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ABSTRACT

Understanding the gas flow behavior in rotary kilns is very important for
predicting thermal conditions. This paper describes CFD simulation of the
flow characteristicswithin anindustrial rotary kiln containing arolling bed
of granules. The axisof the cylinder assumed to be horizontal with no axial
bulk of flow of particles. The velocity profile of the gas flowing through
the cylinder is simulated by CFD. At first, model applied on alaboratory
scale rotary cylinder and the results were compared with the available
literaturefor validation. Themethod isapplied to anindustrial kiln producing
granular lightweight aggregates. The resultsindicate that the vel ocity field
isasymmetric with respect to adiameter perpendicular to the granular bed.
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The gasvelocity profiles are crucia in determining heat transfer from gas

to solid. © 2014 Trade Sciencelnc. - INDIA

INTRODUCTION

Rotary kilnsarewidely used inthe chemical, min-
ingand metdlurgica industriesfor theprocessing of ma:
terids. Applicationsincludedrying, cacining, reduction
of oxideoresand pyrolysis. A typica kilncomprisesa
cylinder with length / diameter ratio between 10 and
40, depending on therequired residencetimeand with
aninclinationtothe horizontal of afew degrees. mate-
ridsarefed at theraised end, forming abed of materia
aongthecylinder and removed at thelower end. Rota
tion of thecylinder causestheaxia motion of particles
and mixesthebed. Fundamentally rotary kilnsare heat
exchangersin which energy from ahot gasphaseis
extracted by the bed material. Gasflow istypically
counter-current to the bed movement and thegasis
heated to supply therequisite energy for processing the
material. The gas can be heated by way of a direct

flameor by passing through an externa furnace. Both
physical processes and chemical reactions can occur
ingdeakiln.

Depending on the kiln’s rotational rate the bed
motion inthetransverse plane may be characterized
into six distinct regimesY. Inorder of increasing speed
of rotation theseare: (i) dipping, wherethebedisap-
proximately stationary in atransverse planewith the
kilndippingundernegthit, (ii) dumping, wherethegranu-
lar materid fallsdownthe bed surfacein discreteava
lanches, (iii) rolling, wherethe part of thebed closet to
thecylinder wall rotatesin rigid body rotation and there
iscontinuousflow of granular material down thefree
surface, (1v) cascading, where centrifugd effectscause
thefreesurfaceto becomecurved, (v) cataracting, where
therotational speed ishigh enough that particlesare
projected into thefreeboard region and (vi) centrifug-
ing, wheretherotational speed ishigh enough that the


mailto:sarafi@mail.uk.ac.ir

CTAIJ, 9(1) 2014

M.Hamidi Ravari and A.Sarrafi 23

particlesform an annulus adjacent to therapidly rotat-
ingcylinder?. Industrid rotary kilnstypicaly operatein
therolling or cascading regimé. Withinarotary kiln
heat can betransferred by conduction, convectionand
radiation fromgastowall, gasto bed and wall to bed.
Theexposed wall of thekilnwhich thenrotatesto be
under thebed and thereby hesetsit, issometimesreffered
to asregenerative heat transfer. Thesmplest modelsof
rotary kiln operation treat temperatureswithinthekiln
asdepending only on axid position, sothegasand bed
arewell-mixed over across section and lumped heat
transfer coefficients have been used to describe each
heat transfer mechanism. The gasto bed and gasto
wall heat transfer coefficientshave often been estimated
using duct flow correlations such asthe Dittus-Bodl ter
correl ation which may be modified to account for sur-
face roughness, as appropriate. However therearein-
dicationsthat the heat transfer coefficient from gasto
bed may be somewhat higher perhaps by an order of
magnitude than that given by the Dittus-Boelter corre-
lation. Brimacombe and Watkinson® compared a
model based on the Dittus-Boelter correlation to ex-
perimental dataand found that the model underesti-
mated the gas to bed heat flow rate by an order of
magnitude. Two explanation were proposed:(i) the
movement of particlesat the bed surfaceincreasesheat
transfer and (i) theareafor gasto bed heat transfer is
underestimated as surface roughness was ignored.
Tscheng and Watkinson®® estimated heet transfer coef-
ficentsfromtheir experimenta dataand foundthegas
to bed hesat transfer coefficient to bean order of magni-
tudehigher thanthegasto wall heet transfer coefficient.

Theuseof duct flow corrdationsrequiresthe gas
flow characteristicswithinthekilntobesmilar tothose
inaduct. However thewall conditionsarenct thesame,
inthatinarotary kilnthekilnwall isrotating and the
surface of thebed isin motion elther continuousor ava
lanching and thismight have an effect on boundary lay-
ersnear thekilnwall and bed surface and thuson heat
transfer characterigtics. Indeed modding of arotary coke
caciningkilnby Bui et d. showsatransversegasflow
field and gastemperaturefield which areasymmetric
with respect to aline bisecting the granular bed and
perpendicular toit!®. Modeling of flow and heat trans-
ferinarotary limekiln by Georgalliset a. using 3D
modeling of thegasflow showsatemperaturefidddis-

—= PFyll Pgper

playing smilar asymmetry!”. Davieset d. described an
experimenta investigation and CFD ca culationsof the
flow characteristicswithin arotating cylinder containing
granular materid(@. Ther resultsshow that velocity field
iIsasymmetricwith respect to adiameter perpendicular
tothegranular bed.

The current paper describes CFD smulation of the
flow characterigticswithin anindustria rotary kiln con-
taining granular materia. For smplicity theaxisof the
cylinder wasassumed to behorizontal andwith no axia
bulk flow of particles.

CFD SIMULATION

Thegasvelocity profileissmulatedinahorizonta
cylindricd of length40 m and variablediameter 2.1 m
to 2.6 m containing abed of granuleswith mean diam-
eter of 7 mm and angle of repose 42°. The shape of
studied kilnisshowed in Figurel.
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Figurel: Schematic of Kiln

Thecylinder operatesin semi-batch modewith no
flow of granular in or out. The bed depth is constant
aongthecylinder. Theentry platerotateswith thecyl-
inder and contained acentral hole of 0.5 m diameter
for the gas. The gas flow rate is 12.67 m¥/s, corre-
sponding to aReynolds number of 161230. Thecylin-
der rotation speed is4.5 rpm.

Theobjectiveisto createasmplemodd to smu-
latethe gasflow inthe cylinder. Such model calcula-
tionsare useful in understanding the nature of gasflow
for exampleentry and exit lengthsand could be devel -
oped toinclude heet transfer. The packageused isFlu-
ent 6.3. The geometry was constructed and meshed.
The appropriatefluid definitionsand boundary condi-
tions applied and then the equationssolved. Thenature
of CFD smulation required assumptionsand simplifi-
caionsasfollows:

I Thesystemisisothermal, taken to beat tempera-
ture 298 K.

I Thek-epsilonturbulencemode; isused.

i No-dipisassumedfor thegasat all moving sur-
faces, i.e. thewall and bed surface.
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v  Theroughnessusedis1 mmfor thewall and 14
mm for thebed surface.

v Thewallsaretreated asrotating.

v Internaly thebedistreated asasolid static body,
because modding of internal circulation of granu-
lar material inthebed isnot necessary to investi-
gatethegasflow. Motion of gaswithintheinter-
sticesisignored.

For grid independency test, four different meshes
arecregted andthemodd isgppliedfor different meshes
Dueto the lack of experimental and/or reported
datafor the completevalidation of themodel makesit
necessary to use someindirect methodsto carry out
model validation. Inthispaper validation of themodel
isused with the data reported by Davieset al .2,

RESULTSAND DISCUSSION

Simulation of experimental kiln

First, themodel was applied to the experimental
scalekiln reported by Davieset d.1?. Local gasveloc-
ity measurementswere made at alocation 0.1 mfrom
thecylinder exit showedin Figs. 2and 3. Figure2 shows
axid air flow velocity inx direction and Figure 3 shows
axid arflow velocity iny direction. Ascan been seenin
Figs. 2and 3 the CFD resultsof the present smulation
have good conformity with the reported experimental
results?,
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Figure?2: Axial air flow velocity in x direction

Figure 4 shows computed axial velocity contours
over acrosssection 0.1 mfromthecylinder exit, which
shows good agreement with experimental and CFD
results. AsshowninFigures. 2, 3and 4, flow asymme-
try isevident with aregion of dower flowsnear thefoot
of therolling bed.
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Figure3: Axial air flow velocity iny direction
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Figure4: Axial velocity contoursover across-section 0.1 m
from the air outlet end of the cylinder (4.a: Davies et al.
simulation, 4.b: present work)
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Simulation of industrial kiln

For gridindependency test, model wasapplied on
four mesheswith different cells(Mesh 1: 2988000 cells,
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Figure5: Axial velocity in x direction for different meshes
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Mesh 2: 3990400 cells, Mesh 3: 5170400 cellsand
Mesh 4: 5991200 cells). Resultsrelated to different
meshesaredisplayedin Figure5. Axial velocity inx
direction at alocation4 mfromthekilnexitisshownin
this FigureAscan be seen, with increasing the mesh
number the difference between the results decreases.
Increase of the mesh morethan 3990400 cellshas not
considerableeffect ontheresults.

Figure6 showsaxid velocity contoursover theaxis
of cylinder a thecentra plate. The computation results
show that ajet isformed theinlet of thekiln, and its
main effectisinthefirst 5meter of thekilninlet. Ascan
be seentheflow isfully developed near the discharge
end.

Figure 7 shows computed axia velocity contours
over different crosssectionsfromkiln. Asymmetricflow
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Figure6: Axial velocity contoursover theaxisof cylinder and central plate
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Figure7: Axial velocity contour sover different crosssectionsfromkiln
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can beseenin different sections of thekiln. The com-
putationa resultsclearly show the assumption that the
ar flow patternintherotary kilnisnot smilar tothat in
aduct. Estimation of the gas-wall and gas-bed heat
transfer coefficients based on the pipeflow correla-
tionsdo not predict these parameter correctly.

CONCLUSIONS

Modeling and s mulation of an experimentd kilnis
donewiththeavailableliteratureand theresultsareused
for smulation of anindusgtrid kiln. Theindugtrid kilnis
producing granular lightweight aggregates. Thegasve-
locity profilehasbeen estimated to be asymmetricwith
respect to adiameter perpendicular to thegranular bed
witharegion of dower flowsnear thefoot of therolling
bed. Theseresultsaresimilar in experimental and in-
dudtrid scdekiln. Theasymmetry iscontrary toacom-
mon assumptioninmodeingthat of plugflow. Inindus-
trid scaekilntheentry length that jet formation at the
inlet can be seeninapproximately 5m. Theresultspre-
sented hereindicatethat the bed-gasinteractionissig-
nificant onthe scale of theapparatus. Theimplication
for themodeling of heat transfer warrant further inves-

tigation.
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