three primary notiges are defined fluid, solid and IB. The fluid and solid node
definitions are trivial any node that lies in the fluid region is a fluid node and if not, it is a solid
node. An IB node, on the other hand, is any fluid node that lies in the immediatg of the
immersed boundarylo implement the boundary conditions in stept(®&) probes are projected

into the flow field,on linesnormal to the IB surface and passing through the 1B n@#23. In

the context of the present study, no slip, rengiration Dirichlet boundary conditions are
implemented at the IB surface for the velocity field in the momentum equations, and Neumann
conditionsfor the solution of the pressure Poisson equatimhthe energy equatioBimilary, to
determine th&lusselt numbetheparticle surface temperature is obtained at each surface element
centroid by projecting a normal into the flow and udemperaturealuesat two probe locations

to satisfythe constanheat flux boundary conditioat the surface

4.3.3. Simulation setup

Ellipsoidal particle suspensions from Cao ef ] are directly adopted in this work. An identical
rectangular computational domain of size 30x10X10 in theho hand & directions is
employed as shown iRig. 42. In each calculation, 286, 430, 573, and 859 randoml|yitalistd
particles are placed betwean & ¢ Tifor solid fractionse T g & W,
respectively. Solid fractions TR ¢ & @ are calculated for AR2.5 and AR5 particle
shapes whereas 1@l wd ¢ @& are calculated for AR10 piste shapes. For each case, four
Reynolds number¥ 'Q p tv fp mthib ¢ © 1t are calculated. Each condition is simulated for two

independent particle arrangements and the average results are reported.
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Fig. 4.2. 3D view of the computational domain

An incoming flow with homogeneous dimensionlessvelocity and temperature of 1.0 and 0,
respectively, is specified at the entrance to the domain. At the outlet, zero gradients of pressure,
velocity, and temperature are used. Periodic boundary conditignsimdz- directions simulate

a particle suspension with infinite extent in these two directibigs4.3presents the distribution

of solid fraction (defined as ratio of solid cells over total number of cells at a @ivéwcation)

and mean inclination angle of particléhefined as the angle between the major axis of particle
and streamwise direction) Also shown for comparison are the corresponding distributions of

He and Tafti[53] for AR=2.5 particle suspensions. In all cases the local solid fraction fluctuates
about the intended nominal mean value. There are no perceptible systemic differences between He
and Tafti[53] and the current suspensiongth the exception that in He and Taf83] the
suspension extends 10 unitswmersus 15 units in the current work. In the random suspensions
generated, the mean inclination angleexpected to be 57.3 degrees which is closely reproduced

in all particle arrangements over the length of the region. However, there are local variations in
mean orientation angle. In the current suspensions, all solids are containeduwitiin ¢ T
Because of the high aspect ratio particles, this results in particles being placed at high inclination
angles in the entrance and exit regions of the suspension followed by lower angular orientations in
the interior. This requirement was not enforced by HeTaft [53] thus allowingparticles with

major axis more closely aligned with ttee direction.
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Fig. 4.3. Void fraction and average inclination angle distribution of particles along

e direction. (Dash lines and empty symbols represent suspensions of He and T§B8)] for
AR2.5 particles.)
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No slip velocity boundary conditions and constant dimensionless heafy flux,p are specified

at the particle surface. Although constant temperature has been widely implemented by previous
researcher$54,56 60], it has been reported by Sun et [@6] and confirmed by our own
experimentg53] , that under relatively high solid fractioasd low Reynolds numbers, the fluid
temperature develops quickly to approach the particle surface temperature. As this happens, not
only does the fluid solid temperature difference approach zero but so does the heat flux from the
surface resulting in spwus numerical noise in the calculation of the heat transfer coefficient.
Previous works typically have used much smaller domain lengths in the flow direction. For
example, Tavassoli et §b7] and Chen an#ldler [62] mostly use a fixed number of particles

(54 to 61) and vary the domain size to simulate different solid fractiona.cAssequence, their
domain length in the flow direction decreases as the solid fraction increases thus mitigating the
issue of the fluid temperature approaching the particle temperature. On the other hand, a smaller
domain used with the thermally develogiflow assumption as in Tavassoli et[&F], could also
increase the likelihood that the calculated heat transfer coefficients will include effects from the
thermally developing region. Similarly, under the thermally fdéveloped peodic flow
assumptiongun et al[56]), a smalldomain size in the flow direction could admit solutions in
which the temperature field remains spatially correlated over the periodic length and the thermal
wake of a particle could unduly influence its own thermal environment. For these reasons, in the
current study, a much larger domain is used to accommodate a statistically significant number of
particles and to ascertain that the heat transfer is indeed reported in the thermatlgvielbped

region'. To avoid temperature saturation, a constant fiaboundary condition is specified at

the particle surface As discussed in He and Taffi3], the average Nusselt number calculated

from these two boundary conditions presents reasonable agreement at different Reynolds numbers.

4.3.4. Nus<lt number definitions
One method used in the literaty&], which we will denote Method A, is based on the analogy

between heat transfer in a statistically homogeneous particle suspension and convective heat

L1t will be shown in the results that the thermally fulieveloped region is never fully achieved at Re=10 and
phi=0.1 in spite of the large streamwise length of suspension.
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transfer of internal flow. In thjsa mixed mean fluid temperature is defined along the flow

direction w which is calculated using:

A D asIY¥e” QoQa

Yoo
A Yas QuQad (45)

Note that in Eqn 4.5, the absolute velocity is used to prevent negative contributions to the sum.

The average particle surface temperatifre @ is calculated as follows

P
B m

m Y ofe (4.6)

where( denotes the numbef surface elements over multiple particles whose centroid lies within
w pfY randm is the area of the surface elemedsing Eqns. (4.5) and (4.6) the Nusselt

number is calculated as

00 ® o—— : 4.7)

z

wheren —— pis the dimensionless heat flux applied at the particle surface. The average

—_—

Nusselt numbed 6 is calculated by taking the arithmetic meamidf & over thec range of

interest which can be written as:
06 —0 (4.8)

where
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Y- (4.9)

and

Y —— mYdE (4.10)

wherel is the volume of the domain aBdare the total number of surface elements spread over

all particles in theo range of interest.

Method A does not allow the specification of the heat transfer coefficient associated with
individual particles, s€hen andMiler [61] to investigate the local heat transfer coefficient for
each individual particle in the suspension used a different method by calculating the fluid mixed
mean temperature near the particle. They did that by associating a volume surrounding each
particle oer which the fluid mixed mean temperature is calculated. The method, which we refer
to as Method B is implemented in our case by using an ellipsoidal shaped shell of thickness

around each particle defined as:

W W W I (4.11)
Thebulk mean fluid temperature within this shellvolume! s calculated by:

a, ¥ OsYD" X
a, 0y X (4.12)

together with the average particle surface temperature

P o s
Y ¢
B m m (4.13
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where¢ is the particle number anid is the total number of surface elements on particland

m is the surface area of each element.

The Nusselt number of each individual particle in the suspension is then calculated as:

00 ¢ o (4.14)

Note that because of the nature of the definition of the heat transfer coefficient in Eqn. 4.14, the
conditions local to a particle may result in extremely high or negative Nusselt numb¥rs if

“Y . Itis quite likely and physical that in the #hef thicknes§ around the particle of interest,

the mixed mean temperature of the fluid may be greater than or nearly equal to the particle surface
temperature because of the influence of other particles in the vicinity. This scenario becomes more
prominent at lowY ‘@nd highe but is admissible and physical in the context of calculating the
average Nusselt number over all particles given by

— p

006
pflo & (4.19)

cio
o8]

While both methods of calculating Nusselt numhie(iD & have been used in the literature,
no study has established a formal relationship between the two definitions. In fact, Eqns. 8 and 15
become identical if the hypothetical shell siz¢ &round each particle is chosen such ithan

Eqn 4.12 aprached in Eqn 9 for each particle. As will be shown later, this leads to the

conditonthath & 0 08

4.3.5. Grid independency study and validation

The background grid udan this work has been adopted from our previous investigations of
hydrodynamic érces and heat transfen particle suspension§27,28,53,71] Noting that
suspension heat transfer prediction is derived from individual particles in suspemgidns,
qualificationon anisolated particlés a validmeansfor establishing grid independenoy the

suspension

Cao and Taft[37] validated heat transfer predictions on an isolated spherical particle with other

IBM calculations[72,73], with their own body conforming grid calculatignend enpirical
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correlationsn the literaturg74]. The resulin Fig. 44 shows excellentagreemeniith otherlBM
calculationsand correlations with deviatiswf less than 5%For the IBM calculations they tested
a resolution of 1/40 (d 7t mand 1/20 and found that at Re=200, the predicted Nusselt number

at 1/20 resolution was within 3.3% of the 1/40 resolution.

Accompanying fluid force calculations anisolated cylindrical shaped particle with aspect ratio

of 0.25 Cao and Taftj37] also simulatetheat transfefor differentReynolds numberand particle
inclination angls . Grid resolutions of 1/ 30, 1/ 40 and
sphere diameteveretested. Using the particle Nusselt number derived from grid spacing of 1/50

as reference, the maximum deviation for meshes with 1/30 and 1/40 resolut®fs30%&% and

1.83%, respectively

For the high aspect ratio AR10 ellipsoid, which is the most extreme geometry investigated in this
paper, grid independency studies are done on a single particle placed parallel (inclinatilim O
adomainsizeof T p @& p @) and perpendicular (inclination 9Within a domain size of

CTm p® p @)to the flow for three background grid resolutions of 1/40, 1/60 and 1/80 at the
highest Reynoldaumber used in this investigation, Re=20the results presented Trable 42,

show that the 1/40 grid resolution is within 2% of the Nusselt number using 1/80 grid resolution

for both orientations.

Finally to supplement the single particle grid independency study, an additional grid independency
study is also conducted on a seispion of AR10 particles at & and'Y ©200. Both0 6 and
06 are calculated for the suspension on backgrounds grids of 1/40 and 1/50 resul?8g in

million and 250 million total grid sizes, respectively. A relative deviation of 2.37% is observed in
0 6. For individual particlé) 6 192% of the particles present deviations of less than 5%, with a

mean deviation i 0 of 2.48%.
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Fig. 4.4. Validation of Nusselt numberfor an isolated sphere inuniform flow.

Based on the numerous grid independency studies done, balbotingpmputational efficiency
and simulation accuracggrid resolution of 1/40 is employdxbtweern @ ¢ Tto resolve the
particles with a total grid cfize 0f128 millioncellsover a domain size of 30 X10 X10 for the PRS
results presented in this pape

Table 4.2. Nusselt numberd ¢ ™ 78
uniform flow at Re=200.

prediction for single AR10 ellipsoid in

Volume grid ¥ 1/40 1/60 1/80 % difference

o 7538 7538 28500
Surface grid size (N)

Parallel to flow, O 6.47 650 6.56 <1.5%

Normal to flow, 90 12.05 11.85 11.85 1.7%

4.4. Results and Discussion

4.4.1. Flow and Thermal fields within particle suspensions
The general characteristics of the velocity and temperature field are first investigated. As the flow
traverses the suspensjotine random particle locations and orientations give rise to strong

interstitial flow accelerations and decelerations win€luence energy transport and heat transfer.
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Fig. 45(a) showsw directional flow velocityfluctuationin AR10 ellipsoid suspensions «at

&, Re=10 and 200 which is calculated using:

6 0O O
3 (4.16)

whereo is the mean fluid velocity through the particle suspendiooan be seen that at
Re=10, the flow is dominated by viscous effects resulting in thick boundary layers on particle
surfaces. Consequently, continuous, bridged low velocity regions can bedspecially within
particle clusters. ARe=200, the bridged low velocity regions are replaced by channels of higher
velocity fluid between particles as the boundary layers become thinner. Interesiegly)
exhibits larger extreme deviations from theamé¢han doeRe=200. These features of the velocity
field are more generally characterized by studyingRhabability Density Functions (PDF) of

o0 distributionin the threedimensional computational domain.
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(b) w wplanes ofluid temperature fluctuatiofieft: Re=10, right Re=200)
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Fig. 4.5. Flow velocity and temperature fluctuations within AR10 ellipsoid suspensions.

The PDFs of ¢ distributionfor AR10 ellipsoid suspensions undgifferent flow caditions are
presented inFig. 4.5(c). Both, effects ofReynolds number and solid fractiaare shown.
Comparing the effect oReynolds numbeate T1@&h Re=10 has a higher probability of
producinglarge fluctuations, p 02 mand 6 p& than Re=200. AtRe=200, the extreme
fluctuations are tempered and somewhat homogenized and are concentrated at and near zero (the
mean value) much more so thaRat=10. These trends are consistent with the observations made

in a singlew wplane n Fig 4.5(a). The same general trends are reflected at the lower®
betweenRe=10 and 200. As the solid fraction decreases to @, less of the fluid volume is

affected by the presence of particles and thus the probability of fluctuations at peme@nean

value) increases for both Reynolds numbers.

Since the temperature field is largely influenced by the velocity field, the fluid temperature
fluctuations defined as:
NN G

41
= (417

where”Y and”Y represent the spatially averaged inlet and outlet fluid temperatwley @

is the mixed meatemperature defined in Ega5. Fig.4.5(b) present8Y slices ato  wplanes
identical toFig 4.5 (a) to facilitate comparisorGenerally, regions of negativa low velocity

fluctuation are correlated to regions of higiositive temperature fluctuation at a given

87



w location and vice versa. Regions of higiositive temperature fluctuations surrounding
particlesresult inheat trasfer coefficients lower than the mean at a giwerlocation. Thus at
Re=10, the preponderance of negative velocity fluctuations in particle wakes and patrticle clusters
aty w pmandp t @ p @esultsinthe local temperature being higher than the mieathm
temperature. Conversely, high velocity regions resulting from flow acceleration in the interstitial
spaces results in temperatures lower than the mixed mean temperatdrénéreases to 200, the
trends remain the same with the notable differeticasthe range of temperature fluctuations
about the mean increase. This is due to the combined eftbatioér thermal boundary layers and
extended high temperature wakes that significantly influence the fluctuations about the mixed
mean. Notably, thiss contrary to velocity fluctuations which reduce with increase in Reynolds
number from Re=10 to 200.

For a more complete picturBDFs of Yover the whole computational domaire presented in

Fig. 45(c). Thew wplanar trends observed kg 4.5(b) are confirmed by the volume PDFs.

As'Y Gncreases from 10 to 200, the temperatures spread out to larger values as the fluctuations
intensify, with less concentration near the mixed meai attt Ase+ decreases to 0.1, there are

less pronounced differeas between the two Reynolds numbers. For both Re=10 and 200, the
frequency of large positive and negative fluctuations increases because of the sptatity of

the particles and the weaker mixing.

4.4.2. Nusselt number predictions
Method A assumes similayiwvith heat transfer in internal flow and calculates the evolution of the

fluid mixed mean temperatuf® @ and the particle surface temperatiid w to obtain the

Nusselt numbeb 6 « using Eqn. 4.7. As the flow traverses the heated sugpeofparticles,

both Y ® and”Y  increase witta Based on the analogy with internal fl@ubject to a

constant heat flux boundary condition, a fullgveloped state is reached whélyY

“Y w reaches a constant vallExamples of development of these temperatures is presented

Fig 4.6for AR2.5 and AR10 ellipsoid suspensions at Re=10Rew200 for the lowest and highest
solid fractions investigated, respectively. Unlike internal flows we tiw@t while the development

of Y w is smooth because of the large sample size (400400 fluid cells inyeaptane), the

development ofY @ fluctuates about a linear increase because of a limited and changing sample
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size of particle surfacelements at any givek location. Comparing the two Reynolds numbers,
Re=10 and 200, we find that the fuldeveloped state is never completely achieved at Re=10 and
T, whereas at Re=200, in spite of the perturbations superimposed on the lineasancr
there is a discernable classical fullgveloped region in whichY w “Y ® remains
approximately constant. In spite of the large extent of the suspension in the flow direction, the lack

of clear convergence to a fulleveloped regime is ost evident at low Reynolds numbers
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Fig. 4.6. Variation of {,g ® andq|; y® in suspensions 0AR2.5(a-b) AR10 ellipsoids (¢
d).

The spatial development 6f6 « for ellipsoid suspensions is presented in Fig. hall cases

it is observed that the high Nusselt number in the initial development region of the suspension

89



decays to what could be considered the fully developed value. However, the rate of decay does not
show any strong consistent trend with AR, Res, @xcept possibly that the development length

is consistently higher for AR10 suspensions over AR2.5 and 5.0 particles. On the other hand,
similar trends in developing length observed oveiYafbor a given suspension, indicates that
particle arrangemémay be a dominant factor in the evolutioniob . It is noted that in spite

of the large length of the domain in the flow direction, and the large number of particles and
multiple particle arrangement$,6 @ in many of the cases does nottleeto a stationary value
representative of a fulgeveloped thermal region. Therefore for consistency, to specify the mean
Nusselt numbed 6 at a given condition, a subset of thé @ distribution betweey 9 and

15 is used for all cases aslicated by the dashed lines in Fig. 4.7.

Re=10
Re=50
Re=100
Re=200

x-location 15 0 x-location

(8)AR2.5, =0.1 (b)AR2:£0.3

5 0 — 15 20 5 10 _, . 15 20
x-location x-location

(C)AR5, =0.1 (d)ARS0.3
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Fig. 4.7.4 ¢_ for ellipsoid suspensionsising results from one (AR2.5) and two (AR5 and
AR10) independent random particle arrangements.

Individual particle Nusselt numbers (Method B) is calculated by using the average surface
temperature of a particle with the mixed mean fluid tewroee in a shell of finitavidth
surrounding theparticle (Eqns4.12-4.14). Examplesof 0 6 on individual AR10 particles is
presented ifrig 4.8for a shell size ot/= 1.5Q around each particle at Re=10 and 200«and

T®. Also shown are the casponding PDFs of the normalized deviation from the mean value of
Nusselt number. Because of the inherent randomness in the suspension and the large influence of
interstitial flow on thermal fields around each particle, there are large variations ml¢bhed

Nusselt numbers which are represented at the location of the particle geometric center. As stated
earlier insection 2.4yery large or negative 6 can result on individual particles. Approximately

30% of the cases run had between 1% to 3% ®fparticles with very large (more than 5 times

the mean) and negative values. These values are not ploigddir8 nor are they included in the
construction of the PDFs. Studying the PDFs which specify the variation about the mean, for both
Reynoldsnumbers the PDFs are positively skewed, much more so at Re=10 at which many
particles experience values as large as 1.5 to 2 times the mean value. At Re=100, the individual
particle Nusselt numbers experience comparatively less fluctuations about theatnezand the
distribution is morauniform. This leads to the conclusion tliad is much more sensitive to the

particle arrangement at loW ‘®@han at higher Re.

Unlike O 6, the distribution of) 6 is quite insensitive too location, i.e., entrance and exit

effects are barely perceptible. This is because even though the geometric center of the patrticle is
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located near the entrance or exit, because of the high aspect ratio, the AR10 particle extends over
a range ofv values ad thus any sharp variations in the local mixed mean fluid and surface
temperatures are smoothed out when averaged over the outer shell surrounding the particle and
over the particle surface, respectively. Taking advantage of this inherent smoothictggarth
geometric centers betwedn @ p Xare used for defining the mean Nusselt nunibér at

each condition.
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Fig. 4.8.4 9| for AR10 ellipsoid suspensions fow 8 with corresponding PDF
distribution. Dash line shows the mean values in (b) and (d).

92



An important parameter in determining the particle Nusselt nuriibétis the size of the shell

over which the fluid mixed mean temperatiive is calculated. Fovery thin shells the fluid and

surface temperature approach each other and under constant heat flux conditions lead to high
Nusselt numbers. As the shell size increases, the calculated temperature is more representative of
the surrounding fluid temperatyreowever progressively more of the presence of other particles

is also included in the calculation of the fluid temperature. This is similar to calculating the fluid
mixed mean temperature at any giwenlocationi where the effect of other particles the fluid
temperature is implicitly included in the reference fluid temperature. To show that as the shell size
gets larger, the mean particle Nusselt numtbér approache® 6, different shells sizes of

7 7Q TSI pIp® and 2 ardested (Eqn4.11). These results are presentedrig. 4.9

showing the effect off on the mean Nusselt numbéro hfor AR10 ellipsoid suspensions at
different’yY ‘@nde . At d= 0.1, the predicted mean Nusselt number starts at a high value, but drops
sharply byd = 0.5, gradually decreasing further as the shell size increases. In the limit that the

shell size approaches the volume of the fluid domain, approache$ 6 as both become

equivalent. Similar trends are also obserfeed\R2.5 andARDS ellipsoid suspensions (not shown).
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Fig. 4.9. Variation of 11—<>|| of AR10 ellipsoid suspensionsersus shell sizej.
To expand on the relationship betwe&ed and{ 6 further,Fig. 4.10presers both quantities at
different Reynolds numbers and solid fractions for AR2.5, AR5 and AR10 geometries. The vertical
range bars o 6 represent the standard deviation in the thermally ildlyeloped region
betweerwy @ p v0 0 is plotted at shell size¥Q T® andthe shaded region represents
the admissible possible values 6f6 as the shell size increases with the lower bound given by
0 6. As Reynolds number increases, the Nusselt number increases approximiif§; aEhe

difference betweefl 6 s 4 and( 0 is nearly 100% a¥'Q p Ttbut reduces to between 1520%

at'y'Q ¢ mfor the different cases investigated.
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Fig. 4.10. Comparison offl ¢_and I ¢ for AR2.5 (ac), AR5 (d-f) and AR10 (g+) ellipsoid
suspensionst different § gand v 8

4.4.3. Comparison with correlations and past results

Both,. ©and. O are quite independent of the shape of the particle, i.e., there are no strong
trends with changing aspect ratio of the ellipsoids over the rangé&afd « investigated in this

study. Note that the default length scale in the Reynolds number aneltNussber is based on

the volume equivalent diameter, thus when expressed in this form, the shape or geometry is
subsumed in the volume equivalent diameter. The results are in agreemehawasisolli et al.

[60] who also observed that heat transfer coefficients were quite independent of the aspect ratio of
spherecylinders ranging from 2 to 4. This is quite lelihydrodynamic forces such as drag and

lift which exhibit a strong dependence on shape and increase with aspect ratio or deviation from
sphericity. On the other hand, the Nusselt number increases slightly (betw2€fo)l s

changes from 0.1 to 0.3. €h and Mullef62] modified a spherical suspension correlation, to
develop a correlation for nespherical particles by explicitly accounting for the shape of the
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z z

particle in the definition of the Nusselt number by definidigh ——, where the Sauter

diameterd B'Q , with B defining the sphericity of the particle shape.

00 B¢ mMEx T

(4.18)
0.

." 7‘7—
™ pPe YPOi T

where the Reynolds number is based on the hydraulic diameter gi@n by—l Herel *is

the volume of the suspension domain afds the total surface area of the particles in the volume

} *. Fig. 4.11compareshe present predictions with the correlation.

(a) AR2.5 (b)AR5

(C)AR10

Fig. 4.11. Comparison of predictions with correlation of Chen and Muller[62].
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