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ABSTRACT

Packed beds consisting of spherical particles adelw

used in the minerals and process industries, witical

applications ranging from chemical reactors to eacl
heat generation. The pressure drop of a fluid fhgwi
through the packed bed is of critical importance tfoe

successful design and operation of installations.

Four factors mainly influence the pressure drop: fthid

and flow properties typically characterized by the
Reynolds number, the porous structure and the bed
geometry, typically characterized amongst othersthgy
aspect ratio. With small aspect ratio (ratio betwee
cylinder diameter and particle diameter) beds, iasw
further found that the vessel walls affect the pesro
structure close to the boundaries. This leadsgoifitant
"wall effects" involving the local flow resistane@md heat
transfer processes between the bed and vessel walls

The Eisfeld and Schnitzlein (ES) correlation iscgpydar
Ergun-type correlation used to predict the pressirop
over packed beds with small aspect ratios. Thenpeters

of the ES correlation were derived from an in-depth
analysis of results from a large number of expenime
conducted using suitable bed geometries.

To validate the ES correlation numerically, a CF3dih
methodology was developed in this study. Packeds bed
with different aspect ratios were packed with spher
using the Discrete Element Method (DEM) and the
interstitial spaces between spheres were discdetipe
obtain the numerical flow domain. From the CFD
simulations, the pressure drops and friction factuer

the beds were obtained, which were subsequently
compared with the values predicted by the ES catiosl.

Excellent agreement was found between the ES
correlation and numerical results for the rangBeynolds
numbers and aspect ratios investigated. This iserka
confidence in the numerical methodology as welhahe

use of the ES correlation to predict the pressuop of
turbulent flow over packed beds with small aspatibs.

NOMENCLATURE

a, a’, b,b’ Proportionality constants
B Mesh base size

D Cylinder diameter

Dc Diameter of contact area
d Particle diameter

E, E Wall effect functions

f Fillet radius
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k Turbulent kinetic energy
L Length of final bed
Loem Length of DEM bed
Li Inlet length of bed
Lo Outlet length of bed
N Number of particles
n Ergun equation constant
P, p Pressure, Ambient pressure
4p Pressure drop
Rem, Re Reynolds number (modified, particle)
Ta Ambient temperature
U Bulk velocity
Coordinate in thg-direction
a Aspect ratio
£ Dissipation rate of turbulent kinetic energy
& Bulk bed porosity
1% Turbulence velocity intensity
7 Dynamic viscosity
)7 Turbulent viscosity
P Density
4 Friction factor
INTRODUCTION

A packed bed can be described as any fixed comtdiaée

is packed with particles, where the particles cary\n
shape and size. The basic principle of all packedsls
that a working fluid is passed through the particts,
between the particles, causing numerous flow, takand
chemical effects. Many processes in the minerald an
process industries take advantage of the favourfidohe
conditions in a packed bed, e.qg.: filtration, iorcleange,
drying, heterogeneous catalysis, thermal heat exygra
and nuclear packed bed reactors (Dolejs and Machac,
1995; Mueller, 2010).

When considering the design of any thermo-hydraulic
system that incorporates a packed bed, the presisape
over the bed is one of the most important varialhed
must be predicted accurately (Winterberg and Tsptsa
2000), as it is related to the flow distributioryngping
power and operating costs (Hassan and Kang, 2G02).
these basic design reasons, the flow through paokdd
has been the topic of interest for many authorguir
(1952) was one of the first authors to summarise th
factors which influence the pressure drop over pdck
beds as: (1) the rate of fluid flow, (2) viscosityd density

of the fluid, (3) closeness and orientation of gaeking,
and (4) size, shape and surface roughness of ttielps
Hence, the pressure drop is very sensitive to the
geometrical properties of the bed.



The focus in this study was on cylindrical bedshvatall
aspect ratios containing mono-sized,

spherical particles. The most important geometric
properties considered were:
(i) The aspect ratiar :

a=D/d (1)

with D the cylinder diameter and the particle diameter
and with a value oty <10.

and (i) the bulk bed porosity:

_ Volume of the voids , _ Volume of the solids @

Total volume Total volume
which gives an indication of the permeability oé thed.

b

In randomly packed beds with large aspect ratibs, t
porosity can be considered uniform and designessnas
that the flow distribution is uniform over the csesection
of the bed (Eppinger et al., 2011). However, pbasidorm
ordered packing structures on the bed boundarib&ghw
result in large variations in porosity in the néaundary
regions. This phenomenon is commonly known as thlé w
effect, and becomes increasingly prominent at smnall
aspect ratios (De Klerk, 2003; Mueller, 2010).

For the purpose of this study, the limiting valfel® was
chosen to define the term "small" aspect ratiqyrasious
researchers found that the wall effect dampenedafiat
roughly 5 particle diameters from the wall, sigiify the
transition from "small" to "large" aspect ratioaatylinder
diameter of 18 (Benenati, 1962; Mariani, 2009).

Since the wall effect is related to the bed perntigatthe
flow distribution therefore should not just be assd to
be uniform over the diameter of finite beds. Howevee
wall effect presents numerous difficulties whemmpting
to predict the pressure drop, as it is Reynolds msmb

dependent (Cheng, 2011). In creeping flow regimes, a

decrease in the aspect ratio leads to an increaghei
pressure drop, due to additional friction. In tuemt flow
regimes however, a decrease in the aspect ratis leaa
decrease in pressure drop, due to higher poro§ity (
Felice and Gibilaro, 2004; Reddy and Joshi, 2008).

The most common method to predict pressure drop aise
hydraulic diameter approach to calculate the beadidn
factor, which is analogous to the flow through gipe
Researchers who first used this method to prediet th
pressure drop over infinite beds, were Carman (188d)
Ergun (1952). Their correlations, however, do getthe
wall effect into account and present inaccuratelipt®ns

at low aspect ratios.

Types of pressure drop equations

Reynolds (1900) was the first to correlate the tasie
offered by friction to the motion of the fluid asetsum of
the viscous and kinetic energy losses:

%:&Mbw" (©)

whereatJ represents viscous energy lossbglJ "kinetic
energy losses, and=2.
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loosely packed

Ergun (1952) expressed the viscous and kineticggner
proportionalities as:

a=a’|§1_7€b)2 : b=b’[«(l_—£b) 4)

& &
where values for' and b’ were obtained empirically.

Substituting eq. (4) into eq. (3), and rewritingtémms of
the friction factor for the general case yields:
_ Ap Elé‘g _a i b’ (5)

W= 2 - 2-n
AL 1-5 Re, (Re)

Eq. (5) is the most general form of the frictiorcttar for
fluid flow through packed beds with two main vaioats:

(i) Ergun-type equations. Ergun-type equations are
variations of eq. (5) for whichn=2, as originally
proposed by Reynolds (1900). These equations are
arguably the most widely used for pressure drop.

(ii) Carman-type equations. Carman-type equations are
variations of eq. (5) for whichi.9<n<1.95, as proposed
by Carman (1937).

The KTA correlation and its limiting line

During German development of the Gas-Cooled Pebble-
Bed Modular Reactors, the Nuclear Safety Standards
Commission, “Kerntechnischer Ausschuss” (KTA), made
considerable effort to develop a Carman-type egnatio
predict the pressure drop over packed beds withomon
sized spherical particles (KTA, 1988). The derivatiof

this correlation took experimental investigation®ni
various authors and chose data points where theeirde

of the containing walls was negligible. By plottinige
values for aspect ratio against Reynolds numbely the
estimated a limiting line for the region where wefects
were negligible.

The KTA correlation is widely used in industrialghad
bed design and analysis, but by definition is redtdvfor
small aspect ratios and the theoretical basistsdimiting
line is unclear. The need was thus identified tchfer
investigate and numerically validate equations sagihe
ES-correlation to improve the body of knowledge tioe
regions not properly covered by the KTA correlation

The Eisfeld and Schnitzlein correlation

The Eisfeld and Schnitzlein (ES) correlation isEgun-
type equation derived from more than 2300 experiaien
data points (Eisfeld and Schnitzlein, 2001). This
correlation was specifically investigated in thisdy as it
takes the wall effect into account and predictsueate
values for the friction factor at low aspect ratios

Assuming an Ergun-type equation to be valid, they
determined values for the constants in the Rei¢tiél2)
version of the Ergun correlation, to obtain thetkedor

the correlation’s predictions to the experimentatad It
was found that their improved correlation does not
degrade for small aspect ratiosao£10. Eqns. (6) and (7)
show the correlation proposed by Reichelt (1972 wie
modifications by Eisfeld and Schnitzlein (2001),exE
andE'are functions that account for the wall effect.



Eisfeld and Schnitzlein (2001) found the constantbe
e=154, € =1.15ande" = 0.87 for spherical particles.

(E? E
Yes = eRTP (1-&) i ®)
2 ) -2, )2
E=1+———— E'=(€ [} 7
+\’Scr(l—‘s'h) ( ar ) @

Eqns. (6) & (7) were found to be valid within:

* Reynolds numberf.01<Re, <17635.

* Porosity: 0.33<£<0.882.
« Aspect ratio:1.624< g < 250.

In the current study, packed beds were generatad) us

DEM, and the flow through the beds simulated using

CFD. STAR-CCM+ was used for both DEM and CFD
operations. The results from this explicit approaatre
firstly validated with empirical data from Wentz can
Thodos (1963) and then finally compared with thsfétd

& Schnitzlein correlation's predictions.

Discrete Element Method

First introduced by Cundall and Strack (1979), the
Discrete Element Method (DEM) is an explicit nuroati
scheme that simulates the dynamic and static behaof
assemblies of particles based on contact mechaics.
usually assumed that particles displace indepehgent
interact only at contact points and are rigid bed{®EM
requires only discretized surfaces and not a froidme).

With regard to DEM used in studying packed beds,

Eppinger et al. (2011) generated randomly packed bg
initialising spherical particles within a cylindacdomain,
which dropped to the bottom of the tube due to igyav
Good agreement was found for global bed porosity an
radial porosity distributions between their DEM uks
and results from literature.

Computational Fluid Dynamics combined with DEM

The complexities in the structure of packed beds s
far prevented the detailed understanding of thew flo
between bed particles. With recent increases
computational power, Computational Fluid Dynamics

(CFD) has become a viable method to analyse the

complex flow conditions in packed beds (Reddy arshijo
2010). Such CFD analyses require three-dimensi@i) (
models of the particle geometry, and the Discré¢enEnt
Method (DEM) has shown promise to generate realisti
randomly packed beds (Eppinger et al., 2011).

Theron (2011) investigated a methodology to model t
flow through packed beds using an explicit approach
Using DEM, the author generated beds with aspeidsra
of 1.39<a<4.93, and simulated the flow through each
bed. His results for porosity and pressure droppzoed
well with that found in literature. Theron (2011)osved
that the multi-physics simulation software pack&J&\R-
CCM+ (CD-Adapco, 2012) provides a stable platform
for combined DEM and CFD operations, as is utilized
during the analysis of packed beds.
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Simulation setup methodology

Due to limitations in the interaction of the DEMd&a@FD
modules of STAR-CCM+, a specific methodology was
required in order to generate the final fluid vokuof the
packed beds used in CFD pressure drop calculations.

The DEM and CFD modules use separate surface meshes
to define the outer boundaries of the domain (ia tase

the outer cylinder). Particle movement was caledan

the DEM module and when completed, only the centre
coordinates of spheres were exported to a CAD packag

In the CAD modelling package the sphere surface® wer
created and the contact treatment was performed. Th
resulting particle surface was combined with aneput
cylinder surface and exported to the CFD module.

These steps were necessary since the version oRSTA
CCM+ used for this investigation was not yet capatile
directly converting DEM  particles to solid
bodies/boundaries. The software also did not pevite
solid modelling tools needed to perform contacitiment.

DEM SIMULATION SETUP

Geometrical domain and boundaries

The basic cylindrical DEM domain had a diameteraqu
to the cylinder diameter of the final be®), and a total
axial length oL, . The cylinder- and particle surfaces
were set as wall boundaries, with no slip. To
accommodate particle generatiob,,, was made 20%
larger than the expected length of the final thedThus,
Loew =1.2(L/d) where L/d=10in order to keepl,

as short as possible to speed up calculations.

Particle injection and the mesh continua

Particles were generated at the top of the domsiimgua
point injector, and simulated to fall in taelirection under
a gravitational influence. The point injector wa$ sn the
cylinder centreline, one particle diameter from tibe.

For DEM applications, a coarser mesh resolutiondhdy
a quarter particle diameter in this case) can leel ughen
compared to typical CFD applications, since onlycidite

in Particles are tracked - not the fluid movementlfitsene

boundary surface of the mesh must however still be
refined to prevent undesirable curvature deviatimm
the original cylinder boundary by the coarser mesh.

Particle Velocity: Mognitude (m/s)
5.1884e-008

4.1514e-008

3.1143e-008 lOd
2.0773e-008
1.0402e-008

3.2120e-011

(a) DEM particles (b) CFD simulation domain

Figure 1. Examples of (a) finished DEM simulation and
(b) domain created for CFD simulations.



Stopping criteria

DEM simulations are inherently transient and anlicitp
unsteady time step of 0.05s and a DEM time scaleGHs
were set within the implicit unsteady simulation deb
Particle-to-particle and particle-to-wall interaxctimodels
were activated and the built-in Hertz-Mindlin caortta
model was used (CD-Adapco, 2012).

Particles were generated at a rate of one parpele
second and the maximum physical time was specdied
the number of expected particles to be generatkss p
three seconds. The extra three seconds was fouNGhiby
der Merwe (2014) to be sufficient to allow for fiaty of
the bed under gravity. This means that the DEM gead
beds had loose packing structures, since no vioratf
the container was simulated after the particledesetAn
example of packing for an aspect ratio of 3.0 isvghin
Fig. 1(a), with typical settling velocity magnitugie

CFD SIMULATION SETUP

Geometrical domain

Domains for the CFD simulations of the flow throule
beds were created using the CAD software package
SolidWorks, by importing the centre coordinatesttod
particles obtained from the DEM simulations. Figb)l
shows an example of the domain as created in
SolidWorks, for a bed with aspect ratio @f =3.00.
These domains were created with the inlet region
protruding a length ol, = 3dfrom the bed and the outlet

region extending a length df, =10d from the bed. The

contact treatment was also applied as will be dised
later. The solid domains created in SolidWorks wben
imported into STAR-CCM+ as surface meshes.

Boundaries

The domains imported into STAR-CCM+ were split into
four different regions, with boundary conditionsigtrated

in Fig. 2 for a typical bed withg=6.33. The inlet
boundary was defined as a velocity inlet, the dutle
boundary as pressure outlet, the cylinder's inngase as

a wall with no slip and the particles' surfaceoas wall
boundaries with no slip.

Inlet Particles
F BARTR is
2% . N
ot e / A
."- *

/ Cylinder

Flow

Outlet \J

Figure 2: lllustration of the regions specified for the CFD
simulations, for a bed witlr = 6.33.

A realistic representation of the flow entering acked
bed is fully developed viscous flow. Velocity pie for
fully developed laminar and turbulent flows were
calculated using standard analytical solutions from
Munson et al. (2010, p. 407). These velocity pesfivere
specified at the inlet boundaries as a functiothefradial
coordinate,r. In the case of turbulent flow, a viscosity

ratio of /,1’//1:10 and turbulence velocity intensity of
y=0.01 were also specified.
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Also note that the assumption was made that thé&alon
volume was adiabatic, thus no heat transfer over th
boundaries was allowed. The default reference galae
ambient temperature of, =300 K and ambient pressure

of p,=101.325 kPa were used to determine fluid
properties in all simulations.

Mesh & Physics Continua

The detailed mesh independency study by Van dewiler
(2014), determined the optimum meshing models and
parameters for the problem dimensions and range of
Reynolds numbers examined in this study. The models
used were: surface remesher, polyhedral volume enesh
and prism layer mesher. Table 1 gives the relatalaes

of the significant parameters used for the meslegeion.

PARAMETER VALUE

Base size, B 1.7 mmB< 2.0 mm
Surface size, minimum 0.B5

Surface size, target 1.B0

Number of prism layers 2

Prism layer thickness 0.B0

Table 1: Mesh generation parameters.

It should be noted that the same prism layer ggttimere
applied to the surface meshes on the particleselisas/on
the cylinder walls so that wall-effects in the bdary flow
were captured adequately. In Fig. 3 the relatiotwéen
particle count and total number of cells is showd & can
be seen that the cell count rapidly increasesegphlysical
size (and thus aspect ratio) of the bed increases.

x10”

Number of cells [-]

0 50

100 150 200

N[-]

250 300 350

Figure 3: Number of cells generated for each bed as a
function of the number of particles in the bid,

To identify a suitable turbulence solver, the diecisvas
made to compare the pressure drop results fronfetist
complex and most complex turbulence models wittheac
other and with the correlations. The rationale gethat if
the least computationally intensive model givesatable
results, it would suffice for practical application
Furthermore, in packed bed applications there ineed

to model laminar-to-turbulent transition as thewflas
already fully turbulent upon entry to the bed.

Thus a comparative study of pressure drop valuesssic
the reference bed was completed using the standard
Realisable k-g&model and the much more
computationally intensive Large-Eddy-Simulation @E
model. The differences i\p betweenk-¢ and LES

(30s atRe, =10°) was 0.77% for the first case and 1.01%



betweerk-¢ and LES (the second case: 3sRa, =10%.

These small differences did not justify the additib
computational effort required by LES, thus it wasided
to use the Realisable-£model as the turbulence solver
in the current investigation.

From this investigation of the influence of diffate
turbulence models, and the best practices suggésted
CD-Adapco (2012), the physics models used for all CFD
simulations were chosen as: steady state flow, ledup
implicit solver, air as ideal gas, turbulent flowithv
Realisablk —g£model and two-layer all y+ wall treatment.

Contact treatment

A crucial point for the mesh generation in packedsis
the cell quality near the contact points betweertiges,
and between particles and the cylinder wall. Dudtgo
geometric nature, the contact points force the flmea
around it to be very small, thin and acute. Théscebar
the contact points are usually either highly skeveed
highly refined. High numbers of skewed cells lead t
convergence problems during the calculation, wterea
highly refined regions increase the number of catid, as
a direct consequence, the computational time (Empiet
al., 2011). Thus, a balance between these two regge
must be found, especially when bed sizes are isetka

darticle
Particle Contact Point

Flow Domain = Sy

Diameter of Contact Area. D )

Particle

Figure 4: Schematic illustration of a contact point
between two particles with a filler raditis

Several methods to overcome this problem existyroth
the approach followed by Reyneke (2009) was fourd th
most suitable one by Van der Merwe (2014). Pasicle
were connected to each other without changing ainecte
diameter. This was achieved by creating a filleithva
specified radius of curvature on all intersection points
between particle-particle and particle-cylinderfaces, as
shown in Fig. 4. This approach results in a raaliiow
situation and provides a method usable for futesearch
into the detail heat transfer between particles.

Solvers and stopping criteria

Due to the complex nature of the flow of the corspiigle

fluid between the particles, the coupled impliaitver’s
Courant number was given a value 1.0. In order to
decrease convergence time, the Continuity Convergence
Accelerator (CCA) was also enabled, with an under
relaxation factor of 0.01. Simulations were accepas
converged when all residual values were smaller e,

and a steady state calculation was achieved.

REFERENCE PACKED BED SETUP

The reference packed bed was used to develop the
methodology and all the beds for different aspetios
were generated and analysed in a similar manner.
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Geometry

The reference bed contained N = 10 particles amdama
aspect ratio oft = 2.01. Fig. 5 shows a schematic of the
bed, with flow direction, particle locations andeitioutlet.
The cylinder diameter was 100.00 mm, particle di@me
was 49.80 mmL. was 50.00 mm anido was 250.00 mm.

Flow

&y

\
|
\b%
1 y
Outlet

e

Figure 5: Reference bed used for the development of the
methodology.

Mesh independence

The mesh independency study found a deviationThD%
in Ap going from a 1.4 mm mesh base size to 2.0 mm base
size. This indicated that 1.7 mmB<< 2.0 mm would be
an appropriate mesh density to use. An investigaifche
effect of fillet radius on pressure drop furtheurd that
for a radiug = 0.1 mmAp was a minimum. This value for
f thus exhibited the smallest influence on fluidwfldut
still limited the number of low quality cells ingtmesh.

In Fig. 6 the typical mesh structure in the refesebed is
shown together with detail on the mesh surroundirey
fillet area between two particles.

(a) Mesh base siZ&@=2 mm.

(b)f=0.1 mm

Figure 6: (a) Mesh structure in the reference bed, \Bith
2.0 mm. (b) Mesh structure at a contact point bebwo
particles withf = 0.1 mm.

Pressured rop measurement

It was found that a region with negative pressuneng

just after the particles, and extends for approsétydive
particle diameters towards the outlet, after whith
recovers to atmospheric pressure. This low-pressure
region formed due to vortices after the last pkasic

Because of the localised recovery of static pressamd

the region with negative pressure just after thiiges, it

was decided to take the measurement of the predsope
over the bed as the pressure difference between the
pressure at the inlet boundary and atmosphericspres
This method is similar to that employed by Eppingal.



(2011), Reddy and Joshi (2010) and Bai et al. (2009
ensured that the calculations ofp would not be
influenced by local pressure variations.

RESULTS

The Wentz and Thodos correlation

Wentz and Thodos (1963) did thorough experiments on
the flow through structured packed beds consistifig
mono-sized spherical particles of 1.23in diameTédrey
took pressure drop measurements for the flow throug
beds arranged in cubic, body-centred cubic and-face
centred cubic orientations. Their beds were made of
plastic phenolic spheres, which were fixed in spaié
short lengths of wire. Each packing arrangementfhad
layers of particles in the axial direction. The begere
machined to fit into a cylindrical wind tunnel bymoving
excess portions of the external spheres, to elimitize
wall effect.

The pressure drop across a single layer of pastidehe
middle of each bed was taken, to eliminate anyaeot
and exit effects. From these measurements, thewfnly
correlation was obtained:

0.351

= 8
Re"®-1.2 ®)
Fig. 7 shows the pressure drops predicted by the CFD
simulations as well as the experimental measuresrant
Wentz and Thodos (1963). A deviation from the mesgu
pressure drop by Wentz and Thodos (1963) can be
observed at Re (] 13200 in Fig. 7(a). This deviation
could be attributed to experimental error, howethss
exact cause is uncertain. Note that a similar,Soogller,
discrepancy can also be observed in Fig. 7(b) af Re
9900. The Normalised Root Mean Square Deviation
(NRMSD) for the pressure drop through the cubic- and
body centered structures were 2.35% and 2.43%
respectively. Fig. 7 also shows that the simulation
predictions for pressure drop followed the samadras
the experimental measurements. Thus, the pressops d
predicted by the CFD simulations corresponded weh w
the measurements made by Wentz and Thodos (1963).

—5— starcoMs| | —5— stacoM+|
O  Wentz T 0 O  Wentz

6000 8000
Re_[-]
m

0 Ay — 0 :
2000 4000 6OOO 8000 10000 12000 14000 2000 4000

Re,, I

10000

(a) Cubic structure. (b) Body centred structure.

Figure 7: Validation of CFD model results against
measurements by Wentz and Thodos (1963).

Computational results

Pressure drop

Fig. 8 shows the pressure drop predictions perlangth
from the CFD simulations for each bed as a funatithe
modified Reynolds number at different aspect rafitosan
be seen that the pressure drop over packed bdde/$ch
distinct trend with respect to ReAlso, the trend does not
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vary between beds with different aspect ratios,differs
only in magnitude.

Ap/L [Pa/m]

1;)2 10° 10
Re,, [-]
Figure 8: Pressure drop per unit length predicted by the
CFD simulations as a function of Re

Friction factor

CFD simulation results are presented in terms of an
integral friction factorf and compared to corresponding
data from experimental measurements.

The friction factors were calculated with eqn. & Fig.

9 shows the comparisons between friction factarmfthe
CFD simulations,Wcrp, the Eisfeld & Schnitzlein (ES)
correlation,Wes, and the KTA correlation¥kra, for the
various cases that were considered.

Wi
Wi

10”10 10° 10 10
Re_[-]
n

(a) a = 1.60.

Wi
Wil

10”10 100 10 10
Re_ [-]
n

(d) a = 3.00.

Wi
v

100 10 102 10 10 10 10 102 10 10
Re_[-] Re [-]
m m

(e) a = 3.65. (f) @ = 4.00.

Wi
Wi

10”10 1¢ 10 10 10 10 100 10 10

Re, [-] Re, [-]

(g) o =5.00. (h) a = 6.33.

Figure 9: Comparison of friction factors between ES,
KTA and CFD simulations as a function ofiRe

It can be seen thafcrp compared well with¥es for all
instances.Wcrp fell within the 18% NRMSD, with a
confidence level of 95%, of the ES correlation.c8ithe

ES correlation was developed from more than 2300
experimental data points, the correspondence batwee



Wcrp andWes is also a good indication of the validity of
the CFD simulations.

However,Wkra did not correspond well with eith8fcrp

or Wes, particularly at low aspect ratios and low modifie
Reynolds numbers. Fig. 9(a), with= 1.60, shows a large
discrepancy betweekta and Wcro and Yes This
indicates the influence of the wall effect sinces thS
correlation takes the wall effect into account, ras the
KTA correlation does not. As the aspect ratio iases to

a = 6.33 in Fig. 9(h)¥kra gradually moves closer to both
Ycrp and Wes, which shows the influence of the wall
effect decreasing with the increase in aspect .ratiso,
Ykra corresponded better witfcrp and Wes at high
modified Reynolds numbers than at low modified
Reynolds numbers. This result gives evidence offabe
that the wall effect is Reynolds number dependehtere
the pressure drop may increase in creeping flownmeg
due to the additional wall friction, and decrease i
turbulent regimes due to the increased porosity and
permeability.

CONCLUSION

This paper described the results from CFD simulatioh
the flow through DEM generated packed beds. The
numerical methodology was validated with resultsnfr
the experimental investigation by Wentz and Thodos
(1963). Good agreement was found between the CFD
predictions for pressure drop, and their corretfetio

The results for¥ from the CFD simulations were
compared to the predictions ¥f from the KTA and ES
correlations. It was found that at small aspedbsatthe
KTA correlation under predicts the friction factor,
stressing the need for a more specialized coroelaguch

as the ES. The results also gave evidence of ttetHat
the wall effect is Reynolds number dependent, wiieee
pressure drop may increase in creeping flow regidwees

to the additional wall friction, and decrease imbtdent
regimes due to the increased porosity and pernigabil
Since Wes compared well with¥cro in all instances, the
conclusion was made that the ES correlation isdvali
within its limits.

The results presented here fulfiled the goal oé th
investigation, which was to determine the suitapilif the
Eisfeld and Schnitzlein pressure drop correlatmmsimall
aspect ratio packed beds.
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