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Abstract: Equations for the prediction of the holdup of dynamic solids in countercurrent
gas — flowing solids — packed bed contactors are presented in this paper. The correla-
tions do not require the use of parameters that need to be determined by experimental
measurements in the actual system of interest. They could be used for a wide range of
operational conditions, different packing types and a variety of flowing solids materials.
The equations are compared with all available experimental data from the literature.
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INTRODUCTION

The basic idea of countercurrent flow and contacting of gas and fine solids
through packed beds was patented in 1948! and the first industrial realization oc-
curred in 1965 (Compagnie de Saint Gobain).2 In countercurrent gas — flowing sol-
ids — fixed bed contactors, the gas is introduced at the bottom and fine solid parti-
cles at the top of the column and they flow counter-currently inside a packed bed of
solids.

Several advantages of this type of column have been reported3-17: low pres-
sure drop, high heat and mass transfer rates and low axial mixing in both phases.
Over the years researchers have paid considerable attention to the fluid dynamics
of such systems,3-14 and the heat and mass transfer.8:15-17 Westerterp and col-
leagues!8:19 proposed the use of fine solids as a regenerative adsorbent, flowing
through a bed of catalyst for methanol synthesis. Similar approaches were investi-
gated in the work of Verver and van Swaaij for the catalytic oxidation of hydrogen
sulfide,20 and in the work of Kiel et al., for the regenerative desulfurization of flue
gases.!7:21
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Fuid dynamic parameters are essential for the application of this type of multi-
phase contactor. Pressure drop, flowing solids holdup, residence time and backmi-
xing are some of the properties that need to be reliably predicted for equipment de-
sign. In previous studies, three flow regimes were observed, as in gas — liquid sys-
tems: preloading, loading and flooding. The preloading and loading regimes differ
in the concentration of flowing solids and in the dependence of pressure drop on
the gas flow rate. When the terminal velocity of the gas approaches the velocity of
the flowing solids, a sudden increase in the pressure drop occurs, together with an
accumulation of solids at the top of the bed, which is characteristic of flooding.

Previous studies resulted in semi-empirical descriptions®10:23 or strictly empiri-
cal correlations2? for the fluid dynamics parameters. Moreover, many of the authors
tested their models on a limited number of experimental results, often just using their
own experimental data.

There are many reasons for the lack of a fundamental theoretical equation, or a
well tested empirical correlation. The complexity of the multiphase flow, with all
the interactions between the phases is a major difficulty for the establishment of a
reliable theoretical model. Accounting for the effects of particle shape, size, rough-
ness, bed porosity distribution, efc., causes additional problems. The objective of
this study was to obtain a reliable correlation for the prediction of dynamic holdup,
based on all available data from the literature. Quantifying the dynamic solids
holdup is an important step in the overall design of the equipment, because it is
usually assumed that this is an active portion of the flowing solids when this serve
as an adsorbent or catalyst. This correlation should be based on variables which are
known in advance, without experiments, and should be easy to use.

DYNAMIC HOLDUP CORRELATION

The holdup of flowing solids is usually divided into two portions: dynamic and
static. The latter represents the fraction of fine particles that rest on the packing ele-
ments. After shutting down the solids and gas flows, these particles will remain in the
bed. Dynamic holdup represents the fraction of flowing solids that is suspended in the
gas stream between the packing elements. These fine solid particles will flow out after
the inlets for the gas and flowing solid are closed.

In most of the previous studies, the models for the prediction of dynamic holdup were
semi-empirical. Roes and van Swaaij® proposed a model which was based on the mean
particle velocity. They assumed that in the preloading zone the particle velocity is constant,
as well as a slip velocity in the loading zone. Further studies!%-23 showed that this assump-
tion was not correct. For the loading zone, Westerterp and Kuczynski!0 presumed that
there are two contributions to dynamic holdup: the constant content of the trickles and the
freely suspended ones. The fault of this model is that the contribution of freely suspended
trickles are difficult to determine. Kiel?3 developed a model based on momentum balance
of the solid particles. All the variables in their equation could be easily determined, except



TABLE I. Studies of the hydrodynamics of gas — flowing solids — packed bed contactors

No. Symbol Author Column Packing type and size/mm Void fraction =~ Solids phase Solid mass flux Superficial gas
diameter/m of pack.  type and size/um kg/m?s velocity/m s!
1. S Predojevi¢!? 0.111 Raschig rings, 12"12"2.4 0.61 Sand, 253 0.16-2.5 0.06-0.46
2. ] Raschig rings, 30"30"2.3 0.85
3. A cer. beads, 19 0.47
4. x Pall rings, 23"8"0.1 0.96
5. % Raschig rings, 12°12"2.4 0.61 Propant, 642 0.14-2.5
6. °® Raschig rings, 30"30"2.3 0.85
7. + Cer. beads, 19 0.47
8. - Pall rings, 23"870.1 0.96
9. @) Roes and van Swaaij®’ 0.076 Raschig rings, 10*10"1 0.80 1.1-6.0 0.02-0.19
10. O Pall rings, 157152 0.86 1.3-6.0 0.02-0.23
1. & Cylindr*ical screans 0.97 0.02-0.17
10°10°0.5
2. A Kiel? 0.1070.10 Regularly stacked pack- 0.61 Glass beads, 490  0.1-1 0.2-1
ing, 3
13. — Glass beads, 740 0.43-1 0.5-1
14, O  Ververand van Swaaij?®  0.10°0.10  Regularly stacked pack- FCC, 70 0.03-0.8 0.08-0.2
ing, 15715
15, @x Benali2* 0.114 Pall rings, 2525 0.85 Zirconium, 1320 2.5-8.5 6.8-24.9

* All experimental data points in loading zone
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for two empirical parameters: the initial solids velocity and a 'hydrodynamic effectiveness
factor’. Although these models wee fundamentally based, they always required several
empirical parameters for the prediction of dynamic houldup. Moreover, all of the these au-
thors tested their models only on their own experimental results (the same results that were
used to obtain the empirical parameters).

In this work, correlations for dynamic holdup are proposed which contain only
variables that are known in advance. These are: superficial gas velocity, flowing solids
flux, density and viscosity of the gas, density and mean diameter of the flowing solids
column diameter, packing equivalent diameter and porosity of the bed. These opera-
tional conditions and system properties were grouped in dimensionless numbers.

The gas flow regime through the packed bed is presented, as usual, by particle the
Reynolds number of the particles. The settling of the flowing solids under gravity and
the gas resistance are presented by Archimedes number. A new dimensionless group
was introduced to take into account the ratio of the kinetic energy of the flowing solids
to the kinetic energy of the gas:

pstis (M
2
pug

The velocity of the flowing solids can be found from:

=" b)
Ps
so that the dimensionless number is:
52 3)
2
p S p g ug

The equivalent diameter of a packing particle takes into account the size and
shape of the particles together with porosity and wall effects:
_ 0l+e) Q)

“ a+4/D

The sources of available experimental results are presented in Table I. On the ba-
sis of 542 experimental data points the following equation was obtained:
0.521
S 2
(ds/deq)2'57 (1-¢)1:52 £0933 )

Bayn =6560.7 Rep!22 Ar~101

The comparison between the predicted and experimental data is presented in Fig.
1. Over a wide range of conditions, different dimensions of equipment, flowing parti-
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cles and packing elements of different shape, the equation gives good agreement with
the experimental results with an average error of 26.9 %.

However, it can be seen from Fig. 1 that the correlation is better for higher values
of dynamic holdup than for lower ones, which are somewhat underpredicted. The
lower values mostly correspond to the preloading zone, and the higher ones to the
loading zone. So, it could be argued that better predictions could be obtained with sep-
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arate equations for the preloading and loading regions. A similar approach was used by
Predojevi¢ et al.?2 for predicting pressure drop, and the following equations was of-
fered for the loading point:

Rejoad = 0.1289 4048 (dyfdeg) 111 (G / 5023 - £085 (6)

After dividing the experimental data into zones using Eq. (6), some of the experi-
mental results which were too close to the loading point were disregarded. These ex-
perimental points, which represent some kind of transition zone, could introduce con-
siderable error into the data fitting.

For the preloading zone, on the basis of 183 experimental data points, following
equation was obtained:

5 0.582
S

pspgug

,3 dyn.p:2196-2 Rep1~21 A0.88 (ds/deq)2'41 (1 _8)1.42 £0.279 (7)

The agreement with experimental resuls was good, as is shown in Fig. 2, with an
average error of 20.1 %. This percentage was notably lower than the average error of
28.1 % obtained using the unique correlation (5) for the preloading zone, only.

For the loading regime, 270 data points were correlated to give:

0.509
S 2
2

PsPglig

B dyn] = 15570.7 Rep1-57 Ap124 (d S/deq)2.93 (1_8)1.46 e 145 ®)
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As it can be seen in Fig. 3, the agreement with the experimental results is good,
with an average error of 26.4 %. However, this error is very similar to the one acquired
using the unique Eq. (5), which was 26.0 % for loading zone points. From Fig. 3 it can
be concluded that the error is again higher for the lower holdup values. Hence, the use
of the partial correlation is benificial only for the preloading zone. For the loading
zone, both the unique and separated equation give similar results. Taking into account
some uncertainties and discontinuity around loading point, Eq. (7) could be recom-
mended for the preloading regime far enough away from the transitional zone, i.e., the
loading point.

CONCLUSION

Correlation (5) can be efficiently used for the prediction of the holdup of dynamic
solids in countercurrent gas — flowing solids — packed bed contactors. For the
preloading regime alone, Eq. (7) gives somewhat better predictions. The proposed cor-
relations are based only on parameters which are known in advance, so they do not re-
quire any measurements in the system of interest. Taking into account the wide range
of operating conditions and the great variety of packing elements and flowing solids,
the predictions of these equations are in very good agreement with the experimental
results.

Acknowledgement: Financial support of the Ministry of Science, Technology and Development of the
Republic of Serbia is gratefully acknowledged by the authors.

NOMENCLATURE

a — Surface area of packing per unit bed volume, m? / m?

Ar — Archimedes number for a particle of flowing solid (= d;> (o, —p) p g/ 12
D — Diameter of column, m

ds — Diameter of a particle of flowing solids, m

deq — Equivalent diameter of a packing particle (= 6 (1 —¢) / (a + 4/D)), m
G — Mass flux of gas, kg/m?s

g — Acceleration of gravity, m/s2

Re, — Patticle Reynolds number (= ug deg p/1t)

S — Mass flux of flowing solids, kg / (m%s)

ug — Superficial gas velocity, m/s

ug — Particle velocity, m/s

Bayn — Dynamic solids holdup

& — Void fraction of the packed bed

u — Gas dynamic viscosity, kg / (m s)

p — Gas density, kg / m?

ps— Skeletal density of the flowing solids particles, kg/m?
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U3BO

JMHAMMYKHN CAIPXKAJ ITOKPETHE UBPCTE ®A3E Y CYTIPOTHOCTPYJHUM
KOHTAKTOPHUMA I'’AC-4YBPCTO - YBPCTO

HHKOITA M. HI/IKA‘{EBI/ITll, AJIKCAHJTIAP I1. ,IIYJIYKOBI/I"B1 u 3IIATULA TIPETOJ EBIR?2

1 Texnoaowko-mettiarypuiku axkyaitierts, Yrnueepauitieii y Beozpaoy, Kaprnezujesa 4, 11000 Beozpao u 2 Texnonouwiku
axyaitiein, Ynusepsuitieiti Hosu Cao, Bya. uapa Jlasapa 1, 21000 Hosu Cao

Y pajy cy npepicTaBbeHe KOpedalyje 3a IMpeiCcKa3iBambe AMHAMIIKOL CapsKaja MOKPETHE
uyBpcTe (hase y CYyMPOTHOCTPYjHUM KOHTAKTOPWMA rac — YBPCTO — UBPCTO. M3pas3n MCKIBYIHBO
cajip>ke NMPOMEHJBYBE KOje Cy MO3HATe YHANpE], Tj. HUje HEONXOTHO HHMXOBO EKCIEPHUMEHTATHO
onpebuBame. Kopenauyje ce MOry IPUMEHUTH y IIMPOKOM OIICETY ONCPATHBHUX YCIIOBA, 33 Pa3ii-
YHTe THIIOBE [AKOBAa M Pa3HOBPCHE Martepujajie oKpeTHe uBpere (ase. [Ipeioxkene Kopena-
1yje ¢y TectupaHe nopehermeM ca eKCnepuMEeHTaIHIM Pe3ylITaTiMa JOCTYITHIM U3 JIMTepaType.

(TIpumibero 25. jyna 2003)
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