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Abstract

In this work computational fluid dynamics is used to describe the fluid flow across a randomly
packed absorption tower. The CFD simulation method is employed on a packed tower that is packed
with 1cm Raschig rings. Tower is 175cm in height. Air flow rate range was 1.5 to 5 m/s. The measured
pressure drops were in 1.5 to 12 Pascal per height of tower in meter. The Klerk’s approach is examined
to define the influence of confining walls on pressure drop in packed areas. It is concluded that CFD
model that uses the Klerk’s definition of radial porosity distribution is a successful way for pressure
drop prediction in packed beds. Model prediction of dry pressure drop is about 4% lower than the
experimental measurements. Ergun’s pressure drop prediction is compared with that of Reichelt’s
using averaged and distributed porosity profiles. In both methods Ergun’s approach in comparison
with Reichelt’s approach has %6 lesser error in dry pressure drop prediction.
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1. INTRODUCTION

It is more than several decades that packed
towers are widely used in chemical and
petrochemical industries for gas absorption,
distillation, and liquid-liquid  extraction
processes. In view of energy consumption
pressure drop is an important parameter in
packed tower design and selection of fluid
flow equipment such as fans or blowers,
compressors and pumps. Dry pressure drop is
also an important design parameter in packed
towers because it is required for wet pressure
drop and packing capacity
evaluation [1].

Many pressure drop relations which are

estimations

function of gas velocity and packed area
properties are available in the literature [2-6].
The most famous one of them can be Ergun
pressure drop relation for packed beds when
just one phase flow through void spaces, which
have been obtained experimentally [7]. Studies
on the flow of Newtonian and non-Newtonian
fluids through packed columns show the
influence of confining walls on pressure drop
prediction [8, 9]

Reichelt correlation [10] is one of the Ergun-
type equations, which considered wall effect
in pressure drop prediction equation by the
terms A and B. Table 1 shows the pressure drop
relations applied in this article. Eisfeld and
Schnitzlein (2001) [11] compared the pressure
drop correlations of Ergun’s, Reichelt’s, and
the other approaches. Riechelt’s approach was
found more successful than others in small
column diameter to packing diameter ratios
(smaller than 10). Atmakidis and kenig (2009)
[12] compared no-considering wall effect.
Ergun’s general approach with considering
wall effect approaches such as Reichelt’s in
the CFD simulation of spherical packing in the

packed bed with 1 and 7 column diameter to
packing diameter ratios. Consideration of wall
effects approaches were found more successful
in pressure drop prediction than others in real
geometry of packed bed simulation. In recent
decades CFD is applied to solve complex
calculations in packed towers.
solves engineering problems
with an acceptable accuracy and reduces
experimental costs, whilst makes available more
local information which may not be attainable
experimentally [13]. Packed towers simulation

Numerical
simulation

complexity is due to complex geometry of void
spaces in randomly packed towers.

Two numerical approaches are applied to
study transport phenomena in packed towers:
first, considering exact geometry of packed bed
which obtain by tomographic-based methods
with high costs [12, 14]. In the second approach
packed section is considered as porous media.
Fluid flow governing equations and pressure
drop correlations are applied to calculate
fluid- solid interactions. Local phenomena
is described as functions of radial and axial
distribution of parameters [12]. Local voidage
variation is one of the important parameters
in simulation geometry description [15]. Most
of the studies has resulted oscillatory damped
behavior for radial porosity variation in packed
sections [16, 17]. de Klerk [16] described radial
porosity distribution by sinusoidal oscillatory
damped function with exponential function
near confining walls. Many researchers [18-23]
applied second approach to model industrial
packed towers with spherical and non-spherical
packing such as Pall ring and Berl saddle in two
dimensional (2D) and macro scale simulations.
In this article, 3D CFD method in Eulerian-
Eulerian frame is used to simulate a pilot scale
tower that randomly packed with Raschig rings.
Dry pressure drop is investigated
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Table 1. Pressure drop predicting correlations

Wall effect

Correlation Constants . Ref.
correction
Ap (1—e)? u (1 -¢e)pg
1 — =150 —————=U+1 75— T2 No Ergun(7]
Z €3 (qu)s) e3Dp0s
2 2 ( D ) 1-9
_ _ an)
2 Ap 15447 (1 -¢) L4 -9 P Yes  |Reichelt[10]
z Re &3 B &3 dp 2
B =]1.15 <3> + 0.87 ]

In this study and validated experimentally.
de Klerk’s approach is applied to describe radial
porosity distribution. Results has compared with
simulation without wall effect consideration. In
addition Ergun’s approach is compared with
Reichelt’'sapproachin fluid flow resistance across
the packed areas in tower diameter to packing
effective diameter ratio approximately17.

2. Experimental procedure

Figure 1 shows experimental set-up used
in this research. The column is 1.75m in height
and 0.05m in diameter. The column has two
separated packed sections. Each packed with
approximately 1cm Raschig rings. Tower
diameter to packing effective diameter ratio is
about 17. Voidage measurements carried out
by sudden stop of water supply and measured
collected water volume. Air supplied at the
bottom of column. Manometer was used for
column pressure drop measurements along
the column. Air flow measured by calibrated
rotameter. Effective diameter of packing
element is used to apply packing shape effect
of non-spherical packed beds on pressure drop
correlation [24]. EQ.3 and 4 show effective
packing diameter, d , relations with sphericity
factor, @, spherical equivalent diameter of
packing, D, and specific surface of a packing a .

Sp
"= 3)
6
dp = Dp¢5 = (4)

;l;:snutl:l

PG

P-5

T

P-4

T L

P-3

manometer

P2

7y

p-1

Air compressor

—3 cm—

m Gas inlet

P

S

Figure 1. Schematic of experimental set up.

3. Mathematical models

3.1 Fluid dynamic equations

The governing equations describing the gas
flow through the packed area are the volume
averaged continuity and momentum equations:

Continuity Equation;

9
g¢ ErP) + V- {e(ypU —2Vy)} =0 (5)
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Momentum Equation;

(6)
d
50 ErPU) + V{ey (pUU — (VU + (VU)T))} = ey(B — Vp)

Where:

The porosity of the packing area, ¢, the
volume fraction occupied by a phase, y, the
fluid density, p, the effective viscosity, u , the
dispersion coefficient, t, the interstitial velocity
vector, U, the body force (including the gravity
and the flow resistance offered by the packing
elements), B, the pressure, p complete continuity
and momentum equations

3.2 Body force in packed area

Meandrous spaces in packed areas make
resistance to fluid flowing. Body force includes
the gravitational force pg, In addition the
resistance increased by the solid packing
elements. In this equation (eq.7) R is resistance
tensor. Resistance tensor is predictable from
pressure drop By Darcy’s low (eq.8).

B=pg+R.U (7)
U=-R1.VP (8)

In this article, pressure drop correlations in
Ergun’s approach (eq.1) and Reichelt’s approach
(eq.2) is examined to define gas resistance
flowing across the packed areas.

3.3 Porosity distribution

As explained in first section, the influence of
confining walls on pressure drop of any packed
area is the subject of many studies [11, 17]. Wall
effect is defined as radial porosity distribution
caused flow tendency near confining walls.
Many studies carried out to define radial porosity
distribution in packed beds [17], but there isn’t
any equation described this distribution for
all kinds of packing. In this study, de Klerk’s
approach (eq.13) and packing effective diameter
calculations are applied to define radial porosity
distribution of packed column of Raschig rings.

(9a)

e(r) =2.14a%>-2.53a+1 ,a <0.637 (9b)

(90)

&(r) = 5+ 0.29 exp(-0.6a). [cos( )} +0.15exp(-09a) ,a > 0.637

2
3n(a - 0.16)

4. CFD Simulation

Packed tower described in previous section is
appliedinsimulation. Table 2 shows geometrical
properties of packed areas in experimental set-

up.

Table 2. Packed area properties.

Effective diameter of the packing
0.28
element, cm
Porosity of upper packed area 0.6904
Porosity of lower packed area 0.8303

4.1 Geometry of packed tower

Fig. 2-(a) illustrates three dimensional (3D)
geometry of absorption tower with two
separated packed areas with exact geometry of
gas inlet and outlet. In this simulation packed
areas with Raschig rings have been modeled
by porous media with fluid flow resistance.
Averaged experimental data of porosity has
been used in simulation without wall effect
consideration.

4.2 Meshing

Figure 2-(b) shows meshed structure of
packed absorption tower. Fine and distributed
unstructured meshing has beenapplied specially
in characteristic places such as near confining
wall, fluid inlet, fluid outlet and distributer holes.
The effect of the mesh number was examined
on dry pressure drop results in four number of
nodes 641908, 707764, 748879, 834808.
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Figure 2. Packed column: (a) geometry and (b) mesh structure

4.3 Fluid flow regime and boundary
conditions

Reynolds number calculations shows laminar
and transient flow regimes along the tower.
Turbulence effect is ignored in the simulation.
Fluid velocity is used for inlet condition and
constant pressure is used for outlet condition.
No-slip condition is used for walls.

5. Result and discussion

5.1 Porosity Effect

In packed reactors it is accepted that radial
porosity distribution, &(r), is a function of
packing diameters but by changing diameter
the average porosity remains a constant value at
about 0.4. However, the average axial porosity,
&(z) is varied by repacking in industrial towers
with large diameters [20, 25]. Fig.3 illustrates 2D
radial porosity distribution has been used by
software in x-y coordination.

Radial porosity distribution
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Figure 3. Porosity data generated by CFD model: radial

5.2 Wall Effect and pressure drop

CFD simulation was used to calculate
pressure drop in the packed tower. The results
compared with experimental data for the
model validation in Fig. 4. Fig. 4 demonstrates
with increasing gas velocity effects of transient
behavior is more profound on the pressure
drop. At low gas velocity the experimental data
and predicted results are close to each other
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but the difference increases at higher gas flow
rates; in other word wall effect becomes more
characteristic by increase in fluid flow velocity in
transient flow regime. Fig.4-(a) shows simulation
results using Ergun’s, Eq. 1, and de Klerk’s, Eq. 13
and 14, equations. Fig.4-(b) shows simulation
results using Reichelt’s, Eq. 2, and de Klerk’s, Eq.
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13 and 14, equations. Experimental dry pressure
drop is included as well. The figures show
that using wall effect relations give a pressure
drop estimation with a lesser difference from
experimental data. It shows that combination
of Ergun-Klerk relation gives more accurate data
and therefore is more favorable.
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Figure 4. Wall effect considering by de Klerk’s approach study for simulations with pressure drop predicting equations:
(a) Ergun (b) Reichelt

In Fig.5 CFD estimated pressure drop data
has compared with experimental data. Ergun’s
approach in pressure drop prediction was more
successful than Reichelt’s approach in fluid

flow resistance description in packed column
with column diameter to effective diameter of
packing ratio of 17.

Figure 5. Comparison between Ergun’s and Reichelt’s approaches in fluid flow resistance description for packed column
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The CFD models errors prediction is illustrated
in Fig 6. The de Klerk’s approach is about 56%
more successful in predicting experimental
data regardless of not using wall effect. The
de Klerk’s description of packed bed geometry
has just 4% error (Fig.6 a and b). Using Reichelt’s
approach to describe fluid flow resistance with
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wall effect consideration become about 50%
more successful in experimental data prediction
but has about 10% error yet (Fig.6 c and d). Fig.6
b and d demonstrate simulation by general
Ergun’s approach in resistance description is
6% more successful than Reichelt’s approach in
pressure drop prediction.
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Figure 6. The CFD model prediction validation study: (a) and (b) Ergun’s approach in resistance description with and
without wall effect consideration, respectively. (c) and (d) Reichelt’s approach in resistance
description with and without wall effect consideration, respectively.
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6. Conclusion

In this article packed tower with Raschig
rings in pilot scale has been simulated by using
porous with resistance model. Wall effect
phenomena is examined by de Klerk’s approach
for effective diameter of packing element. In
addition, Ergun’s and Reichelt’s approaches are
examined to describe flow resistance across the
packed area. Simulation and modeling validated
for dry pressure drop experimentally.

Simulation of packed bed geometry in
packed tower with Raschig rings illustrates
that wall effect has characteristic role in
pressure drop prediction in packed column
with column diameter to effective diameter
of packing ratio 17. Tomographic experiments
is costly and calculation the exact meandrous
spaces of packed areas requests advance
computation power. de Klerk’s approach and
effective diameter of a packing calculation
was successful in description of Raschig rings
packed bed geometry. Although approved
Reichelt equation is successful to predict
pressure drop in low column diameter to
effective diameter of packing ratios, this study
demonstrates general Ergun’s approach is more
successful than Reichelt’s approach to describe
fluid flow resistance across the packed area in
high column diameter to effective diameter of
packing ratio 17.
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Nomenclature

A B Coefficients of pressure drop equations (-)
a Nondimensional distance from the wall (-)
a, Specific surface of a particle (m™)

B Body force (N)

45
D Column diameter (m)
D, Equivalent spherical diameter (m)
d, Particle diameter (m)
G Gas flow rate (Kg/ m?. s)
g Acceleration due to gravity (m/s?)
Ap Pressure drop across packed bed (Pa)
R Resistance tensor kg s'm?
R Column radius (m)
- Radial position relative to the column
center line (m)
Sp Surface area of particle (m?)
U Superficial gas velocity (m/s)
us Superficial fluid velocity (m/s)
Vp Volume of particle (m?)
Z Height of packed bed (m)

Greek letters

u Dynamic viscosity (N s/m?)

€ Porosity (-)

eb Porosity in the absence of wall effects (-)
Y Volume fraction(-)

p Density (kg/m?)

g Gas density (kg/m?)
D, Sphericity coefficient (-)

2 Dispersion coefficient vector, kgm's™



| 46

Journal of Gas Technology . JGT

References

1.

10.

Y. Haroun., L. Raynal,” Use of Computational
Fluid Dynamics for Absorption Packed
Column Design”, Oil and Gas Science and
Technology - Rev. IFP Energies nouvelles, 71,
43,(2016).

Liu, QS., Roux, B., Velarde, MG,
“Thermocapillary Convection in Two-Layer
Systems”, International Journal of Heat and
Mass Transfer, 41(11), 1499(1998).

Ludwig, Applied Process Design for Chemical
and Petrochemical Plants, 3rd ed., 2, Gulf
Professional Publishing, 230(1979).

Leva, M., Weintraub, M. Grummer, M,
Pollchik, M., & Storch, H. H. Fluid Flow through
packed and Fluidized systems. United States,
Bureau of Mines, Bulletin 504 (1951).

E. Ozahi, Gundogdu, M.Y. Carpinlioglu,
M.O., “A Modification on Ergun’s Correlation
for Use in Cylindrical Packed Beds With
Non-spherical Particles”, Advanced Powder
Technology,19,369(2008).

Wu, J, Yu, B, Yun, M., “A resistance model for
flow through porous media” Transp Porous
Med,71, 331(2008).

[71 S. Ergun, Fluid flow through packed
columns, Chem. Eng. Prog. 48, 89(1952).

Cohen, Y., Metzener, A. B.,”"Wall Effects in
Laminar Flow of Fluids through Pocked
Beds”, AIChEJ, 27(5), 705 (1981).

Foumeny, E. A, Benyahia, F., Castro, J. A. A,
Moallemi, H. A, Roshani, S., “Correlations
of pressure drop in packed beds taking
into account the effect of confining wall”,
International Journal of Heat and Mass
Transfer, 36(2), 536 (1993).

W. Reichelt, Zur Berechnung des
Druckverlustes  einphasig durchstromter
Kugel- und Zylinderschiittungen, Chem. Ing.
Tech., 44, 1068 (1972).

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Eisfeld. B., Schnitzlein. K, “The influence
of confining walls on the pressure drop
in packed beds”, Chem. Eng. Sci., 56, 4321
(2001).

Atmakidis, T., Y. Kenig, E., “CFD-based
analysis of the wall effect on the pressure
drop in packed beds with moderate tube/
particle diameter ratios in the laminar flow
regime”, Chem. Eng. J., 155, 404(2009).

D. Sebastia-Saez et al."Meso-scale CFD
study of the pressure drop, liquid hold-
up, interfacialarea and mass transfer in
structured packing materials”, International
Journal of Greenhouse Gas Control, 42, 399
(2015).

Caulkin,R., Jia, X., Fairweather, M., Williams,
RA., “Predictions of Porosity and Fluid
Distribution through Nonspherical-Packed
Columns”, AIChEJ, 58(5), 1503 (2012).

Boyer, C, Koudil, A, “Study of liquid
spreading from a point source in a trickle
bed via gamma-ray tomogeraphy and CFD
simulation”, Chem. Eng. Sci., 60, 6279(2005).

Liu, S., Long, J.” Gas-liquid countercurrent
through packed towers”, Journal of Porous
Media, 2(2), 99(2000).

de Klerk, A.” Voidage Variation in Packed
Beds at Small Column to Particle Diameter
Ratio”, AIChEJ, 49(8), 2022(2003).

Sun C. G, Yin.F.H., Afcan. A, Nandakumar.K.,
and Chuang.K.T., “Modeling and Simulation
of Flow maldistribution in random packed
columns with gas-liquid countercurrent
flow”, Trans. IChemE, 78(Part A), 378 (2000).

Yin F. H., Sun C. G., Afacan A., Nandakumar
K., Chuang K. T.,” CFD Modeling of Mass-
Transfer Processes in Randomly Packed
Distillation Columns,” Ind. Eng. Chem. Res.,
39, 1369(2000).

Jiang Y. Khadilkar Mohan R., Al-Dahhan
Muthanna H. Dudukovi Milorad P.” CFD
modeling of multiphase flow distribution in



Volume.3/Issue.1/ January 2018

21.

22.

23.

24.

25.

47

catalytic packed bed reactors: scale down
issue”, Catalysis Today, 66, 209(2001).

Liu G.B,, Yu K.T,, Yuan, X.G,, Liu CJ,, Guo Q.C,,
“Simulations of chemical absorption in pilot-
scale and industrial-scale packed columns
by computational mass transfer”, Chem.
Eng. Sci., 61, 6511(2006).

Liu,G,B .,Yu KT, “A numerical method for
predicting the performance of a randomly
packed distillation column” , International
Journal of Heat and Mass Transfer, 52
,5330(2009).

Fourati, M. Roig, V. Raynal, L."Liquid
dispersion in packed columns: Experiments
and Numerical modeling”, Chem. Eng. Sci.
(2013).

Geankoplis, Christie J. Transport Process and
Unit Operations.3rd ed. Prentice Hall: New
Jersey , chapter 3 (2003).

lliuta 1, Larachi F., “Three-dimensional
simulation of gas-liquid concurrent down
flow in vertical, inclined, and oscillating
packed beds, AIChEJ, 62(3), p.916(2016).



64 Journal of Gas Technology . JGT

b&\fglg')?mj))o ki e&ngJ.? Cﬁ)u&éw'

. P 3 . sz
N33 (o8 0 0T gy g By (P IS edw
O‘Ji‘ Oldal ) g(_)l:..‘.:v-_,l..vj Ol oli.‘.;}‘: ‘64;.:.5: sl oj; Al

(rahimi@hamoon.usb.ac.ir :J s siis 5 feas)

CR .V

sunds 43513 ) phiiols 6o 45T b iy 31 0T s 10 b2 o gi (sl (Flomwlons Y lw Soliad g 5 Gg Ry (! 5
3 A 3550 (5 Lenwlirs Y Lo ool > Al gy (5 immctilus | Sonoly (5L ST b iz oo ol 30 (22 33 (o) 2 (9] 39 o
ojladl HLiS il g sl o O I/ 198 sy 08900 .l pouilw VYO Sgue 50 7 gL, Lcawl 48,5 41,8 9,5l wlido o
SIS olFa 0 b dgino 005 T dus b yo o lad Jolsi @9 595 o yoxio 45 01938 5T oy iy .l yio 9y 3 JKawly Y (J1YV/B o0 (6 35
S50 Sarily 510 15T U 0T baaomn ol Ll i i, 9 CFD) Jbo 55 515 gl JStlid g 35 iy o5 sl ok 3l
O 5 HLid il S e 008 0,10 NS | i bl guli b 7P dga5 10 Lad Jue wgd Suiid L dl S s el 0399
e OB (o 2 (2 0wl 48 5 518 A Lo 3590 STy o3 b e ool Jolod @ 595 9 dauwgio Jouksii b (o) pp > 93 50
15 el goog § 380 (IS lo3T (glb 0010 (S ey 50 ST L0 Camnd 41 (599 9 8 33 5l bty wlasl yr LdS <l (o
il M i bojT gl 5

Slolne SVl Sl iy ST oaiST i s oLt il guadS” 551



