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1. Pneumatic Conveying

A basic description of pneumatic conveying systenmovided by Mills [1, 2]. The
description includes an introduction, modes of eymg, system types and system
selection. In another paper, Mills [3] presentedistussion on the difference between
dilute and dense phase flows including examples dement and alumina. He
emphasized two steps to achieving clarity on thgestt Step one is understanding the
characteristics that differentiate a dilute phasgesn from a dense one. These include
material compatibility, conveying air velocity, fiale velocity and solids loading ratio.
Step two is descending into particular processifpetons that tip the design choice
toward one mode or the other. These include nuaincesaterial properties, pipeline
bore, conveying distance, pressure available andeging air velocity.

Mills [4] published a paper reviewing the reseawmtrk of the late Professor
Predrag Marjanovic. Although Predrag’'s involvemantesearch covered a diverse
range of topics, including hydraulic transport, idlumechanics, bulk material
characterization and hopper design, the review ligigts the work undertaken by
Professor Marjanovic for his Ph.D. research arelipmatic conveying, a topic that he
continued to investigate during all his active péri

1.1 Dilute Phase Flow

In order to carry out simulations of the movemeina oelatively large particle in
an air stream in a pipe, the aerodynamic forcesthadollisions with the pipe wall
should be considered. For the aerodynamic conditidrag force, retarding torque,
the lift force due to particle rotation and the fibrce due to air velocity gradient are
often considered. Salman et al. [5] carried owarumerical simulation of a particle
in a horizontal pipe, and described the variatibthe above mentioned aerodynamic
forces. Eskin [6] employed the kinetic theory oamular flowsto simulate dilute
turbulent steady-state gas—patrticle flows in flatizontal channels with different wall
surface roughnes&alman et al. [5] have shown that the major fqrtlest control
particle motion, are drag in the axial directionddift due to air velocity gradient and
the spin in the transverse direction. These rebeascalso stated that the high spin
speeds generated by the end of the run caused #uynud force to become the
principle component of lift In his study Eskin [@jnored the Magnus force since he
considered only non-rotating particles. Salman let[% incorporated an elastic
contact model based on rigid body sliding assunhedniormal collision to be fully
elastic, but they took into account also slidingtion during contact. Eskin [6] used
the tangential restitution coefficient to fit thenslation to experimental results. Both
models agree well with experimental results.

In order to investigate the role of interclassis@hs measurements and analysis
of a bidispersed two-phase flow system at low ni@ading ratio 0.11 and a moderate
ratio of in a fully developed pipe flow were pretsahby Boree and Caraman [7]. The
signature of interparticle collisions was obseni®d comparing measurements at



high- and low-mass loadings. An analysis of theisioh frequency in different
regions of the flow showed that, even at loadingpraf 1.1, the mean time scale
between collisions is of the order or larger thae particles aerodynamic time
constant. Collisions, therefore, cannot signifibadecrease the mean free path of the
particle fluctuating motion, and transport effedfs both longitudinal and radial
fluctuating kinetic stresses toward the core regiomstill high. For a larger increase
in mass loading, leading to dominant effects ofisiohs, one would expect these
transport terms to be of minor importance.

1.2 Dense Phase Flow

Dense phase pneumatic conveying has become mommamdcommon in many
industrial sectors ranging across chemical, phaeotazal and food industries, due to
its advantages over conventional high-velocity saspn flow in preventing product
degradation plant wear and in delivering high tiglqput and efficient power
utilization. Sanchez et al. [8] reviewed the modatsl correlations for dense phase
conveying in an effort to explore existing and ngata on the subject and to provide
guidance to the designer on the best pressurerdoalel. Using various data sets the
Mi (Konrad)-based model was found to be best fedmting the pressure drop across
dense phase plugs. A series of industrial scate &¢s0 shows agreement with the Mi
(Konrad)-based model. Experimental findings havenberesented by Datta and
Ratnayaka [9] to show that the pressure drop aefii (K) for vertical and
horizontal pneumatic conveying for a given bulk enit follows a certain pattern.
The pressure drop coefficient for vertical pneumatbnveying for a given material
has been found to be independent of any variatiguarticle size distribution, within
experimental limits. The pressure drop predictiechhique proposed by the authors
previously has been validated with the test resulise unique feature of this
technique is that it can be applied to both derses@ and dilute-phase pneumatic
conveying situations, as the results ranged fromselgphase to dilute-phase flow
conditions (air velocity ranging from 8 to 20 m/s).

Solids deposition in the horizontal pipeline ofrepmatic conveying system was
studied by Li et al. [10] both mathematically arcperimentally. Mathematically
modeled results using the coupled discrete elemetitod (DEM) and computational
fluid dynamics (CFD) approach have demonstratesht@msive exchange of particles
between the stationary layer (deposited partides) the moving slug and a variation
of solids concentration and pressure and velogglyidutions across the slug. A slug
wave actually compresses the particle layer justadhof it, pushing some of the
particles up from the layer into the wave. On ttieeohand, particles at the tail of the
slug fall into the bottom part of the pipeline afedm a stationary particle layer
behind the slug. Experimentally generated data lo@aatitatively shown a tendency
of more solids deposition with lower gas mass fi@ate in slug flows except that,
below a certain amount of solids mass flow rate,dbposition becomes independent
of gas flow rate. An experimental study combinedhwiumerical modeling was
carried out by McGlinchey et al. [11] to descrilbe tstructure of plugs through the
analysis of the measurements of pressure differancdoth axial and radial
directions. A theoretical explanation of these pues differences was proposed and
agrees with the recorded signals of pressure diffgg from differential transducers.

1.3 Transition Phase
Experimental results on pickup velocity (criticadlocity) measurements for a
variety of particulate solids and empirical anaysiere presented by Kalman et al.



[12]. The present experiments together with presipypublished experiments of a
number of researchers encompass about 100 measusenhi@4 materials for a wide
range of particle sizes, shapes and densities.dBais¢he experimental results, three
zones are defined by establishing simple relatipsshetween the Reynolds and
Archimedes numbers. The empirical relationshipsewirther modified by taking
into account the pipe diameter and particle shaphgqficity). The three-zone model
was shown to reasonably correlate to Geldart'ssiflaation groups.The saltation
velocity after a 90 vertical-to-horizontal elbow was studied by Aki#t al. [13].
Experiments show that saltation velocity is affdcby the gas to solids mass flow
rate ratio and elbow radius to pipe diameter ralioe maximum deposit thickness
typically occurred near the leading edge of theodép The average deposited
thickness decreased with increasing gas to solafssritow rate ratio.

Balasubramaniaret al. [14] attempted to study the hydrodynamicsl dlow
regime transitions in a circulating fluidized bedFB). The flow regimes in a CFB
include the high-velocity fluidized bed and pneumatonveying. The transport
velocity was estimated by the emptying time of bleel and extrapolation techniques.
Empirical correlations have been proposed for thesport velocity and the chocking
velocity.

1.4 Bends

Bends and elbows play vital roles in giving pneumatonveying systems
considerable flexibility by allowing routing andstfibution. Bends, however, could
cause some difficulties in pneumatic conveyancee @uach problem is that bend
erosion is likely to cause a plant stoppage breakdof the plant; another is particle
fragmentation, which may limit the use of the pnatim conveying system. An
important aspect, therefore, in pneumatic conveigngarticle trajectory in the bend,
which affects the particle velocity, impact angledahe number of impacts of the
particle on the bend wall.

The 2-D model of Salman et al. [24], where numérgmulations of particle
motion in a dilute horizontal pipe were carried @und variation of aerodynamic
forces described, was extended by Salman et glt¢Isend flow (horizontal to down
vertical). The bend flow was found to cause andase in mean particle velocity
compared with a horizontal pipe. Results show timrathumber of impacts in the bend
decreases as the velocity of the particle increaBes results from the simulation
agree closely with the experimental time-of-flighéasurements.

The characteristics of gas—solid flow after a 9értical-to-horizontal elbow were
investigated both numerically and experimentallyléav conveying gas velocities by
Akilli et al. [13]. The time-averaged local pargctoncentration and velocity were
measured using a fiber optic probe at various iooatalong the length of the
horizontal pipe after the elbow. The effects of gaws velocity, gas to solids mass
flow rate ratio and the elbow radius to pipe disgnettio on particle concentration
and velocity profiles, and deposit characteristve=re investigated. The numerical
simulations indicate that the coarse particles mot@ the rope-like manner created
in the elbow and secondary flows carry the smalitiglas around the pipe
circumference through the particle-free regid@isaulations of dilute-phase gas-solid
flow in pipe bends of different radii of curvatuneere conducted using computational
fluid dynamics (CFD) by Quek et al. [16]. The rematization grougk-& turbulence
model was used for the flow calculations of the towous phase while the
Lagrangian approach was used for calculating trserelie-phase trajectory. The
model predictions were first validated with pasictoncentration and velocity



measurements adopted from the literature. Simulaimdicates that the rope
formation in vertical bend is stronger for the lengend radius than that in the
shorter radius. The inlet turbulence intensity @)0does not produce significant
effects on particle concentration through the besgreas particle size is found to
have the largest impact on the extent of flow disjpas observed in the bend with
different radii of curvature.

Using vertical U-bends in the pneumatic conveyimged system significantly
influence drying behavior since they create enhénebp velocities between
suspended material and the drying medium. On omel, hthis slip will increase
external heat and mass transfer rates, therebyneimgadrying conditions. On the
other hand, increasing the number of bends wilkeaan increase in pressure drop
and could be detrimental to the overall performaoicthe system. Two-phase CFD
calculations, using an Eulerian—Eulerian model #ra commercial program Fluent
6.0, were employed by Hidayat and Rasmuson [1¢atoulate the gas and particle
flows in a vertical U-bend. They have found tha¢ tlip velocity is particularly
affected by particle diameter, gas velocity anddbesdius ratio; whereas the total
pressure drop is strongly affected by gas veloaityl bend radius ratio. Thus,
optimizing gas velocity and bend radius ratio isparant in reducing energy
consumption.

1.5 Attrition and Wear

Dilute phase pneumatic conveying systems are widellied in industries to
transport bulk solids. Attrition and breakage afig particles, however, is an
unavoidable phenomenon affecting both the convegiragacteristics and the quality
of particulate materials. The mechanical strendtipayous alumina catalyst carrier
beads, used in the reforming units with continumasalytic regeneration, was
measured by impact testing by Subero-Couroyer. ¢18]. With this testing method
particle strength can be measured of a larger numbeparticles quickly at higher
strain rates than the traditional crushing teshckeproviding a better simulation of
pneumatic conveying. Frye and Peukert [19] emplogatherical simulations that
indicate that sliding friction apparently is of iomance in dilute phase conveying.
Their analysis of particle wall impact conditiomsa pipe bend showed that they take
place under low wall impact angles of 523hich results in low normal (5-25 m/s)
and high tangential (33—44 m/s) impact velocity poments. With dynamic
mechanical analysis (DMA) they showed that variguaterials are attrited by
different mechanisms (PP and PE by friction and PMahd PS by impact) and that
the glass transition temperature of the polymeesksy factor in the determination of
the prevailing attrition mechanism.

Solid particle erosion is a process by which mates removed from a metal
surface due to impingement of small solid particdleghe metal surface. Prediction of
erosion in flow systems requires an understandihghe complex interactions
between the fluid and the solids. The complexity tbe problem increases
significantly in multiphase flow due to the existerof different flow patterns. A new
mechanistic model for predicting erosion in elbowsultiphase flow is presented by
Mazumder et al. [20]. Particle concentration is\Wnoas a main factor that affects
erosion rate of pipe bends in pneumatic conveyish consideration of different
bend radii, the effect of particle concentrationvegight loss of mild steel bends has
been comprehensively investigated by Deng et dl]. [Experimental results show
that there was a significant reduction of the dpeerosion rate, weight loss and the
thickness loss of the bends for high particle catregions. This reduction was



considered to be as a result of the shielding effadng the particle impacts. Deng et
al. [22] made a comparison between weight loss fb@nds on an industrial-scale
pneumatic conveyor and erosion rates obtainedamall centrifugal erosion tester.
The investigation discussed some of the importarampeters, such as: particle
velocity, impact angle, bend geometry, particle cearration and particle fracture.
The comparison between the prediction and the erpetal results shows that the
model makes it possible to predict bend materiafjntdoss by utilizing a small-scale
erosion tester.

1.6 Separation Systems

Cyclones have long been used for the separationparticulates from
contaminated gas streams and for aerosol samflimgye are many advantages that
favor the use of cyclones such as simple designchpital and operational cost, ease
of maintenance, and versatility. Xiang and Lee [@@&sented a numerical simulation
(FLUENT V5.5) of the flow patterns within three d¢gones of different cone
dimensions. The comparison of the flow field withire three cyclones explains well
why the reduction in the cone bottom dimension ltesin a higher separation
efficiency, as observed in the experiment. Obernadiral. [24] investigated the
downcomer tube of a cyclone by PDA measurementesd hests provided the first
in-situ experimental proof of agglomerated paricle a cyclone. The formation of
agglomerates in the cyclone explains how partiofdess than 20-50m are able to
settle in the dust bin in the presence of high sigks. Due to the additional particle
separation in the downcomer tube a cyclone witlmwndomer tube obtains the best
separation efficiency. Zhao [25] analyzed and caexbdéhe gas flow patterns in two
different cyclone separators with conventional ayinmetrical (two inlets) inlet
geometries.

Some alternative separators were developed andmiegsrecently. Du et al. [26]
reported and investigated a gas—solid separatdr aviguide baffle and separation
baffles developed by the Institute of Process Eegiimg (IPE) in China for cocurrent
down-flow reactors. This separator, however, mayutiéezed also for dense phase
pneumatic conveying. The separator consists ofethrgernal components: a
rectangular nozzle which introduces the gas—satia finto the separator, a guide
baffle which is composed of two circular arcs ifatdral symmetry, and a separation
baffle which is also composed of two circular artog and bottom, but in up-down
symmetry. Asbach et al. [27] developed and preskeatgas particle partitioner (GPP)
that allows highly efficient separation of gas gmarticles with no effect on the
thermodynamic conditions and substantially no cleamigthe composition of the gas.
The GPP is a coaxial arrangement with inner andraelectrode. The GPP utilizes a
corona discharge to electrically charge the pa&gic@dnd a strong electric field in a
separate unit to take them out of the sample flbwe investigations showed that the
separation efficiency was very near 100% for attiples with diameters larger than
25 nm, whereas it decreased for smaller diameters.

1.7 Experiments, Measurement Methods, Techniquespstrumentation

Zhang and Coulthar[28] presented a theoretical analysis of the spadiasitivity
of the electrostatic meter with ring-shaped ela#soin the time and frequency
domains. One goal of the study was to improve #sfggmance and to achieve
uniform sensitivity. The experimental data preséntethis paper support the overall
mathematic modeling, based on electrostatic fiakebty, using the finite-element
method (FEM). Carter et al. [29] assessed the dhtpes of a novel combination of



sensor types (electrostatic and digital imagingsees), for which the basic principles
were presented by Carter and Yan [30], attempteddasure the absolute mass flow
rate and size distribution of particulate materialpneumatic conveyance in an on-
line and non-intrusive manner. Concentrations oftai2% by volume have been
tested at velocities of up to 20snin general good results were produced with allev
of accuracy (x6% for mass flow and *2.5% for paetisizing) that would be
acceptable in an industrial setting. Another om-land non-intrusive instrument —
optical tomography sensor was used by Rahim €34]. for monitoring real-time
flow imaging when various baffles are created tacklcertain areas of a pipe so that
flowing particles can be controlled using differerpatterns with the same flow rate.

Solids flow dynamics in gas-solid risers is inhelgnomplex. Model refinement
through experimental validation requires the adtjais of detailed nonintrusive
measurements. Noninvasive computer-automated @tdieaparticle tracking was
employed by Bhusarapu et al. [32] to visualize gndntify in a three-dimensional
domain the solids dynamics and mixing in gas sabdrs. This technique has the
added advantage that, along with the derived Eanesolids flow field it also
provides directly the Lagrangian description of #odids motion. The solids velocity
field data are obtained in two different riserdoat and high solids fluxes at varying
superficial gas velocity. Liu et al. [33] developdxdsed on particle velocity and size
information measured by phase Doppler particle yaeal (PDPA), an algorithm to
calculate particle cluster properties for dilutes-ggolid flow. Experimental analysis
showed that particle cluster properties are closelgted to local time-averaged
voidage and turbulent fluctuation of particles.

The effect of Reynolds number, mass loading, amticta shape and size on
pressure drop in a vertical gas-solids pneumativeging line was explored by
Henthorn et al. [34]. A commonly used pressure deoprelation, by Konno and
Saito, and a state-of-the-art multiphase computatifiuid dynamics (CFD) models
are then assessed by comparing their predictionsexjoerimental data. The
investigation reveals that variations in partidege greatly affect the pressure drop
measured in a vertical conveying line, particulddy highly non-spherical particles.
Comparisons between the experimental data andFer@odel and the experimental
correlation, however, indicate that both the maahel the correlation are currently not
able to capture particle shape effects. The tunm@entensity was investigated by
Hadinoto et al. [35]. A downward flow of glass beaarticles in a vertical pipe is
investigated using a two-component LDV/PDPA foramge of Re (6400 < Re <
24,000) and a constant particle loadipg=(0.7). Two particle sizes of 70 and 20
are considered. Compared with the single-phase diiotive same Re, they have found
that for 70 um particles the presence of the particles dampées gas-phase
turbulence intensity at the lowest value of Re #ragas turbulence is enhanced for
the largest values of Re. For the 20 particles, the intensity is enhanced for all
values of Re investigated, except at the lowestevah which the gas turbulence is
equal to that of single-phase flow at the sameBeason et al. [36] investigated the
effect of wall roughness by performing experimentaasurements using a laser
Doppler anemometer (LDA) system on 1hén dense glass particles in a fully
developed downward channel flow in air with a dlimading of particles of 15% by
mass fraction. They have found that the turbuleintensity of the gas phase is
enhanced across the entire channel in the presdgnicdly rough walls. The rough
walls have an even greater impact on the partieutdtase. Stream wise particle
velocities are reduced up to 40%, and become quittorm across the channel.
Particle fluctuating velocities are nearly doubtegar the channel center plane.



1.8 Modeling and Simulation

In most pneumatic conveying, both solids flux ard ghase Reynolds number
are high and the flow is usually turbulent. Theeet§ of particle—particle collisions
and particle phase turbulence must be considereahynmathematical model for
simulating gas—particle flowRundqvist et al. [37] simulated patrticle transparia
horizontal two-dimensional (2-D) channel using amleian two-fluid model
including a modified k € model. Comparisons with measurements of air particw
in a horizontal pipe show qualitative agreementwben measurements and
calculations.Benyahia et al. [38] implemented a previously depetl turbulent
gas/solids model that includes the effects of tieee in the gas phase as well as
inter-particle collisions. The numerical calculatsowere conducted by imposing
periodic boundary conditions as well as in a longepwith different length-to-
diameter ratios to achieve a fully developed cooditBy comparing to experiments
Benyahia et al. concluded that the model is abl@raalict reasonably well dilute
gas/solids flows with appropriate boundary condsio Heinl and Bohnet [39]
introduced a numerical model to consider the partizall adhesion in the numerical
simulation of horizontal pneumatic conveying ofdfipowder. By using FLUENT the
model is based on the Lagrangian approach for ihgedsed phase (k-model).
Additional models for the wall roughness and thetipla—particle collision describe
their effect on particle—wall adhesion. Wall roughs, as well as particle—particle
collisions, leads to an increase of particle adiresiFurthermore, several parameters
are varied (e.g., electrostatic charge of partj@désvelocity).

A comprehensive model is developed for verticalepippy Chan et al. [40] in
which a two-equation (k&) turbulence model is used for calculating the gjasse. In
addition, a transport equation of particle phaseulent kinetic energy is proposed
and used for modeling the particle phase turbul€ékcenodel). Similar to that of the
single gas phase, effective viscosity of the plartphase is the sum of the laminar
viscosity caused by particle—particle collisionsa#ed by kinetic theory and the
turbulent viscosity caused by collections of pdeScdescribed by the,kmodel.
Ouyang and Yu [41] presented a two-dimensional ystdthe gas-solid flow in a
vertical pneumatic conveying pipe by means of at{sphere model (CFD-DEM).
The results show that the main features of plug fbtan be reasonably captured by
the proposed simulation technique. One finds theteiasing superficial gas velocity
will increase the velocity of plugs and the fregexef plugs, and the pressure drop
through a rising plug increases linearly with tihegpength. Increasing the restitution
coefficient can promote the momentum transfer betwparticles and hence the
raining down of particles from the back of a plagsertical pneumatic conveying.

A three-dimensional turbulent gas—solid two-phadse fmodel for a gas—solid
injector is developed by Xiong et al. [42]. Theidgbhase is simulated by using a
Lagrangian approach. In this model, the drag aftddices on particles, the multi-
body collisions among particles and the mutualradgon between gas and particles
were taken into account. Interparticle interacti@msl particle—wall collisions are
simulated by using the three-dimensional distineinent method (DEM). Healy and
Young [43] discussed two Full Lagrangian methods dalculating the particle
concentration and velocity fields in dilute gastmde flows although not for
pneumatic conveying. The correct specificationhaf initial conditions is non-trivial
and of vital importance. The paper describes a oaefor reducing errors due to
differentiation of a ‘noisy’ field.



Much can be learned for simulating pneumatic comggystems, mainly in dense
phase flow, from a variety of papers considerimgwation of fluidized bedd.i and
Kuipers [44] investigated numerically the formatiand evolution of flow structures
in dense gas-fluidized beds with ideal collisiorpafticles (elastic and frictionless) by
employing the discrete particle method, with spgetogus on the effect of gas—
particle interaction.Koksal and Hamdullahpur [45] carried out a compnsihes
investigation on hydrodynamics aspects of secondaryinjection in circulating
fluidized beds using two-fluid (Eulerian-Euleriaapproach, where a granular kinetic
theory model is used to describe the solids phtaesses. Cui et al. [46] undertaken a
numerical study (FLUENT) to explore the influendegeometry and flow parameters
on the entrainment of solid in a nozzle system ims@e in a fluidized riser. Gomez
and Milioli [47] described a numerical study on tlkellisional solid pressure
influence upon the hydrodynamics of the gas—sdlimvfin a 2D riser using a
traditional two-fluid formulation.

1.9 Design Processes

Difficulties are encountered sometimes with new noizal products during
manufacturing, handling, or marketing due to ladkkoowledge in the particle
technology area. The major problem discussed bynKaland Tardos [48] is that, in
most cases, this is due to the neglect of the rhuttexactions between different unit
operations during manufacturing and conveying ia tlesign phase of these new
products. Unlike the case with most other materiéls not sufficient to know the
present thermodynamic state of bulk powdery mdteriaorder to determine their
attributes since their “history” also affects tlmeaterial’s properties and behavior,
often dramatically. As for pneumatic conveying, themphasized particle size
reduction during pneumatic conveying that may beduas an advantage if one is
interested in reducing the particle size of thedpod anyway. In any case, the size
reduction should be taken into account while desmgnthe downstream unit.
Furthermore, some processes, such as drying, doeilldchieved simultaneously
during pneumatic conveying. As part of a major agsle program on quality in
particulate manufacturing, computational modelsehla@en developed by Chapelle et
al. [49] for segregation in silos, degradation inepmatic conveyors, and the
development of caking during storage. They preskemrteset of simulations of a
complete large-scale granular materials handlingragmn, including the material
transport through a dilute-phase pneumatic conveyte pneumatic conveying
simulations were concentrated on the pressure aindarticle degradation.

Pneumatic conveying test rigs were used by Cowell.¢50] in conjunction with
a mathematical model to generate conveying charsints for coal at high back
pressures. Due to safety considerations, coal andgate (cement) were tested at
atmospheric back pressure to compare the two raktgyerformance, under similar
conveying conditions; and then the surrogate nadtevas tested at elevated back
pressure. The similarity of behaviours of the twatenials allowed the model to be
applied to the data measured for coal and so genemmveying characteristics at
conditions typical of entrained flow. The matheroatimodel used to scale the results
to high back pressures (up to 25 baEgjemenkov et al. [51] considered an upgraded
system for controlling pneumatic transportatiorglafss batch materials. They mainly
provided an analysis of various schemes of cordx@r the process of filling the
pneumatic-cell pump with material is provided.



1.10 Miscellaneous

Many of the studies regarding circulating fluidiZeelds can be applied to vertical
upflow pneumatic conveying. The results of the stigation by Richtberg et al. [52]
show a more uniform axial and radial solids disttibn with increasing pressure or
decreasing density ratios, indicating flow condisowhich are different to a well
known core-annulus flow structure. This flow sturet is defined by a dilute upflow
in the core region and a dense downflow in the mrsnuegion which is situated
immediately near the wall. Significant solids dolemf occur, pointing out massive
solids backmixing even at low solid/gas densityosat

Effects of the particle—particle heat transfer igas—solid turbulent flow in a riser
were evaluated by Mansoori et al. [53]. An Eulefiagrangian four-way interaction
formulation including the particle collisions weused in the numerical simulation.
The results showed that the effect of particle+@artheat transfer was more
significant for smaller sizes, lower flow Reynoldambers, and for higher loading
ratios. Solid thermal properties, however, did m@te a noticeable effect on the inter-
particle heat transfer. This was also confirmedhbwgras et al. [54] for loading ratios
up to 10, whom conducted a similar numerical wdie particle—particle collisions,
however, have been found to increase the overal thensfer by as much as 8% in
vertical pipe flow. Skuratovsky et al. [55] usee tiwo-fluid model for modeling the
flow of particulate materials through pneumatic edryThe model was solved for a
two-dimensional steady-state condition and consideaxial and radial profiles for
the flow variables. In a two-stage drying procelss first drying stage the heat
transfer controls evaporation from the saturatetérosurface of the particle to the
surrounding gas. At the second stage, the partwére assumed to have a wet core
and a dry outer crust; the evaporation proceskefijuid from a particle assumed to
be governed by diffusion through the particle craisti by convection into the gas
medium. As evaporation proceeds, the wet core lshrirhile the particle dries.

Another interesting application is the pneumatiov@ying of snow. In Japan, the
number of snow storage plants has been increasinghk purpose of storing
agricultural products and for the air-conditionired buildings in summer. A
pneumatic snow conveying system, therefore, wasgldped by in order to transport
snow to the snow storage plant, Kobayashi [56]. $y&em consists of a blower,
snow feeder, cyclone separator, and pipeline, @sdahcapacity to convey wet snow
at 10 t/h a distance of 40 m.

Capsule

Tashiro and Tomita [57] studied the horizontal pnatic capsule transport of
large particles with particle to pipe diameteraadf 0.6 and particle densities of 928
kg=m3 and 2193 kg=m3 was examined experimentalty mumerically. The pipe
diameter and length were 10mm and 8.8 m, respégtiVee mean air velocity was
between 14.2m=s and 23.0m=s and the number feedofaparticle was almost
constant at seven per second. In this study, tibadeof characteristics was used for
the simulation of gas flow, which considered nolyahe particle-particle collisions
but also the particle-wall collisions. It is foutttht particle transport is possible even
when the mean air velocity is smaller than the teamsettling velocity of particle
and that the arrival time intervals at the dowrestiesection are not always uniform
although the particles are fed uniformly. Furtherepdhe velocity difference between
different density particles becomes small as thanreer velocity decreases, because
the particle velocities become uniform due to péetparticle collisions, and the ratio



of particle velocity to the mean air velocity israst independent of air velocity. In
addition, it is shown that the particle-wall callis at the pipe joint due to pipeline
misalignment can be one of the sources of bounziation of particles as shown by
simulation results.
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