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Abstract

Activated carbons were produced from waste tires and their characteristics were mnvestipated. Rubber separated from
wasle tires was first carbonized at 500 °C in N, atmosphere. Next, the obtained chars were activated with slcam at 850 °C.
As a result, fairly mesoporous activated carbons with mesopore volumes and BET surface areas up to 1.0% em’/g and 737
m¥/g, respectively, were obtained. To further improve the porous properties of the activated carbons, the char was treated
with | M HCI at room temperature for | day prior lo steam actwauon This treatment incrcased mcsopore volumes and BET
surface areas of the activated carbons up 10 1.62 em’/g and 1119 m?/g, respectivety, Furthermore, adsorption characteristics
of phenol and a dye, Black 5, on the activated carbon prepared via acid treatment were compared with those of a commercial
activated carbon in the liquid phase. Although the prepared carbon had a larger micropore volume than the commercial
carbon, it showed a slightly lower phenol adsorption capacity. On the other hand, the prepared carbon showed an obviously

larger dye adsorption capacity than the commercial carbon, because of its larger mesopore volume.

© 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Activaled carbon; Activation; Adserption; Porosity

1. Introduction

The automobile has become an indispensable means of
transportation for many houscholds throughout the world.
As a result, more than 330 million waste tires are discarded
each year [1]. Such tires have become a serious source of
envirenmental pollution. Several attempts have been made
to reduce the number of wastce tires, for example, by using
them as dock bumpers, playground equipment, etc. How-
ever, from environmental and economical points of views,
a much better solution is to convert such waste tires to
valuable products.

Activated carbons are widely used as adsorbents in both
pas-phase and liquid-phase separation processcs and can be
produced from various carbonaccous materials, for in-
stance, coal, coconut shell, waod, and polymer scrap [2]. It
has been reported that activated carbons can also be

*Corresponding author. Fax: +06-2-218-6480.
E-mail address: pisitaf@sindent.cholaaecth (P Anyade)-
wanich).

obtained from municipal and industrial wastes such as PET
waste (3] and refuse derived fuel (RDF) [4]. Waste tires
represent another interesting source for activated carbons
because of its high carbon content. As the production of
acuvated carbon from waste tires changes hard-to-dispose
wasle to pollution-cleaning adsorbents, it is thought to be a
very effective methed to relieve environmental poliution.

The pyrolysis of tires in an inert atmosphere at 450-
900 °C has been studied by many researchers, and the
effects of pyrolysis conditions on the product yields (gases,
oils and char} have been reported [1,5-71. As the BET
surface areas of chars obtained through the pyrolysis of
waste tires are extremely low (30-90 mzig), several
aftempts have been made to increase the surface areas of
them by activation [5-8]. The influcnce of operating
conditions on the porous properties of the obtained acti-
vated carbons has also been investigated [1], bur not
clearly elucidated.

Activated carbon is widely used for treating wastewater
in many industrics, for example lood, textile, chemical and
pharmaccutical [2]. Several researchers studying dye ad-

0008-6223/03/5% — see front matter € 2003 Elsevier Science 1.td. All rights reserved.
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sorption on activated carbon [9—12] have paointed out that
the presence of mesopores together with micropores in
actlivated carbon pranules and fibers enhances their ad-
sorption capacitics, especially apainst large adsorbates
[10-14]. Therefore, several methods for the preparation of
mesoporous activated carbons have been developed, for
instance. through catalytic reaction [10,15-17], pre-treat-
ment of precursor chars followed by steam activation [3],
and chemical activation [12,18].

The main purpose of the present work 15 to prepare
highly mesoporous activated carbons from waste tires,
which are suitable for adsorbing relatively large molecules.
The adsorption characteristics of the obtained carbons in
the liquid phase are also investigated where phenol and an
organic dye, Black 5, are used as representative adsorbates.
In addition, the effects of acid treatment prior to steam
activation on the porous propertics of the resulting acti-
vated carbons are investigated.

1, Experimental
2.1, Wuste tires

Waste iires were cut, crushed, ground, and centrifuged
and the steel wires and fabric cords included in thern were
removed. The particle size of the rubber sample obtained
through this process was smaller than 6.595 mm. The
results of elemental analysis of the rubber sample are
summarized in Table 1.

2.2. Preparation of activated carbons

Activated carbons were first produced from waste tires
through the conventional process of carbenization followed
by steam activation. In the carbonization step, about 3 gof
wasle tire rubber was first set in @ quartz wibe resctor. The
reactor was electrically heated in N, amosphere from
room temperature 1o 500 °C at a constant heating rate of
0.5, 5 or 20°C/min, then held at this temperature for 1 h,
and finally left to naturally cool down. in the activation
step, 0.3-0.5 g of the carbonized sample was activated
with steam in a quarz tube reactor by heating the reactor
from room temperature 1o 850°C at a heating rate of
20 °C/min. The steam used for activation was generated

Table |

Elemental analysis of waste tire rubber

Composition wit.%
cC 84.2
H 12
N 1.1
8 2.1
Unknown 0.6

from a heating pot at a constant rate of 0.5 g/min, and was
introduced to the reactor with a 200 cm*/min flow of N,
Therefore the partial pressure of water vapor was around
0.46. The activation time was varied in the range of 14 h.
The percentage of weight loss, % burn-off. was defined as
follows:

% burn-off =(w, —w,}/w, X 100

where w and w, were the initial weight of char and the
weight of the obtained activatcd carbon, respectively. 1t
should be noted that the weight loss is not totally due to
activation, and that part of it is due to the effect of
increasing the sample temperature from 500 o 850 'C.

Next, in order (¢ investigate the influence of acid
freatment prior to steam activation, 2-3 g of char obtained
through the carbonization step was immersed in 100 ¢m’
of I M HCI at room temperature. After 1 day, the acid-
treated char was thoroughly rinsed with distilled wutcr and
dried in an oven at 110 “C. The adopted nomenclature for
the chars and activated carbons is as follows:

C n: Char carbonized at the heating rate of » °C/min
HCl C n: Char carbonized at the heating rate of # "/
min and acid-treated with | M HC)

AC_m_n: Activated carbon obtained by activating for m
b char carbonized at the heating rate of # °C/min
AC_m HCln: Activated carbon obtained by activating
for m h char carbonized at the heating rate of » °C/min
and acid-treated with 1 M HC]

HCY AC_m_n: Activated carbon oblained by activating
for m h char carbonized at the heating rate of 1 “C/min
and subscquently acid-treated with 1 M HCI

2.3. Porous properiies of prepared activated carbons

The pore size disiribution, BET surface area 5. .
mesopore volume ¥ and micropore volume Y icrer OF
the samples were determined from N, adsorption and
desorption isotherms measured at 77 K using an adsorption
apparatus (BELSORP 28, BEL Japan Inc., Japan}. Pore
size distributions and V, ., were evaluated by applying the
Doltimore—Heal method [19] to the desorption isotherm,
whereas the f-plot method [20] was used to estimate P
The Dubinin-Astakhov (DA} equation {21] was applied 10
CO, adsorption data measured at 25 °C to determine V..
of tire char samplies.

1

2.4, Liquid-phase adsorption

The adsorption characteristies of activated carbon
treated with HCI prior 1o steam activation, AC HCI, and
commercial activated carbon, CAL (Calgon, USA). were
compared in the liquid phase. Phenol (Wako Pure Chemi-
cal Industries, Japan) and a reactive dye, Black 5 (Asia
Dyestuff Industries, Thailand), were used as adserbates.
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Fig. 1. Molecular sizes and slructures of adsorbates.

Their molecular sizes and structures, which were estimated
using the WINMOPAC program, are shown in Fig. 1.
Aqueous solutions of various initial concentrations were
prepared by diluting the adsorbates with distilled water.
Then, 20-60 mg of the activated carbons were added to
the prepared solutions. To maintain well-mixed conditions,
these mixtures were put in & gyratory air bath, which was
kept at 30°C. After equilibrium was achieved, which
normally took 10 and 14 days for phenol and Black 5,
respectivety, the solutions were filtered and their residual
concentrations were measured. The initial and residual
concentrations were determined using a UV-visible spec-
trophotometer (UV-2200, Shimadzu Corporation, Japan) at
wavetengths (A, ) of 270 and 595 nmn for phenol and
Black 5 solutions, respectively. The amounts adsorbed on

Table 2
Porous properties of chars carbonized at 500 °C

the activated carbons were calculated from the measured
concentrations, and adsorption isotherms were finally
obtained.

3. Results and discussion
3.1. Porous properties of prepared chars

As shown in Table 2, chars were obtained through the
carbonization of waste tire rubber at similar yields as those
reported in the literature, which is normally in the range
33-38 wt.% [6-8]. Although it was reported that when N,
is used as the carrier gas during carbonization, the yield
decreases with the increase in heating rate {6], and when

Sample Carbonization Ash conlent V. Voo Sure
yield (%) (%) (cm'/g) em'/g) (m*/g)
cos 35.07 14.70 0.318 0.025 75.4
Cs 35,10 14.99 0.356 0.030 81.0
C20 35.08 14.63 0.420 0.023 89.8
HCIC_0.5 35.07 6.24 0318 0.024 8).%
HC) €5 35.10 6.47 0.335 0.035 79.9
HCI C 20 35.08 6.19 0.311 0.024 84.7

" Calculated by applying DA-plot to CO, adsorption isotherms.
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He is used an opposite trend is observed [7), the heating
rate had no significant effect on the carbonization yield in
our experiments.

Fig. 2 shows the N, adsorption-desorption isotherms of
chars obtained at different heating rates, where g and PIP®
are the amount of W, adsorbed and relative pressure,
respectively. Interestingly, a slight hysteresis was observed
in the isotherms which suggests the existence of mesopores
in the carbons. The porous properties calculated using the
isotherms are also summarized in Table 2.

The Sper values of the obtained chars was about 80
m’/g which is a typical value for chars prepared from
waste tires [6—8]. Surprisingly, the S,p values of the
chars slightly increased with the increase in the heating
rate during carbouization, which contradicts the resulis of
other researchers [7]. The existence of a moderate amount
of mesopores within the chars can be confirmed from their
¥ .. values. This value slightly incrcased with the in-
crease in the heating rate, whereas V_; - values remained
essentially the same. Although acid treatment decreased
the ash contents of the chars, it hardly affected their porous
properties.

3.2. Porous properties of prepared activated carbons

Fig. 3 shows typical N, adsorption—desorption iso-
therms of the activated carbons obtained through the steam
activation of the waste tire rubber derived chars at 850 °C.
The development of micropores and mesopores can be
clearly confirmed by the shape of the isotherms. The
porous properties of the activated carbons calculated from
the isotherms are summarized in Table 3,

It was found that fairly mesoporous activated carbons

400 —— S = S
300

oD

&,

=

@200

E

5

100
0

0 0.2 04 06 0.8 1.0
P/P (-]

Fig. 2. N, adsorption—desorption isotherms of waste lire derived
chars: closed symbols, adsorption; open symbols, desorption.
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Fig. 3. N, adsorption—desorption isotherms of typical activated
carbons prepared without acid treatment prior to steam activation:
closed symbols, adsorption; open symbols, desorption.

with ¥, and Sgg, values up to 1.09 cm’/g and 755
m*/g, respectively, could be obtained from waste tire
rubber by conventional steam activation. In the literature,
activated carbons with Sy ;. values in the range of 400-
1000 m’/g have been prepared from waste tires by
physical activation [7,8], in which range the S, , values of
the activated carbons obtained in this work also fall inte. It
was also reported that activated carbons with surface areas
as high as 1260 m®/g can be obtained through the wet
thermal decomposition of waste tires [S]. However, the
¥ eso values of such activated carbons were reported to be
less than 0.3 em’/g [22), which are significantly lower
than those obtained in this work.

3.3. Improvement of porous properties by acid treatment
prior (o stegm activation

Fig. 4 shows typical N, adsorption-desorption iso-
therms of the activated carbons obtained through the steam
activation of waste tire rubber derived chars acid-treated
with 1 M HCI at room temperature for 1 day. Significant
development of mesopores can be confirmed by the change
i the shape of the isotherms. Table 4 shows the porous
properties of the activated carbons obtained from the
isotherms.

Highly mesoporous activated carbons with ¥, and
Sper values up to 1.62 cm’/g and 1119 m*/g, respective-
ly, were obtained. It is noteworthy that this maximum V___
value is extrerncly higher than the reported values of
carbons obtained through various attempis to produce
highly mesoporous aclivated carbons (0.6-136 cm’/g)
13,15-18]. Thesc results show that acid treatment prior to
stearn activation is a simple but effective method to
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Table 3
Porous propertics of activated carbons prepared without HCI acid treatment prior to steam activation
Sample Burn-off (%) Yoeso lom’/g) Viero fem’/g) Suer (0'/g)
ACH 05 3.2 0.23 0.13 430 o
AC 103 617 0.53 6.21 718
AC 4 0.5 6.1 0.98 0.26 743
AC LS 343 0.32 0.13 433
ACA S 673 . 0.82 0.22 752
AC 435 75.8 1.09 0.26 737
AC 120 322 .21 0.12 386
AC 320 68.6 0.68 0.22 755
AC 420 737 0.62 0.25 722
= R - derived fuel (RDF) was carbonized, treated with HNO,
1200 T | then steam aclivated.
To confirm the effectiveness of the acid treatment, an
(000 | so AC_I_HCLS .

aa AC_3 _HCI_s
800

ma AC_4_HCI_S

600

400

g [em*(STP)/g]

200

0 02 04 0.6 08 1.0
PP O[]

Fig. 4. N. adsorption—descrption isotherms of typical activated
carbons prepared with acid treatment prior to steam activation:
closed symbols. adsorption: open symbols, deserption.

increase the mesopore volume of activated carbons. [t
should be pointed out that this pretreatment also improves
the microporosity of the activated carben. Such results are
consistent with our previous work [4], in which refuse

Table 4

activated carbon preduced without any acid treatment was
HCl-treated after activation and the porous properties of
the resulting carbon were measured. The results are shown
in the bottom row of Table 4. It is obvious that the
activated carbon prepared with acid treatment prior 10
activation had both higher mesopore and micropore vol-
umes than that prepared with acid treamment after activa-
tion. The improvements in porous propertics by acid
treatment after activation may reasonably be ascribed to
the removal of inorganic compounds. In contrast, acid
treatment prior to activation 1s thought to have produced
more active sites, which subsequently developed into
mesopores during steam activation.

Fig. 3 compares the pore size distributions of chars and
activated carbons prepared from waste tires with acid
treatment prior to activation using various activation times,
where R, and F, are pore radius and pore volume,
respectively. Although mesopores in the range of | <Rp<
4 can be hardly noticed in the char before activation, the
development of mcsopores in this size range during
activation is significant. It is natural 1o assume that such
mesopores were formed by the widening of micropores
whicli existed in the char before activation. However,
significant changes in ¥ . . values due to acid treatment
cannot be seen in Table 2. By focusing on the micropore

Porous properties of activated carbons treated with HCI pricr to steam activation

Sawple Bum-off (%) ¥ onee (cm’/g) Voo (em*ig} Spes (M /g)
AC_LHCL0S 334 0.48 022 609
AC_3HCI 0.5 60.5 099 0.48 1045
AC 4 HCIL0.5 71.0 1.27 0.56 116
AC_1 HCL S 330 0.49 0.22 664
AC_3 HCLS 68.0 118 0.51 1107
AC 4 HCI S 77.5 1.62 0.57 imne
AC | HCI 20 30.7 0.53 0.20 585
AC_3 HCI20 68.6 1.22 0.54 1177
AC_4 HCI 20 78.6 1.52 0.54 1166
0.45 1096

HClI AC 45 73.7 bA3
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Fig. 5. Pore sive distribulims of a typical HCl avrd-trested char
and typical aclivaled carbons prepared from this char.

&

voiumes of the activated carbons in Tables 3 and 4, we
may attribute the improvement in mesoporosity of acid-
treated activated carbons to the appearance of many more
micropores in the initial stage of activation.

3.4. Application of prepared activaied carbon o liguud-
phase adsorption

The liguid-phase adsorption characteristics of a
mesoporous activated carbon prepared with HCI acid
treatment prior to steam activation and a commercial
activated carbon were measured snd compared. The porous
propertics of the tested carhons are given in Table 5.
Liquid-phase adsorption experiments were conducted using
phenol and a rcactive dve, Black 5, as adsorbates.

Obviously, the activated carbon obtained in the present
work has a significantly larger V.. value, but only
shightly larger ¥, and S,,.; values than the commercial
carbon. As illustrated in Fig, 1, phenol, which is often
encountered in wastewater freatment, has a maximum
dimension of ca. .80 nm while that of Black 5 is ca. 3.15
nm which is larger than the maximum diameter of micro-
pores according to the TUPAC definition. The adsorption
isotherms of phenol and Biack 5 on both aciivated carbons

Carbon 41 (2003) 157164
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Fig. 6. Adsorption isotherms of phenol on activated carbons.
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Fip. 7. Adsorption isotherms of a dye, Black 5, on activated
carbons.

are amount adsorbed and equilibrium conceniration, re-
spectively.
As can be seen in Fig. 5, although the prepared activated

are shown in Figs. 6 and 7, respectively, where ¢ and C, carbon bad larger V... and ¥ values, its phenol
Table 5
Porous propertics of activated carbons used in liquid-phase adsorplian
Sample Burn-ofl Ash content . L, Sner

(%) (%) (cm’/g) {em*/p) (m’/g)
AC HCI 67.0 18.3 0.79 0.48 998
CAL - 8.4 0.24 0.39 956
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adsorption capacity was found to be slightly lower than
that of its commercial counterpart. This implies that phenot
adsorption depends not only on the porous propertics of
the adsorbent but also on its surface properties. Due to its
higher ask content, it is reasonable fo assume that the
surface of the prepared activated carbon was somewhat
hydrophilic in nature, leading to a lower phenol adsorption
capacity. )

In contrast, because of its larger mesopore volume, the
prepared activated carbon showed an obviously larger dye
adsorption capacity than iis commercial counterpart. It is
reasonable o conclude that the mesopores of the carbon
played an important role in the adsorption of large
molecular adsorbates. From the resuits of liquid-phase
adsorption experiments, we can conclude that the activated
carbon prepared from waste tires with HCI treatment prior
to steam activation is a suitable adsorbent for liquid-phase
adsorption of bulky molecules.

4. Conclusion

In this work, fairly mesoporous activated carbons were
produced from waste tires rubber through a conventional
preduction process: carbonization followed by steam acti-
vation. Moreover, it was found that when the chars were
acid-treated prior 10 steam activation, highly mesoporous
activated carbons could be obtained. [t was also found that
acid treatment prior to steam activation could improve not
only the mesoporosity but also the microporasity of the
resulting activated carbons.

The phenol adsorption capacity of a typical mesoporous
activated carbon prepared in this work was slightly lower
than that of a typical commercial product, even thrugh the
micropore volume of prepared carbon was larger than the
commercial one. On the other hand, due to its larger
mesopore volume, the same activated carbon showed a
farger dye adsorption capacity than its commercial counter-
part. The rtesults of liquid-phase adsorption experiments
reveal that the acid-treated activated carbon prepared from
waste tires is a suitable adsotbent for waste water treat-
ment especially systems which invelve bulky molecules.
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Abstract

The solids motion in a gas—selid Nuidized bed was investigated via discrete particle simulation. The motion of individual particles in
a uniform particle system and a binary paricle system was monitured by the solution of the Newtun's second law of motion. The force
acting on each particle consists of the contact force between panticles and the force exerted by the surrounding Auid. The contact force is
muodeled by using the analogy of spring, dash-pot and friction slider, The llow ficld of gas was predicted by the Navier—Stokes gquatian,
The solids distribution is non-uniform in the bed, which is very diluted near the center but high near the wall. [t was also found that there
is a single selids circulation cell in the Buidized bed with ascending at the center and descending near the wall. This finding agrees with
the experimemal results oblained by Moslemian, The effevts of the operaling conditions, such as superficial gas veluity, particle size,
and column size o the solids movemenl, were investigated. [n the Auidized bed containing uniform particles better solids mixing was
found w the larger bed containing smaller size particles and operated at higher superlicial gas velocity. In the system contaming binary
particles, it was shown that under suttable conditions the particles in a fluidized bed could be made mixable ur non-mixable depending on
the ratios of particle sizes and densities. Better mixing of binary particles was found in the system containing particles with less different
densitics and closer sizes. These results were found to follow the mixing and segregation criteria obtained experimentatly by Tanska of al.
& 2003 Elsevier Science Lid. Alf rights reserved.

Kevwores: Simulaiien; Modelling: Diserete particle simuiation; Selids motion: Mixing: Flundization

1. Introduction systern (Helland, Occelli, & Tadrist, 2002; Samueisberg &
Hjertager, 1996; Johnsson, Andersson, & Leckner. 1991,
The solids low pattern and solids mixing in a (luidized Bouillard, Gidaspow, & Lyczkowski, 1991; Prichett, Blake,

bed are imporiant for the design and operation of the bed. & Garg, 1978). However, the great number of large parti-
Mixing and segregation ol particles in the bed influcnee rates cle in a fluidized bed requires the mode! based on realis-
of mass and heat transfer in the bed. However, the solids tic assumptions such as the distinct element method (DEM)
behavior in such bed is difficult 1o access due to the com- {Cundall & Strack, 1979).
plex mteraction of the particles in the bed. The measure- This work aims to investigate the solids motion 1n a gas -
ment method of local solids motion in a three-dimensional solid fluidized bed via discrete particle simulation, The mo-
fluidized bed usually is an invasive techrugue, which al- tien of individual particles in a uniform particle system and
ters the flow pattern in the bed. Most of available infor- a binary particle system was monitored by the solution of
mation regarding the fow patiern and mixing in the litera- the Newton's second law of motion. The force acting on
ture provides only average characterization. The two-fluid each particle consists of the contact force between particles
model, which regards the solid particles as a continuum and the force exerted by the surrounding fluid. The contact
was usually uscd to simulate the fow behaviur of gas-solid force is modeled by using the analogy of spring, dash-pot
and friction slider, which was firsi proposed by Cundall and
~ * Corresponding author. Tel.: 66-2-5792083; fax: 66-2-5792083. Strack (1979). The flow field of gas was predicted by the
E-mradd address: Tengsulitku ac th {S. Limtrako!). Navier-Stokes equation.

0009-2509/01/3 - sce front mattes €0 2003 Elsevier Svience Lid, All rights reserved.
iz 10.1G16/50009-2509(02 0062 5-4
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spring
slider
dash-pot
ﬂﬁ—ﬁ
slldcr
dash-pot
(a} (b)

Fig. |. Models of comact forces: (a) narmal furee and (b) tangential foree.

2. Mathematical modeling

The mathematical models consist of equations of particle
maotion and equation of fuid.

2.1 Purticle motion

The particle movement is evaluated by the Newton equa-
tion of motion which includes the elfccts of gravitational
force, conlact force, and fluid force. The cquations of tran-
sitional and rotational motions can be written as

+ 4, (1)

; (2)

where the acceleration of particles (ds) 15 a function of the
summ of force acting on the patticle (£} and the anguiar
acceleration of particies (&g) depends on the torque (7))
caused by the contact force and the moment of inertia of
pacticles (/). The force acting on the particles consists of
the particle contact forces (f ¢) and the force exerted by the
surrounding fluid (f p):

F=/fc+To (3)
The contact force between two sphericai particles can be
predicted by the simple model ag shown in Fig. 1 which was
first praposed by Cundall and Strack (1979), The mode] es-
timates the contact forces using the same concepts of spring,
dash-pot and friction slider. Thus the model depends on the
parameters of stiffness, dissipation and friction cocflicients
which can be obtained from the physical propertics of the
particles. The details of the estimation of paramcters were
shown in the previcus work { Tsuy, Tanaka, & Ishida, 1992).
The normal and tangential contact forces as shown in Fig.
| are given as

an:_k/\—;n '_nXm (4)

.}:’"Cf:_k/\;.'_n/\.,h (5)
where X, and X, are the particle displacements in the nor-

mal and tangential dircctions, respectively, X the relative
velocity of particles, & the stiffness of the spring and # the
coeflicient of viscous dissipation. If the following relation
iy satisfied

foo > P‘j'l)?c‘,,L (&)

then the Coulomb-type friction law is used instead.

Jor = '!‘,f‘F_?Cn‘n (7

where jis is the fnction cocfficient.

2.2, Fluid flow

The motion of {luid is described by the equation of conti-
nuity and the equation of momentum conservation with the
local mean variables. The fluid is assumed 10 be incompress-
ible and inviscid. The equations are writlen as follows:

Equation of continuity:

-

‘f (V- 0) = 0. ®)

Equation of mumenium conservalion:
£ — — Ve .
ey TER=——t 4+ [y (9)
/

where # is void fiaction, v is velocity vector of fhuid, pis
Auid density, pis pressure of fluid, and j « 18 the fluid drag
force exerted to the particles, which is given by

(@, - ), (10)

where 7 , is the particle velocity vector averaged in a cell.
The coelficicnt § depends on the void fraction given by
(Prichett ¢t al., 1978):

ﬁ_-"—(—l‘{-%[150(1—r}+173m (¢ < 0.8), (1)
ﬁ:%c‘ ”“dz D27k, (6> 08), (12)

where o , 1s the particle hameter and juis the fluid viscosity.
Cp is the drag force on each single particle given by

Cp =24(1 + 0.15Re"™¥7y/Re (R, < 1000), (13)
Cp=043 (R, > 1000), (14}
where

R = E"’_‘ UlL&{fi

H
The equation of Auid motion was solved simultancously

with the equation of particle motion. The numerical method,
SIMPLE, developed by Patankar (1980), was used.

3. Simulation results and discussions

The simulation was carried out in two main systems, the
sysiem containing unifurm particles and the system contain-
ing two types of particles. The binary mixture of different
density particles and the binary mixture of diffurent size par-
ticles were monitored for the mixing and segregating behiav-
ior. The physical properties of the particles and the condi-
tions for the simulation arc shown in Table 1.
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Table |
Physical propenies of the partictes and the simulation conditions
Properties Bed with Bed with Bed with
and conditions ustiferm particles different densities different sizes
Panicle diameter {mm) 6 6/6 10.5/5=2.1 8/6 = 1.33
Particle number 20,000 10.000/10,000 2160717, 280 4.218°'10.000
Particle density (kg'm?) 2500 2500/1000 = 2.5 2500,2000 = 1.25 2500/2500
Minimum fluidizing vetocity (mfs) 2.52 2.75/i.74 2.75/2.464 3.55/2.51 118/2.75
Superficial gas velecity (m/s) 275,45, 6 3.0 30 39 3.5
Particle color Redrfyellow Red/blue Red/blue Blue/red Blue/red
Initial paricle layer Bottem/top Uniform mixed Bottom/top Un:form mixed Bollonviop
Coeflicient of restittion 0.%
Coefficient of friction 0.3
Stiffness (N/m) 800

U=2.75 m/s

t=18¢s

t=24s (=305 (=

t=24s t=30s

t=0s t=06s 1=128 1=18s t=36s (=425

Fig. 2. Axialy sliced nwo-dimensional panicle distnbution as a function of time, 0.152 m diameter column, 6 mm particle, particle number = 20.000,
superficial gas velocity (U,)=275,4.5.6 m/s.
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Fig. 3. Time-averaged two-dimensional velocity veetor plot, superficial
gas velocity: (a) U, = 2.75 m/s. (b) Uy =4.5 m;s, and () Uy =6 mys.

Fig. 2 shows the axially sliced two-dimensional particle
distribution as a function of time at the superficial gas ve-
locities in the range of 2.75—6 m/s. At the center of the bed,
large bubbles are zenerated. Thus, the solids distribution is
nen-uniform in the bed, which is very diluted near the cen-
ter but high near the wall. Fig. 3 shows the time-averaged
two-dimensional solids vetocity vector plots. There is a sin-
gle solids eirculation cell in the fluidized bed with ascending
at the center and descending near the wall. The circulation
movement of the solids causes the good mixing of the solids
in the bed. The solids flow pattern from simulation agrees
well with the solids flow pattern obtained by the radioac-
tive particle tracking method (Moslemian, 1987) as shown
in Fig. 4. The solids flow pattern and the solids mixing are
dependent on the gas superficial gas velocity. The solids cir-
culation velocity and the solids mixing increase as the super-
ficial gas velocity increases from 2.735 to 6 m/s as shown in
Figs. 2 and 3. At higher superficial gas velocity, the steady
state can be approached faster. The ellect of the particle size
on the solid velocity and mixing is shown in Figs. 5 and 6,
respectively. The solid mixing of particles in the bed can
be shown by the ratio of solid holdup of particles located at
the top part and the solid holdup of particles located at the

(@) Vmax =t2mis (0} Vina =096 m/s
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0.38 |-t
i .
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Fig. 4. Comparison of simulation result and experimental result: {a)
simulation result and (b) experimental result hy Moslemian (1987).
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Fig. 5. Effect of particle size on time-averaged axiual veloaty,

bottom of the bed at the beginming. If the ratio approaches
untity, the good mixing will be obtained. The particle sizes
of 4, 6 and 10 mm were investigated, It was found that the
small particles move with higher circulation leading to good
mixing of particles in the bed (Ewp/fbanem — 1)

Figs. 7 and 8 show the effect of column size on the solids
circulaton and mixing. Better solid mixing and kigher solid
circulation were found in the larger bed diameter.
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Fig. 6. Effect of panicle size on the mixing {on the phase holdup of
the top particles/the phase holdup of the bottom particles) at bed height
(z:7y =028
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Fig. 7. Effect of column size on tme-averaged axial velocity.
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Fig. 8 Effect of column size on the mixing (on the phase holdup of
the 1op particles/the phase holdup of the bottom particles) at bed height
(z7)=038.

Figs. 9(a) and (b) show the mixing and segregating be-
havior as a function of time in the period of 0-5.7 5 for
the system containing two types of particles with two den-
siies. In the system containing binary particles with the
density ratio of 2.5, the well-mixed bed at the beginning {at
fixed bed condition) becomex segregated as Auidizing. The
heavy particles are located on the bottom and the lighter
particles are located at the top {see Fig. 9(a)). On the other
hand the bed containing binary particles with the density
ratio of 1.25 shows mixing behavior. The bed behavior
alters from the segregating bed to mixing bed after chang-
ing from a fixed bed (f = 0) 10 a fluidized bed (see Fig.
9(b)). Similarly, the mixing and segregating behavior of
the system containing two sizes of particles were shown
in Figs. 9(c) and (d). The systems with size ratios of 1.33
and 2.1 show mixing behavior and segregating behavior,
respectively. These results were also experimentally found
by Tanaka, Mituji, and Takahashi (1996). They showed
that conditions of mixing and segregation were formulated
by

Degy N { o :
0.5 < —) (’) <2 (15)
Dpary) \ppa

The simulation ¢ondition

2
(DP(B)) (Pﬂ(ﬂ)) of (1)(2_5)2 = (.25

DMA) Ppiad

is in the Tanaka's regime of segregation. The simulation
results were found that the different density particles are
non-mixabie in the bed as shown in Fig. 9(a). On the other
hand, Fig. 9(b) shows the simulation result at the Tanaka's
mixing condition

Dpys) P\
( ¢ ) (”—) of (1)(1.25) = 1.56.
Dp(.»n o)

Similarly, in the mixture system of different size particles,
the simulation conditions

2
(M) (””“”) of (2.13(1)= 2.1 and (1.33)(1) = 1.33
Doy )

are in the Tanaka’s regimes of segregation and mixing,
respectively, as shown in Figs. 9(c) and (4).

4. Conclusions

This work successfully applied the discrete particle sim-
ulation to predict the flow pattern, and mixing and segre-
gation of solids particles in a cylindrical fluidized bed. The
solids distribution is non-uniform in the bed, which is very
diluted near the center but high near the wall. 1t was also
found that there is a single salids circulation cell in the
fluidized bed with ascending at the center and descending
near the wall. This inding agrees with the experimental re-
sults obtained by Mostemian (1987). In the fluidized bed
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Red: 2500 kg/m*
Blue: 1000 kg,’m‘

1=0s 1=1.5s t=3.3s 1=4.5 s

Red: 2500 kg/m®
Blue: 2000 kg/m?

t=4.535 =545 1=57s

Blue: 10.5 mm
Red: S mm

Blue: 8 mm

Red: 6 mm

1=0s 1=1.25 =365 (=4.8s 1=6.0s

Q)]

Fig. 9. Segreuation and mixing behavior of fluidized beds containing particles with different 1ypes: {a} different densitics gy, /p; = 2.5, {b) differem
densities py/pp = 1.25, (¢} gifferent sizes oy, of, = 2.1 and (d) different sizes oy o, = 1,33,

containing uniform particles betier solids mixing was found Notation
in a larger bed containing smatler size particles and operated

at higher superficial gas velocity, In the system containing as accelerauion of particle

binary particles, it was shown that under suitable conditions Dp particle diameter

the particles in a fluidized bed could be made mixable or F sum of forces acting on particle
non-mixadle depending on the ratios of particle sizes and fe contact force

densities. Better mixing of binary particles was found in 7n fluid drag force

the system containing particles with less different densities q gravily acceleration of particle
and closer sizes. These results were found to follow the ! imertial mament of particle
mixing and segregation critena obtained experimentally by k stifiness of particle

Tanaka et al. m particle mass
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T torque

iip particle velocity vector averaged in a cell
F velocity vector of fluid

X displacement of particle

X relative velocity of particles

Greek lettery

oty angular acceleration of particle
£ void fraction {porosity)

i coefficient of viscous dissipation
It gas viscosity

iy friction coefficient

£ pas density

Subscripts

n normal direction

I tangenttal direction
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ABSTRACT A steady state model of co-current spray evaporater and alr (de)humidifier for non-isothernal
droplets has been developed to investigate the effect of polydispersity of droplet stze on performance. The
modlet is validated by comparison with resolts of Dickinson and Marshall (1968, AICHE ].14.541). It reveals
that their Ideal assumption of constant droplet temperature leads to significant error when the draplet size
distribution is strongly polydisperse. Nurnerous simulation cases of the spray evaparatar show that the
average droplet diameter and droplet size distribution of water spray significantly alfect the change in the air
properties and the size, velocity and ternperature of water dropiets. For polydisperse droplets, a narrower
dropiet size distribution { & =0.2) shows a more rapid decrease in the diameter of the droplets, thus causing
a more rapid lemperature decrease and humidity increase of the air than the case of a broader draplet size

distribution { ¢ =0.4) with the same vulume-averaged diameter.

KEYWORDS: evaporatar, dehumidifier. polydisperse droplet. non-isothermal droplet.

INTRODUCTION

The evaporation/condensation of a volatile
component {usually water vapor) from/on spray
droplets invelves simultaneous heat and mass transfer.
Upon contact between atomized droplets and drying
air, heat is transfcrred by convection from the air to the
droplet, and converted to lat~nt heat during moisture
evaporation. The vaporized moisture is transported
into the air by convection through the gas boundary
layer that surrounds each droplet. The velocities of
droplets leaving the riozzie of the atomizer may difller
greatly from the velocity of the surrounding air, and
simultaneously with heat and mass transfer, thereisan
exchange of momentum between the droplets and
surroundings. The rate of heat and mass transfer is a
function of temperature, humidity and transport
propertiesof the air surrounding each droplet. ltisatso
afunctionof the droplet diameter and relative velocity
between the droplets and air.’

Humidification processes are carried outta control
the humidily of an zir spacc or. more usually. to cool
and recycle process water threugh contact with low-
humldity air. The directions of heat and mass transfer
are determined by the relation between the humidity
and temperature of the inlet gas phase and the
temperature of the contacting liquid. The most obvious
formof humidification equipment is the spray chamber.
Here. the contacting liquid is sprayed as a mistinto the

gas stream. Gas velocity is kept low so that the comtact
time is high. Dehumidification processes are practised
mostcommonly as astep in an air conditioning system.
In this process. a warm vapor gas mixture is contacted
with a cool liquid. Vapor condenses out of the gas
phase, the gas phase cools. and the liquid is warmed.
Both sensible and latent heal are transferred toward
the tiquid phase.”

Some notable contributors to spray evaporation
analysis are Probert’, Marshall’. Shapiro and Erickson®,
Manning and Gauvin®, Bose and Pei’, Dickinson and
Marshall®, Keey and Pham”, and Carslaw and Jaeger.'
More specifically. Prober?® presented a thearetical
analysis based uponaspray size distribution foellowing
the Rosin-Rammler distribution. Polydisperse spray
droplets were considered to have zero relative velocity
with respect to the air stream and changes in the
temperature driving force were assumed negligible
during evaporation. Marshall' investigated spray
evaporation ol droplets following a logarithmic
distribution, evaporating under zero relative velocity
conditions and the same temperature driving force.
Dickinson and Marshall! studied the spray evaporation
under ideal conditions ol constant droplet lemperature
and both negligible and significant relative velocity
between the spray and air.

Since the rate of evaporation depends on the
individual draplet size and the droplet temperatures
are expected 10 vary during the first stage of water-air
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contact. especially in the case of an evaporation tower,
it was decided to develop a more rigorous mathematical
model of the co-current spray evaporatar, in arder to
investigate the effect of variable droplet temperature
and polydispersity. Inaddition thespray droplets wore
considered 1o have variable relative velocity. In lact,
the present model s readily applicable to the
humidification and dehumidification processes.

MatHemMaTicaL MoDEL

The main assumptions of the model are as follows.

1. With the exception of the water droplets. the
process is adiabatic and at steady state.

2. Air movement in the spray column may be
approximated as plug flow with negligible heat
conduction in the radial direction and negligible finw
disturbance from the presence of the droplets.

3. Liquid droplets are esscntially spherical and
move vertically downwards. The cffects of droplet
cozlescence. breakage and wall collision are negligible.

4. Droplets are uniformly distributed over the
cross section of the vertical column. They are
introduced into the spray chamber at the same arbitrary
inlet velocity Vpu.

(Gas-phase water balance in the annulus:

ScienceAsta 29 (2003)
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Fig 1. Control valume for heat and mass balancs

Case of Monodisperse Droplets

First we treat the case of monodisperse droplets of
inlet dinmeter Dpu. By considering simuttaneous heat
ancl mass trans{er between the air and droplets within
an annulus of differential thickness Ar and height
Az . as shown in Fig 1. five governing differential
equations arc dorived as follows."!

i
Overall water balance in the annulus:
0= Zm'ArCaOHL:Z S ZHrAr‘GdUHL:z‘M
MDBP 3
+| 0P | ear) 22 @), @
Water-phase enevgy balance in the annulus;
daxD? p sl
0= =27 @marC,) (T, - T)| - 2222 @marC, ) (T, -T))
w=x #oavAz
Az Az
+ ﬁa?nTArV—hr:TDi (T, - Tp) - ﬂmﬂr‘?—kgn’Di(Hp - H)[/lp +C (T, - Tp)] (3)

" i

Overall energy balance in the annulus:
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(}:——6' Mo (T -T) - 6’ £
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Equation of mation of one representative monadisperse droplet in the annulus:
2, _pih( ), (el
Divide equations (1) to (4) by Ar Az, lakegrﬂ‘ and then rearrange the terms o obtain
di y,frﬂf,(f, - Tp]
- (6)
dz C,O/'{PVP
dﬂ =247 -T)
7
T, ?
AU CAE,=HT-T,)
EL:[ ~&4, ] 9 £,
& \p0VC, _(T_”_C!(Tg—ﬂ)(f,—fg) (8)
! 2’ .
A, -B) CUH,-I,~T)]
, +
ﬂ:[ 7D ] ¢, C,
i\ 1,6,C, (1-1)- CAL-T)I-T)
/‘{'ﬁ A
u.C xl
( J”—L] T,-T)I,-1)
; .-OCJR';
[—JTDL](T neir,-1)+2,] ©)
veen )T *

Since z is the position ofthe representative droplet, then —f‘ is the droplet velocity. V. Multiplying the lefl
hand side of equation (5) by . alter rezrranging we obtain

ﬂ/L Py~ P & 3C,p, 2
4 = v | an ~ v (V’—V‘) (10)
z s, v, \4D,p,V,

where Cj is drag coeflicient. C, is heat capacity of humid air. C is heal capacity of water. C is heal capacity
of wat(,r vapor, D is d1ameter g Is gravilational acul(,ratlon G is mass velocity of air, h Js convective
film heat transfer coefficierit, H is air humidity, H_is saturated air humidity at droplet tempuatux ek is film
mass transfer coefficient, n is the number-based droplet flux, 1 is the radial coordinate, T is temperature, V
is velocity. z is the axial coordinate pointing downwards, A is latent heat of vaporization and p is density.
The meaning of the subscripts is as follows. 0 inlet condition, a: air, p© water droplet and 1~ reference state,
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Case of Polydisperse Droplets

[t is assumed that the particle size distribution of the polydisperse droplets is given or known a priori,
For simplicity. the inlet particles will be classified into kelss size fractinns, say. kelss = 20 ro 40 Each fraction
is characterized by a single class size Dpk. which will change as a lunction of z as evaporation occurs. By
considering all kelss class sizes and making a similar derivation as the mionodisperse case, we chlain equations

{1110 (15) in dimensionless (orms as follows (k = 1. 2. 3, ... . kelss) -
LA ) JZ '[—L&;D-z’](r' 7)) (1)
—i i _ _
dz \ Dpl!u'r i3 },J V,u.l ! #
" \ . £
NP EANTEA .
ﬂ'Z D plarwe p pl’?‘pf Vyo fo

A g A -)
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where!”

i Cu w g V5 05
d { [l A’ 052
L) e[y o) [ 9

H
(1)
L,CF,,uJand are calculated at the film temperature, Tr = —ZL
. Table 1. Example of log-normal distribution (volume-
S LB HD) D averaged D=200 pm. 6=0.2) andinlet flux of
) .5 ARSI . D;,, _ | ]f _ ]{ droplets in each size fraction,
s 100 Dore é ! Froction | Droplet |Repmentaive|  Flux Number |
number| ciass slze | diameter | of droplets | of dioplets
(k) (prn) {um) (rm?s) (%)
- L Tﬂ“ 1 0-40 20 4.67E-08 | 5.33E-13
. T _T 2 | 40-80 60 8.75E+01 | ©.986-04
A T 3 80-120 100 1.1GE+05 | 1.26E+00
4 120-160 140 1.75E+06 | 1.99E+01
rTo_7 T_7p V 5 160-200 180 3.61E406 | 4.12E401
(1 T _| LT V- . 6 200-240 220 2.33E406 | 2.66E+01
“lr 7 r T _71 | a Vo 7 240-280 260 7.62E+05 | 8.70E400
a4 A4 ” 8 280-320 300 1.67E+05 | 1.90E+00
10 |s60400 | G0 |4296.05 | dsorc2
5 29E+ BOE-
Vo Y’i , . Az ‘ . C ,,,,[T,o -T ,,o) 11 | 400-440 | 420 | 5.92E+402 | 6.76E-03
4= V A7 = F a, = 2 ' 12 440-480 460 7.85E+01 | 8.96E-04
” f o 13 480-520 500 1.02£+01 | 1.17E-04
: 14 520-560 540 1.34E+00 | 1.52E-05
i 1 bl =1, e |omam | @ |1E% |EH
& = Vg e y, =2 17 | 640680 | 660 | 3.276-03 | 3.73E-08
wt T, —T,) 1.6 d 18 | 680-720 | 700 | 4.62E-04 | 5.27E-09
P I A 19 720-760 740 6.73E-05 | 7.68E-10
is Lthermal conductivity, kclss is the total number of 20 760-800 780 1.01E-05 | 1.15E-10
droplet class sizes, f is the total number of droplets 8.77E+06 | ¥.00E+02
and  isviseosity. The meaningof the subseriptsare as
follows. ave @ average, T film, k @ droplet class size 1
number. and t : column. The superseript ® means 1
dimensionless value. \
In the case of monedisperse droplats, we may use -
kelss —1. Equations (11) to (15) arc integrated 3 ke G et
simultancously using the fourth-order Runge-Kutta S T nawm
method. [nthe present model, the droplet temperature "l s
of each size fraction is not assumed to be constant, but i N -
varies with z. In the case of palydispuerse droplets, the ‘ 1
dropietsize distribution at the inlet wili be represented Frez 1 '
by a sufficiently large muinber of droplet class sizes or i
fractions as shown in Table 1. The totl number of i ‘_ [
ordinary differcntial equations is (37 kclss +2}. The b |
validation of the present model was carried out by g )
comparing with the simulation results published by air A
Dickinson and Marshall® {D-Mmadel) as shownin Fig 2. 0 4 '

According to D-M model the deflinitions of the
evaporation index. . on the horizontal axis and the

unevaporated volume fraction on the vertical axis Fig 2. Comparison between the present model {dot) and
are given by Dickinson and Marshell (D M) (lines) for log-normal
polydisperse droplets.
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=l

The majordilference between the two maodels is the
assumption of constant droplet temperature in the D-
M model. As expected, when the droplet size
distribution is monodisperse {  =0) or relatively narrow

—_ R
( =02. or 220,281 ) 49). the wwo
0,310, =1581%
simulationresultsagreewell. Here, or is the cumularive

ratio =

distribution. However. when the size distribution is
strongly polydisperse (07-0.4,0r  ratio=2.26). the
discrepancy may be attributed to the fact that the
smaller droplets have much higher specific surface
area and experience faster cooling effect than the larger
ones. This means that the assumption of constant
droplet temperature leads to significant error in the
prediction when very smalland large droplets coexist.
[y any case, the applicability of the present model has
been confirmed.

ResuLts anD Discussion

Case of Monodisperse Droplets

To better understand the heat and mass transfer
phencmena, we first consider the case ol a
monodisperse spray of water droplets. The conditions
of simulation are as [ollows. The temperature, spray
inlet velocity and muass velocity of droplets at the
evaporatorinletare 333. 16 K. 40 8 ms 'and 0.(036724
kg m 3! respectively. The inlet air temperature,
humidity and mass velacity are 533. 16 K, 0.00 kg vapor
kg 'dryairand 0.5298 kg dry air m'?s * respectively. To
clearly elucidate the phenomena, perfectly dry air is
chosen. The suitable integration step size Az has been
found in advance to be 2x107 m. The three cases of
monodisperse spray have inlet diameters of 50, 100
and 200 pm, respectively, with the same mass velocity.

Fig 3 reveals that when the droplets are smaller, the
decreasing rate of droplet diameter is faster because
small droplets have more surface area per volume than
large ones, At steady state, the height required for
complete evaporation of water droplets is only 0.1 m
for D= 50 umbutincreasesto 1.2 mfor D _=200pm.

po

Fig ﬁlpconﬁrms that the droplet termperature is not
constant but shows a rapid decrease before increasing
toaconstant asymptotic value, which is essentially the
wet-bulb temperature. Fig 5 shows arapid drop inthe
droplet velocity near the inlet. As the dropler size
decreascs, the terminal velocity and the relative velocity
of the droplets with respect te the air stream gradually
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Fig 3. Relationship between droplet diameter and helght of
chamber for monodisperse droplets.
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Fig 4. Relationship Letween droplet lernpeiatare and helght
ol chanmber lor monodisperse droplets.
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Fig 5. Relationship Letween droplel velocity and height of
chamibn:r for monodisperse droplets.
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decrease. Similarly, Fips 6 and 7 show that a rapid
decrease in the air temperature is accompanied by a
corresponding increase in the pir humidity. Smaller
droplets effect a more rapid change in the air properties
beeause they have grester surface area per volume
than larger ones.

Case of Polydisperse Droplets

All simulation conditions are the same as the
monodisperse case except the spray characteristics,
whichare as showniz: Fig 8. The mathematical definition
of log-normal distribution is

d(x) 1
—— = —exp

KD~ Do Jin

(mp-np,) (18)

20!

where Nis the number of droplets of size between D
and D+dD, D is droplet diameter, 6= In 6 is the
standard deviation, ¢, is the geometric standard
deviation. and DcMis the geometric mean diameter.'
Note that, though the volume-averaged diameters lor
the two log-normal distributions in Fig 8 ave the same,
their inlet number-averaged diameters are 191.5 and
1700 um for 6 = 0.2 and ¢ = 0.4, respectively. For
simplicity. the entering droplets are divided into 20
class [ractions.

Fiz 9 shows that, in the case of polydisperse
distributions, a size fraction with smaller droplets
always evaporutes faster than one with larger dreplets.
Since lerge drouplets need longer distance to evaporate
completely, the observed size distribution will no longer
remain log-normal butchange with the chamber height,
Fig 10 shows that. as expected, smaller droplets show
more rapid (emperature change with the height than
larger ones. Interestingly. the simallest droplets may
experience notable sub-cooling in the early stage of
evaporation. before all droplets reach essentially the
same wel-bulb temperature. Fig 11 givesanexampleof
the changes in droplet velocities with the chamber
height for each size fraction of the druplets. As
expected. the smaller the droplets. the lesser the
distance it takes to reach the final terminal settling
velocity. Ascvaporation occurs. the droplet size and its
corresponding termina! velocity will become smaller.
As a consequence, the distance required 1o reach the
final velocity during evaporation will belonger than in
the case of no evaporation. Fig 12 shows how th number-
averaged Dpnm andvolume-averaged me, droplet
diameters change with the height. As expected. the
narrower the droplet size distribution, the faster the
change in aveiage diameters. Therefore, the required
height of the spray tower can significantly be reduced
with the use of mare nearly monodisperse spray. Though
not shown here. it has been found that the narrower
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droplet size distribution shows a slightly imore rapid
decrease in the average droplet temperature than the
broader distribution. When ¢ =0.2, it takesup to | m
for all the average temperatures (o reach the wet-bulb
temperature. Figs 13 and 14 show thal. as expected
from Fig 11, the narrower droplet size distribution
results in a more rapid change in the air temperature
and humidity than the broader distribution with the
same volume-averaged diameter. Since the mass
velocities of hot air and water spray are the samic in atl
three cases, the final air temperatures and humidities
become the same in all cases.

CONCLUSION

From Fig 12, the required effective height of an
evaporator in the case of monodisperse spray can be
assmall as one-eighth of that with broad polydispersity
(log-normal distribution with ¢ =0.4). Therefore. a
manufacturer must pay great attention to the selection
and performance of the atomizer. As for the generally
accepled assumption of constanl droplet temperature
in the evaporator. Figs. 4 and 10 show that for an inlet
volume-averaged droplel diameter of 200 pm. the
droplets will not reach the wet-bulb temperature within
the first 0.5 m, in the case of monedisperse droplets.
and not within 1 m for the largest size fraction when
¢ = 0.2. Therefore. the said assumptrion could lead to
significant error in the prediction.
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Abstract

This paper presents analytical partial derivative equations required for multicomponent critical point calculation.
These partial derivative equations follow the computational scheme developed by Heideman and Khalil, but extended
to excess free energy mixing rules. The mixing rules implemented in this paper are the Wong—Sandler {WS), the
modified Huron—Vidal first and second orders mixing rules. The Peng-Robinson equation of state and the NRTL
activily model are used in all calculations. However, the calculation based on the derivative is not limited to the
mixing rules referred in this paper. It can also be applied to any other mixing rules. It is found that the calculations
using these analytical partial derivarive equations are superior, in computation time and reliability, that using the
numerical partial derivative equations.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Critical state: Method of calculation; Equation of state; Excess free energy; Mixing rule

1. Introduction

Calculations of critical points of mixtures are important in investigating high-pressure phase behavior.
Measurements of critical points are costly. Therefore, they are often determined from thermodynamic
model using phase equilibrium parameters. Recently, a number of researchers combined the excess free
energy model with the mixing rule to extend the applications of simple equations of state to complex
systems, including polar components [2,3]. Normally, the mixing rule parameters can be obtained directly
from an excess free energy model, such as UNIQUAC and NRTL. This is done by setting the expression
for excess free energy calculated from an equation of state equal to that of an activity model. The
Wong-Sandler (WS) and the modified Huron—Vidal first and second orders (MHV | and MHV2) mixing
rules are among the most successfully and widely used of these excess free energy mixing rules.

* Corresponding author. Tel.: +-662-564-3002-9x3122; fax: +662-564-3010.
E-mail address: csatok@engr.tu.ac.th (8. Chaikunchuensakuon).

0378-3812/03/3 - see front matter © 2003 Eisevier Science B.V. All rights reserved.
doi:10.1016/S0378-3812¢03)00080-3
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Nevertheless only a few investigators studied the behavior of critical curve using a cubic equation of
state with excess free energy mixing rules. Kolar and Kojima {4} calculated several types of critical phase
behavior using the MHV1 mixing rule. Castier and Sandler [5] and Alvarado et al. [6] compared the
calculation of critical points using the WS mixing rule with experimental data.

The objective of this paper is 1o develop analytical partial derivative equations for the computa-
tional method developed by Heidemann and Khali! [1]. A modified procedure is also presented. The
Peng-Robinson equation of state and the NRTL activity model! are used in this paper. The calculations
with these analytical partial derivative equations are also compared with the calculations by the numerical
partial derivative equations using a four-point difference scheme [7].

2. Thermodynamic model

An equation of state can be written as

RT a

P = — :
v—>b  (v+ 50 v+ d:b)

(1)

where §; = 2.414 and 8; = —0.414 for the Peng -Robinson equation of state [8]. The mixture parameters
a and b are derived from excess free energy mixing rules.
Wong and Sandler [2] developed a mixing rule, in which the mixture parameters can be written as

b= ¢ (2)
| —o
A%
“= 2““‘ T 0.6232RT (3)
where
o= and =G
= BRT %= LRT 4)

0= X0 (0~ 57), ®)

The cross combination in Eq. {5) is given as

(b_ i) _ (b ~ (@i/RT)) + (b; — (a,;/RT))
RT/; 2

(1 — k) (6)

Orbey and Sandler [9] suggested a different form of the cross combination

(I —k&y) (7)

The parameter k;; is a binary interaction parameter and AZ, s infinite pressure excess Helmhottz free
enetrgy.
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Dahl and Michelsen {3] developed the modified Huron-Vidal first and second orders mixing rules at
zero pressure reference state. The mixture parameters can be written as

E
qi (a - foor.-) + ¢ (a — Zx.-af) = %— + fobﬁ,- (8)

The parameter b follows the combination as suggested by Alvarado and Sandler [11].
b+ b
b= D by, by= ( . ) (1= ky) ©
T

where g1 = —0.593 and ¢, = 0 for the MHVI, g1 = —0.4347 and ¢g> = —0.003654 for the MHV?2 and
gk is an excess Gibbs free energy at zero pressure.
The corresponding pure-component parameters, b; and a;, are given by

R
b = 0.0778 (10)
and
RIT2 T ‘
;= 045724 | 1 11— =
a 3 ( +m ( ch)) (1
where
m; = 0.37464 4 1.54220; — 0.269920? (12)

The parameter 7 1s a critical temperature, P, a critical pressure, and w is an acentic factor of a pure
component.

3. A critical point condition

Practically, with a pressure-explicit equation of state, a critical condition is obtained from equating the
second and third derivatives of the Helmholtz free energy to zero, and it can be written as

@ An =0, an' An=1 (13)

where Oy = (*A/dn;n;)7v, and the cubic summation equation

3P A
E E = 4
¢= ZAH' anjam (an on 311;:)7.1, 0 (19

Heidemann and Khalil [1] suggested a neat algorithm of critical point calculation. The caleulation of
a critical temperature 1§ reiterated until the determinant of the matrix @ becomes zero at a specified
volume, and the non-trivial element Aw; is calculated from Eq. (13) while restricting An,, being positive.
The critical volume is determined in the outer loop until the cubic summation in Eq. {14) becomes zero
as well.

For simplification, notation of a constant temperature and a total volume is omitted for the partial
derivative equations, which are presented in the subsequent sections.
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4. General form of the partial derivative equations

Using analytical partial derivative equations (kgs. ([3) and (14)) can be written for Eq. (1} as
8,1 onb  onb . anbN [ onb Ff2 + aF3 3 ( Zna ) 5
Qy=1"+ 8n, ' an b an; on b2 anon;) 2

anb\ [ Ona anb e F 1 / nb o s
- -— — |+ | — ||+t ; - — {15)
an; anj 3!’1_'.' an,' 2b b an,‘anl; 2

Z« +3Flfz& +3Fn (i‘) - %&3+ (F, - fﬁ) By 32 [élc_xz + @5;1}

2

+3F; (%) & +3(Fl +a F3)&%+2(r1 —an)(ﬁ') (16)

where

- d*nb
= AniAny 18
i) 2;(8m8”j) LINAY Y (18)
Fnb
ZZZ (311 o dn,\) i B j A (19)

o=y (‘:ﬁ) An (20)

I;

0 (A am 1)

= n;An;

aly on;an ; !

ZZZ i N p, s, A (22)
8!1 an  iny PETE

and F,—Fs are given in Appendix A as functions of v/b. The first, second and third partial denvative
equations of #e and nb with respect to composition at a constant temperature and a total volume are given
in Appendix B for the basic, WS, MHVI1 and MHV?2 mixing rules. When substituting these derivative
equations for the basic mixing rule in Eqs. (15) and {16), the resulting equations are equivalent to those
presented by Michelsen and Heidemann [10].

Alternatively, Eq. (13) can be considered as the eigenvalue/eigen vector calculation of a vapor-liquid
critical point. This is done by multiplying Eq. (15) with x; and Eq. (13) can be re-arranged to

(M—-NDAon=0 (23)
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where

ij:—x;((@-;—@)i-{- dnb (@ Fy +af _( Fna
n;  An; ) b an; an b? onion;/ 2

L/ &nb a ks onb ona onb onay | Fy
+ - F-22) () (22 o (22 (22| 22 (24)

b Bn,-an 2 8?‘1,‘ 8nj- anj 8n,- 2b
With an mnitial guess Zix,- 1.;, the element of the matrix M (Eq. (24)) is calculated. The critical temperature
root is involved with the largest positive eigenvalue of matrix M. The shift inverse power algorithm [12]
is utilized to determine this eigenvalue and its corresponding eigenvector pairs. The critical temperature

and the non-trivial element An; are obtained when this eigenvalue of the matrix M equals 1 at a specific
volume. The critical volume is determined in the cuter loop until the cubic summation becomes zero.

5. Examples

Cnitical points were calculated for three binary and one ternary mixtures. Table 1 presented the ther-
modynamics properties of selected pure components taken from Poling et al. [13] and Stevens et al. [14].
Table 2 presented the adjustable parameters &;; and g;;, of each system. The adjustable parameters of the
first two systems were determined by fitting vapor-liquid equilibrium data from Seo et al. [15], Hiaki
et al. [16] and Ishihara et al. [17], and to the Peng—Robinson equation of state and the mixing rules. The
following objective function, F, was used:

oy 2
Tfal _ TkE*P
=Y (T (25)

k

where 76 and T5*P were the calculated and the experimental bubble point temperatures, respectively.
The calcu.ations using the analytical and numerical equations were compared in the average deviations
of temperature and pressure, as follows:
|TAM — TNun) and [P — PNIM| were defined as the average absolute deviations of temperature
and pressure between the calculated result using the analytical and numerical derivative equations,
respectively.

Table 1

Thermodynarnic propertics of selected pure components

Component T (K) P, (bar) w
1-Butanol 563.05 44.23 0.590
2-Butanol 532.63 42.26 0618
Carbnn dioxide 3C4.24 73.54 0.225
Fthano! 513.92 61.48 0.644
n-Heptane 540.10 27.39 0.350
Vinyl acetate 519.2 41.40 0.618

Water 647.13 220.55 0.345
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Table 2

The adjustable parameters for the systems studicd in this paper _

1 2 Mixing rule @ g2/ R an/R k3 Eq. (25)

n-Heptane Ethanol W5 0.05 802.70 —87.02 0.272° 97e -6
MEV] 0.05 —1106.68 1979.38 0.239 l.5¢ - 6
MHV2 6.05 —1115.06 2020.38 0.279 1.5¢ ~ 6

Carben dioxide {-Butanol W5 0.3 572.14 9.74 0.130° 4.8¢ — 5
MIIV 1 0.3 291.98 —77.40 0.203 38e—-5
MHV2 0.3 263.90 234.39 0.285 26e-5

2-Butanol Waler WS 0.2 b ¢ 0.300¢ ¢

Carbon diexide Vinyl acetate WS 0.2 —310.68 413,16 0.470° f

Carbon dioxide 2-Butanol WS 0.2 128.84 20791 0.531¢ r

Vinyl acetate 2-Butanol WS 0.2 253.24 325.55 0.0614 r

2 Use Eq. {7) in the cross combination of the W§ mixing rule.

PR = 6140.6 — 113117 — 929,325/T.

Cen/R =4951.5-0.781T — 961 ,59U/T.

4 Use Eq. (6) in the cross combination of the WS mixing rule.

¢ The adjustable parameter taken from Castier and Sandler [5].
" The adjustable parameter taken from Stevens et al. [14].

|Fou . 7EP) aned [ PE| were defined as the average absolute deviations of temperature
and pressure between the calculated result using the analytical equations and the experimental data,
respectively.

[N — TCEXPI and |PM™ . PCE”‘] were defined as the average absolute deviations of temperature
and pressure between the calculated result using the numerical equations and the experimental data,
respectively.

The convergence criteria for Eqs. (13) and (14) were 102 when calculated using the numerical deriva-
tiv= equations. The convergence criteria employed for Eqs. (13) and (14) were 107 and 1073, respectively,
when calculated using the analytical derivative equations. The average computational times using the an-
alytical and numerical equations were also investigated.

The behavior of the cubic summation was first examined by using six trial v/b (4, 2, 1.5, 1.2, 1.15
and 1.11) to determine ali possible numbers of critical conditions. The critical temperatures and volumes
were calculated with initial guesses taken at approximated cubic summations in vicinity of zeroes.

6. n-Heptane + ethanol system

The critical curve of the binary n-heptane + ethanol system was predicted as shown in Fig. 1. [t was
equivalent to the calculation by Seo et al. [15]. The average temperature and pressure deviations in this
calculation using the numerical equations were shown in Table 3, The #-heptane compositions varied from
0.1t00.9 with 0.1 increments. The WS mixing rule gave the lowest deviations of temperature and pressure
when comparing the calculated results using the analytical equation with that using the numerical equation.
Those calculations using the MHV2 mixing rule gave the highest deviations. When compared with the
experimental data, it was found that the calculation using the analytical equations gave smaller deviations
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Fig. 1. Critical curve of the n-heptane and ethanol system using the analytical derivative equations with the WS, MHV1 and
MHV2 mixing rules; () critical point of pure components and (@) Seo et ab. [15].

of temperature and pressure than that using the numerical equations. The calculated results using the WS
mixing rule gave the lowest deviations of temperature and pressure while the calculated results using the
MHV2 gave the highest deviations of temperature and pressure. The average computational time required
in this problem using the analytical and numerical equations for three mixing rules were also shown in
Table 3. The calculated results using the analytical equations with the WS and MHV | mixing rules were
19 times faster than those calculated using the numerical equations. The calculated results using the
analytical equations with the MHV2 mixing rule were 32 times faster than those using the numerical
equations.

Table 3
Average critical temperature and critical pressure deviations and average compuiational times for the n-heptane and ethano!
system

WS MHV1 MHV2

|TiAnal g Numy 122 1.28 2.28
[pinal _ plum 1.06 1.55 1.87
jTAm T 0.71 1.43 0.71
(pamal _ pE®| 0.90 0.96 1.85
|TNvm — 7P 1.11 1.31 1.79
[PNum _ PSP 0.78 0.97 0.88

Computational time (8)
Num/Anal 5.8/0.31 4.9/0.26 9.3/0.29
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Fig. 2. Critical curve of the carbon dioxide and 1-butanol system using the WS, MHV1 and MHV2 mixing rutes: () critical
point of pure components; (@) Seo et ab. [15]; () Ishihara et al. [17]; and (M) Oliver and Luna [159}.

7. Carbon dioxide + I-butanol system

The cntical curve of the mixture of carbon dioxide and [-butanol was predicted using there mixing
rules, as shown in Fig. 2. The calculated critical curve fitted the experimental data [17-19], especially at
high carbon dioxide mole fractions. The average temperature and pressure derivations of the calculation
using the analytical derivative equations and that using the numerical derivative equations were shown
in Table 4. The simulated carbon dioxide compositions varied from 0.1 to 0.7 with 0.1 increments. The

Table 4
Average critical temperature and critical pressure deviations and average computational times for the carbon dioxide and 1-butanel
system

WS MHV] MHV2
|7::Au.\| = T(:\'uml 831 [299 20.23
|Pcl\|ml | P.-N“ml 643 35.34 55.09
{Tcﬁ.nul - ]r"-:‘—‘l’l i14.58 14.98 14.9%
| Ry 23.46 26.32 10.90
chNum == TC[“"FI 8.35° 1396b 46.78b
|.()‘.:\‘um T PCE"PI 14.792 3990" 614 ]b
Computational time (s)

Num/Anal 3.58/0.38 3.90/0.41 6.22/0.36

*Three experimental data were not converted when using the numerical equations.
® Seven experimental data were not converted when using the numerical equations.
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calculated results using the WS mixing rule gave the lowest deviations of temperature and pressure.
The calculations using the MHV2 mixing rule gave the highest deviations of temperature and pressure.
When compared with the experimental data, the calculated results using the numerical equations gave
smaller deviations of temperature and pressure than those using the analytical equations. However it was
found that some of calculations using the numerical equations were not converted. Among the calculations
using the analytical equations, the WS mixing rule gave the lowest deviations of temperature and pressure
while the MHV?2 gave the highest deviations of temperature and pressure. The average computational time
required for the calculations using the analytical and numerical equations were also shown in Table 4. The
calculated results using the analytical equations with the WS and MHV] mixing rules were nine times
faster than those using the numerical equations. The calculated results using the analytical equations with
the MHV2 mixing rule were 17 times faster than those using the numerical equations. It was also found
that the derivations of the calculated results using three mixing rules increased from »n-heptane 4 ethanol
system. These were occurring because the molecular size different between carbon dioxide and 1-butanol
was Increasing.

8. 2-Butanol 4 water system

The critical curve of the mixture of 2-butanol and water was predicted using the WS mixing rule and
shown in Fig. 3 along with the experimental data obtained from Moriyoshi et al. [20]. The adjustable
parameters were taken from Alvarado et al. [6]. The calculation using the analytical equations was
successfully to determine the high-density critical points similar to the calculation by Alvarado et al. [6].

1000
800 |-

600 -

Pressure [bar]

400

200

0 L | - PP IS T T N T G S ST S SR PR St
200 300 400 500 600 700 800
Temparature [K)

Fig. 3. Critical curve of the 2-butano! and water system using the WS mixing rule: () eritical point of pure components and
(®) Moriyoshi et al, [20].
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Fig. 4. Critical temperature and pressute of carbon dioxide(1) 4 viny] acetate(2) + 2-butanol{3) at constant x/xs = (1/3) using
the WS mixing rule: (@) Stevens et al. [14].

An average computational times required in the calculation using the analytical equations was 0.43 s and
it was found that the calculations at the high-density critical points required more computational time than
the calculations at the low-density critical points. However, the calculation using the numerical equations
was successful in determining only for the low-density critical points in this example. Compared with

150 j
130
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£
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350 400 450 500
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Fig. 5. Critical temperature and pressure of carbon dioxide{1) + vinyl acetate(2) + 2-butanol(3) at constant x,/x; = (3/1) using
the WS mixing rule: (@) Stevens et af. [14].
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the experimental data, the calculated results using the analytical equations of |T2" — T/?| 6f 33.27K
and | PA™ — PE*P| of 170.21 bar.

9. Carbon dioxide + viny! acetate + 2-butanol system

The cnitical points of the temmary system carbon dioxide, vinyl acetate and 2-butanol were calculated
using the Wong—Sandler mixing rule. The adjustablc parameters were taken from Stevens et al. [14] at
413.15 K. The critical curves of this system were shown in Figs. 4 and 5. The calculations were comparable
to the experimental data, except at low temperatures. The calculated results using the analytical equations
gave [TA — TEP| of 8.58 K and | PA™ — PE'®| of 11.70 bar, An average computational time required
for the calculation using the analytical partial derivative equations was 1.3 s. However, the calculation
using the numerical derivative were converted only when increased the value of the tolerance of Eq. (14)
to 600 and an average computational time was {8.86s.

10. Conclusion

Generalized partial derivative equations are developed to connect the critical points calculation such
as the method of Heidmann and Khalil. These partial derivative equations can be derived for all equa-
tions of state and their mixing rules, which are written in the manner of Eq. (1). Another critical point
calculation method by Stradi et al. [21], which indicates all critical points at a given composition can
also use these derivative equations to extend the ability of calculation to new mixing rules. A modifi-
cation of the algorithm and scheme to predict multiple critical points are also presented. The calcula-
tion using this analytical derivative 1s faster than that using the numerical derivative. When the mixing
rules are complicated and the number of components increased, the calculation based on the analytical
derivative equations is superior in computation time and reliability to that of the numerical derivative
equations.

List of symbols

a, b parameters in an equation of state

AE infinite pressure excess Helmholtz free energy
C cubic summation

Fi1—-Fs volume functions (see Appendix A)

gg excess Gibbs free energy at zero pressure

Gij interaction parameter in the NRTL model
kij binary interaction parameter

m parameter in an equation of state

n; number of moles of ith cormponent

nT total number of moles in the mixtures

P pressure (1 bar = 10° Pa)

0 matrix of partial derivative

R universal gas constant = 8.3143 I/mol K
T temperature
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v specific velume
X mole fraction of a component

Greek letiers

o reduced parameter

o NRTL parameter

o) summation of the partial derivative order & of nar in Egs. (22)-(24)
Bs summation of the partial dertvative order & of nb in Eqs. (19)—(21)
8,, 8  constants in an equation of state

A an increment

v activity coeflicient

K dimensionless volume

T NRTL parameter

w acentric factor

Subscripts

c critical property

i,f, k| component numbers

n number of components in a mixture

Superscripts

Anal  calculated results using the analytical derivative equations

Cal calculated results using an excess free encrgy mixing rule

Exp experimental data

Num  calculated results using the numerical derivative equations

Acknowledgements

The authors would like to acknowledge the financial support by the Thailand Research Foundation
(TRF).

Appendix A

VYolume functions F(x) — Fs(k),k = v/b

Fy = (A1)

2 5N (&
fa= & — 92 [(K’f‘ 51) (K + 52)] (AZ)
1 s Y 5\
B 51— & [(K+51) - (K+52) :I (A-3)

I
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e () - ()

T8 Ta | \k+ o K + &2 (A.4)
2 K+ 4,

Fs = |

’ 8 — & f (K-{—&;) . (A.5)

Appendix B

The partial derivative of na, nb and activity coefficient with respect to composition at constant temper-
ature and total volume where

n; n;
X = = -
2n; on
B.1. The partial derivative equations required for the van der Waals basic mixing rule
anb FAnb %nb
e b, 9" (B.1)
an; dn;dnjon,  dn;on;
dno Zijjalj b;
ona {22 %% bi B.2
o —a ( s (B.2)
Phe —ofay+ % B Z,x;ayﬁ _ Z;x:aﬂﬂ) {B.3)
dn;on b? a b a b
Pra e ,bib; S xiay . o bibi > xiaj + 2b,-527;< X
Bn;0n ;Ony b? a bt a b a
-2 Jbé - Erajk - ‘jan‘\- - Falj) (B4)
- 3 - 2 7

[n]]

= ZZGU An; Anj (86)
i

B.2. The partial derivative equations required for the Wong—Sandler mixing rule

anb 2 x(b—(@/RT); b

J; B.7

on; |l — o 1l —« (B.7)
2 - b dnb

gnb _ 1 2(b—i) 4 Loy, —alj,_ljj) (B.8)

onion; (1 —a) RT/y  C on; on on;
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3nb Ldnbdlny; 1onbdlny 13nbdlny, 3%nb
(I - 3o, dny - Ea—n, any Con; ng C ony, on; Janjénk
3nb 8 nb 1 8*Iny;
7. 7 - B.S
T gmone  *anion, T Conjang (B:9)
Ji=1—a— lncy" (B.10)
d iny
; R “_CV_' (B.11)
11
’na _ 1 3dlny (B.12)
on,on T C on; .
Fra 1 dlny (B.13)
on;on ;ony - C on jony -
- b 3 . 3.
= %y — T G B.14
Bs TS (l—a)(n Ofl)ﬁz-i-(lma)ﬁiﬂ’z (B.14)
B.3. The partial derivative equations required for the MHVI mixing rule
onb
8—':; = —b+2Y xjby (B.15)
! j
nb — 2 anb  onb B
3n;dn ; S an; (B.16)
Pnb . ?nb nb + nb B17
On;dn;8ny  \dmidn;  Onidny = Bnjony (B17)
nc +1 | +lb+18nb | B.13
—=a;+—f{lny+In— + - — — .
on; qi i b, b on; ( )
Fna | /alny, | 1 9nb 1 dnb L 8%nb
= — ==l -+ - {(B.19)
an;dn; g an b b on; b on; b dn;on
Fne Py I (anb dnb  3nbanb  dnb onb
g dn;dn ;o on ;o b2 \ On; 0n;  On; Iny onj Ony
| / 8nb N 8*nb N 3%nb 1 &b
b \ondn; = On;ong on ;dny b dn;on ;dn,
1 (onb 8°nb N anb 3nb + anb ¥*nb B.20
b2 \ On; dn;dng  Om; dngdng  Omy on;dn (B.20)
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_ #lny, B B B3 B2 B
0y = dezankA” An; Ank+n —3n (?) +2(b) +?+3F(_—3)

q)
(B.21)
B.4. The partial derivative equations required for the MHV2 mixing rule
onb
P ZZIJ i (B.22)
un
3*nb — 9 onb  dnb
Bn,-anj N Y Bn, an (823)
Pnb 3*nb N 3%nb N d*nb 5
on;on ;Ony o nidnj  onidng  Onony (B.24)
dno b 10nb
@ +20:0) 5 = que + @207 +aD) + Iy +In -+ 55”— —1 (B.29)
r_ ¥

na dlny; Drex dnce
2 = -2 - — —
(q] + q2a) Bn,-BuJ,- i)nj 7 (Q’ i ) (a anj )

+1 nb 1 1 anb | | anb B 26
b on;on; ; ban; (8.26)

Fna
dn;an on;
Piny, 1 [onb Pnb +8nb a2nb N nb 8*nb
njdng b\ On; dndng  Onj Onidny  dng 9n;0n;

1 ( 3°nb N 3nb . d*nb 1 fOnbonb dnbdnb  dnb dnb
on;dn;  Omiong ooy on; dn;  On; Iny an; ong

20 ((a 3 ?n_oz) 3 nb N (a B 811_0') 3’nh N (a_ B_ng) Fnb )
on; / dnjdny an; J on;ony ony / On;on;
(o 32) -2 - 2) - ) o) - 2)
on; an on; oy an oy,

1 &nb
b dn;ion jony

(g1 + 2qa200)

(B.27)
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2 ’ -
Xy = _1_ ¥ Iny. An; Any Ang + 6g2(an — &)+ 6qa{on — a)ay + 7
g1 + og2 7 gn ;ony
_(BY BN | By B ( ﬁ;)
— — 2 —43=|i-—= B.2§
3n ( 5 + " + p + p b ( )

B.5. The NRTL activity models and their partial derivative equations for incorporating with the
mixing rules

Z,Tr.Gh”f _ _
Z G;,n; _Z

Iny, =

91‘_5—_11

i

dln Vi G!j G_,u
_— = = f,‘j - i
anj Gj G,

82 In Vi G‘ijG}‘j _j _,' GJ.‘;G;“‘ 'E,' 'E,
= — = 'Cij—--:" — 'L'_;g-——_'* - =3 ‘[}'"—'T-' — | T — =

o jdny G5 G G; G: i Gi
o () (o)

gz \\" 75,/ \" "¢

GGGy (( T ) ( ] ) ( T )

42y n—L— - =]+ {—= )+ r.—_—) B.32

z[: ( & =z 2y vy (B.32)

%
"G
+an__(,,-—é ) (B.30)
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Abstract

In a previous study to investigate how the morphology of particles accumulating on an electret fiber evolves
and affects the collection efficiency of the filter at dust-foaded condition, a three-dimensional stochastic model
is utilized to simulate the deposition and agglomeration of particles on a cylindricul electret fiber via two
different electrical effects, namely, induced force (for uncharged particles) and Coulombic force (for charged
particles). In the present study, the additional eflect of Browntan diffusion is incorporated in the model and the
morphology of particte agglomerates obtained in the simulated results is found to agrec well with experimental
observations obtained by Hiragi and Kanaoka ¢t al. for both uncharged and charged particles. In addition, the
ratio of dust-loaded collection efficiency, ¥, to the clean-fiber collection efliciency, #p, can still be approximated
as lincar function in the case of weak electrical effects. However, when the electrical parameters are large, the
normalized collection efficiency has to be represented by two linear relations, i.¢., at low dust load and high
dust load. Estimates of the initial cullection cfficiency and ciliciency enhancement factor are given graphically
and tabulated as function of Peclet number, the interception parameter and the two electrical parameters.
© 2003 Elsevier Ltd. All rights reserved.

Keywords: Efficiency enhancement factor, Electret fiber; Dust toading effect

0. Introduction

Air filtration is a highly efficient method for removing fine particles from a gas stream. An electret
filter is composed of permanently charged fibers capable of collecting charged and uncharged fine

* Comrespoading author. Fax: +66-2-218-68%4.
E-mail address: twiwut@chula.ac.th (W. Tanthapanichakoon).

0021-8502/03/% - see front matter © 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/50021-8502(03)00104-6
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Nomenclature T -
| B mobility of particle (s kg )

B dimensionless mobility of particle (dimensionless)
. Dom  Brownian diffusivity (m?s™")

dy diameter of fiber (m)

dp diameter of particle (m)

F external force veetor (N)

F’ dimensioniess external force vector (dimensiontess)

Fe Coulombic force (N)

g long-range gradient force (N)

Fr high-gradient force {N)

K¢ dimensionless electrical parameter for Coulombic force (dimensionless)

K, dimensionless electrical parameter for induced force (dimensionless)

n standard normal random number (dimensionless) -

o position vector (m)

F dimensionless position vector {dimensionless)

Pe Peclet number (:’—’L)qu ) (dimensionless)

R dimensionless radius of Kuwabara’s cell (dimensionltess)

re dimensionless radius of hemisphere of influence of high-gradient force (dimensionless)

R; interception parameter (d,/dr) (dimensionless)

Ry radius of fiber {m}

R, radius of particle (m)

u fluid velocity (ms™")

U dimensionless fiuid velocity {dimensionless)

X x-coordinate (m)

X dimensionless x-coordinate (dimensionless) =1

v y-coordinate (m)

Y dimensionless y-coordmate (dimensionless)

z z-coordinate (m)

Z dimensionless z-coordinate (dumcnsionless)

At mtegration step size (s)

Az dimensionless step size (dimensioniess)

o packing density (dimensionless)

v polarization direction of the electret fiber (deg)

n single-fiber collection efficiency (dimensionless)

Ho single-fiber collection efficiency (clean surface) (dimensionless)

A overall collection efficiency enhancement factor (m? kg™')

Al initial collection efficiency enhancement factor (m? kg™)

particles at high eificiency. In fact, electret fibers have been employed to enhance the collection
ethciency of HEPA and ULPA filters. When a fiber is still clean, particles are collected directly on
it. As more and more particles deposit on the fiber and/or on previously captured particles, they form
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complicated accumulates, which lead to a marked increase in collection efficiency and pressure drop.
To design a high-performance filier with improved service life. we need to predict its pertormance
under dust load, which requires good understanding of how the morphology of accumulates on the
fiber affects the collection cfficiency and pressure drop of a dust-loaded filter. There are two types
of theoretical models of particle deposition on the ordinary fiber under dust load, either deterministic
(Payatakes & Tien, 1976; Payatakes & Tien, 1977, Payatakes & Gradon, 1980; Tanthapanichakoon &
Kanaoka, 1993), or stochastic (Wang, Beizaie, & Tien, 1977; Kanaoka, Emi, & Tanthapanichakoon,
1983). The models predict how the filtration condition and mechanism affect the morphology of
dendrites or accumulates as dust load increascs.

Emi, Kanaoka, Otani, and Ishiguro (1987) carried out experiments and proposed correlations to
calculate the efficiency of the electret fifter. Kanacka (1998) conducted experiments on an elec-
tret fiber with small electrical parameters. They also developed a stochastic model to simulate the
convective deposition process on an electret fiber (Kanaoka, Hiragi, & Tanthapanichakoon, 2001).
The deposition of aerosol particles relied on either of two different electrical deposition mecha-
nisms, namely, induced force for uncharged and coulombic force for charged particles. Though
the model was shown to predict the agglomerative deposition process reasonably well, estimates
of the collection efficiency enhancement factors for the dust-loaded electret fiber are not given.
Otani, Emi, and Mori (1993) also derived expressions for the collection efficiency of the electret
filters in a wide range of Coulombic force and induced force parameters including the interception
effect.

Generally, strong electrostatic effect of the electret fiber may be considered to overwhelm the
eflect of Brownian motion of a particle. Therefore, Kanaoka et al. (2001) omitted the effect of
Brownian motion in their stochastic model. Obviously, this assumption is valid when the particles
have come sufficiently close to the surface of the electret fiber. In principle, the shape or morphology
of an agglomerate will depend on the exact location of an approaching particle, which in turn
will be influenced by a succession of the Brownian effect upstream. Thus complete neglect of
the Brownian effect may lead to subtle difference in the morphology of the agglomerates and the
resulting collection efficiency under dust load. Consequently, it is a more conservative approach to
consider the Brownian motion in the estimation of the collection efficiency enhancement factor of
the electret fiber by incorporating the Brownian motion in the present three-dimenstonal stochastic
model (Tanthapanichakeon, Charinpanitkul, Maneeintr, & Kanaoka, 2001).

0.1. Experimental evidence

Experimental results have been obtained for uncharged and charged particles, respectively, at
low and high dust ioads (Kanaoka et al., 2001; Hiragi, 1995). Since the deposition of uncharged
particles on the electret fiber is dominated by induced forces, the particles are more or less uni-
formly collected all around the fiber in the imitial stage. Most of them then form chainlike ag-
glomerates and grow essentially perpendicular to the surface up to a certain height. In contrast the
deposition of charged particles is dominated by coulombic forces. Though the morphology of ag-
glomerates looks somewhat similar to the case of induced forces, its typical chain length appears
shorter than the latter and the fiber surface has several sporadic patches on which no particles
deposit.
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1. Present stochastic model for electret fiber
11 Equation af particle motion

The genesis of the three-dimensional model is the Langevin’s equation (Kanaoka et al., [983)
plus the effect of relevant external (electrical) forces. In the case of convective Brownian motion of
a fine particle moving along an air stream with local air velocity, u, the position vector p of the
patticle at time 7 = ;-1 + Ar can be approximated by Eq. (1) with the addition of the electrical
effect.

Pi = Piey + Ui Af 4 am_y + FBAL,

¢ =/ 2Dpm A, (1)

where ¢ is the standard deviation characteristic of Brownian motion, n = (n,,#,,n.) is a standard
normal random vector with zero mean and unit variance.
Eg. (1) may be transformed into dimensionless form as Eq. (2)

/A
Py =P+ U1 At +2 P—T iy + F'B AL )
€

Here, the local fluid velocity {/ of viscous flow across a random array of parallel fibers with
packing density ¢ 1s obtained via Eq. (5) and Pe i1s Peclet number representing the effect of Brownian
motion. On the right hand side of .Eq. (2), the second term represents the convective movement of
the particle; the third term, the Brownian movement of the particle and the last term, the movement
caused by electrical forces,

F'B' is a dimensionless electrical parameter defined as tollows:

for uncharged particle:

F'B = K Fy, (3a)
for charged particle:
F'B = KcFe. (3b)

Kuwabara stream function, given by Eq. (4), ts used to determine the dimensionless gas velocity
(U, U\, U.) around the fiber.

Y % 1 %
= — S YL - X? o Zx*+y?
V=2 [(1 2)X2+Y2 (1 =)+ I - 1) = S+ 1) (4)
Ay G
= - — i — U_:
Us ay’ Y ex’ 7 0 (>)
where
Ke-tagsa- L3 g x=X vy X 2.7 6)
= —— —_— - = n = — = — = —,
2 YT T, R;’ R’ Ry (
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Table |
Simulation conditions used

Interception parameter R, (-} = 0.03; Peclet no. Pe (-) = 200. 5000, 50000
Packing density of filter o (-)= 0.06
Eleetrical paraincters:

Induced force Ky, () 0.004 and 0.1, or

Coulombic force K¢ (-} 0.016 and 0.1, wilh

Polarization direction y (degree) 90 and 180
Length of fiber section

21 (-)=& (=3, Z (V=2 (-)=5d,;, Z, (-)=204d,
Radius of fiber Ry (-) = I; Half Leight of generation plane H (<) =2
Integrating step size At (-) = 0.05; Maximum layers of caplured particles = 30
Radius of hemisphere of influence R, (-)=1.5

To carry out Monte-Carlo simulation of the agglomerative deposition process on the electret fiber,
the following assumptions have been made (Table 1):

(1) Though the existence of agglomcrates on the fiber does affect the local flow field around the
fiber in a very complicated manner, its ultimate effect on the deposition process is assumed
ncgligible.

(2) Spatial and time distribution of the oncoming particles are random microscopically.

(3) The next particle will not enter the Kuwabara's cell until the existing one either deposits or
passes through the cell.

(4) A particle 1s always retained once 1t is captured on a dendrite or the fiber surface, and there is
no re-entrainment or detachment of captured particles or dendrites from the fiber.

{5) The inlet particle size distribwtion 1s monedisperse.

{6) Both positive and negative charges are uniformly distributed on cither half of the fiber surface.

{7) The charge on a particle is equal to either —1 for charged, or 0 for uncharged particles.

1.2. Simulation approach

The dimensionless radius of Kuwabara’s cell (R.) is related to the filter packing density o by

]

R = 7 (7)
A schematic diagram of Kuwabara’s cell has been given elsewhcre (Kanacka et al., 1983). The total
length Z of the electret fiber is subdivided into 5 scctions with lengths Z,, Za. Z3. Z4. Zs, respectively.
The effective length of the fiber was Z;, within which the deposition process is expected 1o resemble
that obtained using a much longer fiber. In the case of the electret fiber, numerous kinds of electrical
forces may act between the particles themselves, and between the particles and fiber. Coulombic
forces Fc (between the particle and fiber), Fep (between the particle and another nearby particle),
and image force F| come into play only when the oncoming particle has electric charge. Non-uniform
electric field around the electret fiber and around an agglomerate lead, respectively, to the long-range
gradient force Fg and particle-string formative, or high-gradient, force Fp. Under typical filtration
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Fig. 1. Region of high-gradient electrostatic field.

conditions, Hiragi (1995) has concluded that g becomes dominant afier an oncoming particle comes
in close proximity to a deposited particle and that, until the particle enters this proximity region,
only either Fo in the case of charged particles, or Fg in the case of uncharged particles, needs to
be considered. His conclusions agree with Zebel (1963) and are adopted here.

Typical examples of the trajectory of uncharged and charged particles around the clean fiber and
the effect of charge polarization direction (y) are given elsewhere (Kanaoka et al.,, 2001). Using the
stochastic model described in Eqs. (2}-(6), Monte-Carlo simulation is carried out using a similar
flowchart shown there. The new position vector P; at the end of each tiny time step is checked
to see whether the particle comes in proximity to the free end of deposited particles or a dendrite
tip. If so, its subsequent movement is controlled by the high-gradient torce fr which is prominent
only at the tip of the particle string (dendrite). In this case, only the electrostatic field around the
dendrite tip needs to be considered. Once an oncoming particle enters this projected hemisphere of
influence of the high-gradient field at the dendrite tip, it is considered to deposit at the center of the
hemisphere as shown in Fig. 1.

1.3, Interaction between Brownian diffusion and Coulombic force in electret filtration

In the electret fiitration of charged ultrafine particles, Brownian diffusion and Coulombic force are
the dominant collection mechantsms. Lee, Otani, Namik:, and Emi (2002b) investigated this inter-
active effect by solving the convective diffusion equation incorporating Coulombic force, and the
obtained numerical tesults are compared with experimental data. They concluded that there is a
negative interaction between Brownian diffusion and Coulombic force. More specificalty, Coulombic
capture efficiency is reduced as Pe decreases, and the combined Brownian-diffusion and Coulombic-
capture efficiency is not a simple sum of the individual counterparts,

Recently manufacturers of e¢lectret filters have tried to increase the electrical charge density of
electret fibers in order to enhance their collection performance. In the case of these high-performance
electret filters (HPEF), a question was raised on whether the previously available prediction equations
for collection efficiency are applicable to these HPEF. Lee, Otani, Namiki, and Emi {2002a) measured
the collection efficiencies of recently developed HPEF and studied the applicability of the available
prediction equations. Since these HPEF have electrical charge density twenty times as high as that of
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the conventional electret filter, their single-fiber efficiency was close to the maximum limit determined
from the packing density of fibers. They concluded that the conventional equations can be applied to
predict the collection efliciency by induced force, but not by Coulombic force, because the single-fiber
efficiency due to the combined induced force and Brownian diffusion is already high and close to
the upper limit even without the collection by Coulombic force. These two recent studies indicate
the importance of incorporating and considering all relevant mechanisms sinmultaneously.

As mentioned above, Kanacka et al. (2001) omitted the eflect of Brownian diffusion from their
stochastic model. Because of this simplifying assumption, they found that the morphology of the
simulated dendrites tended to be unrealistically straighter and taller than their experimental observa-
tions. So they incorporated a heuristic rule to account for the effect of “local flow field disturbance”
associated with the presence of the dendrites. In other words, they postulated that this disturbance
caused the exact location of deposition of a new particle to shift slightly backwards by a certain
fixed angle from the calculated point of collision, The appropriate angle was determined by compar-
ison with the observed morphology of the dendrites. In the present model, the incorporation of the
Brownian diffusion term allowed the deletion of this heuristic rule while resulting in more realistic
morphology. In addition, the model should avoid the problem associated with the interaction between
Brownian diffusion and Coulombic force reported be Lee and Otani et al.

2. Results and discussion

In this section, the simulation results of aerosol deposition by induced force and Coulombic
force are analyzed, presented and discussed in terms of collection efficiency, normalized collection
efficiency, and coliection efficiency enhancement factor.

2.1, Aerosol deposition in the presence of induced foree

211 Shapes of acevmulates on electrer fiber surface

Figs. 2 and 3 show some typical examples of the numerous simulations carried out. Generally
speaking, since induced forces are prevalent, initially uncharged particles are collected rather uni-
formly around the entire fiber surface, forming relatively straight chainlike agglomerates, which
subsequently become irregular and complicated. In the initial stage, the agglomerates tend to grow
essentially perpendicular to the electret surface up to a certain height. For a small value of Ky, the
morphology of the accumulates appears comparatively fatter and shorter than the case of a large
Kin. Conversely, for a large Kj,, a typical dendrite tends to be tailer, more slender and straighter.
Moreover, a number of dendrites are dispersed sporadically around the entire surface. These results
agree with our experimental observations (Kanaoka et al., 2001).

2.1.2. Collection efficiency

Table 2 compares the obtained clean-fiber collection efficiencies 1y with those from Emi’s empirtcal
correlation (Emi et al., 1987). It i1s obvicus that the two sets of values agree reasonably well
Figs. 4 and 5 show the graphical relations between the initial collection efficiency ny and Pe,
and between ny and Kjp,, respectively, It is evident that the collection efficiency ry decreases with
increasing Pe because of a decrease in Brownian effect. Generally 5y increases with an increase of
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o 5
e i ._’-g. {
Top View Top View
Fig. 2. Typical configuration of accumulates for the casc Fig. 3. Typical configuration of accumutates for the case
of R, = 0.03, Kjp = 0.004 and Pe- 200. of B, =003, K, =0.004 and Pe = 30.000.

R; because of the interception effect. As expected, when electrical forces are dominant, iy increases
with an increase in K),.

203 Normalized collection efficiency

Figs. 6 and 7 shows examples of the observed reiation between the normalized collection efficiency
n/ie and dust load. The initial value of i/ for each condition is approximately equal to unity
because the predicted values slightly deviate from Emi’s empirical correlation. In Fig. 7, the relation
shows some non-linearity when X, becomes larger. In fact, the experimental n/no of the electret filter
was reported to initially drop before gradually increasing with dust load (Walsh & Stenhouse, 1997).
After a period of time, the electrostatic effect becomes weakened and dominated by the mechanical
effect, so i5/np begins to increase essentially linearly but with a steeper slope. This phenomenon is
well-known experimentally for the electret filter.

For simplicity, /g will be approximated with two linear correlations: the early stage and the
subsequent stage, respectively. The former is represented by n/go =a; + 4im and the latter, n/ig=a +
Am. The collection efliciency enhancement factor of the early stage, Aj, is always smaller than that
of the subsequent, or overall dust-loaded, period A. This is due to the fact that at the early stage, the
effect of electrical parameter is dominant but gradually decreases as the agglomerates grow larger.
Subsequently, the mechanical effect of dust load begins to dominate.
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Table 2

Clean-fiber collection cliiciency o (%) vbtained from Monte-Carlo simulation {upper row) and Emi’s empirical correlation
(1987) for the case of Ky, = 0.004 or Ke =0.016 and R, = 0.03-0.1

Pe
Mechanism Efficiency : 200 1000 5000 50,000
R 0.03 10.82 4.04 2.52 1.22
Emi’s correlation 1145 5.29 3.19 233
Induclion R; 0.05 11.77 4.83 2.67 .46
Ky = 0.004 Emi’s correlation 11.65 5.49 339 2.53
R; 0.1 12.21] 5.95 3.24 2.53
Emi’s correlation 12.93 6.78 4.67 3.81
R; 0.03 7.22 378 1.80 .28
Emi’s correlation 10.39 4,22 2.4 1.26
Coulomb R; 0.05 9.46 443 2.06 1.67
Ke =0.016 Emi's correlation 10.59 4.42 2.31 1.46
¥ y0° R; 0.1 10.51 5.31 2.86 2.48
Emi’s correlation 11.87 5.70 31.59 274
R, 0.03 980 5.47 2.89 1.6
Emi's correlation 10.39 422 211 1.26
Coulomb R: 0.05 11.91 6.01 295 231
Kc=0016 Emi’s correlation 10.59 442 2,31 .46
y=180° R 0.1 13.80 6.55 le62 3116

Emi’s correlation 11.87 5.70 3.539 2.74

—h— RjU.(H_KuJ

—x— Ri0.05_Km |

— e Ri0.1_Kir
- RIOO3 KL

- 0. RIDADS_Ke

Initial collection efficiency |%]
=
.

-0 .- RI0T Ke

-

100 1006 1O 100000

Peclet number [-]

Fig. 4. Relation between initial collection cfficiency and Pe number (Kyy = 0.004, K¢ — 0.016 and 7 = %0%).

2.1.4. Collection efficiency enhancement fuctar

Tables 3 and 4 show the coliection efficiency enhancement factor 1 obtained from our simulations,
and Figs. 8 and 9 show the graphical relations between / and Pe number, and 7 and Kj,, respectively.
It is known that when Pe increases, the clean-fiber collection efficiency 1 decreases and the ratio
n/ne becomes higher. That ts why 7 becomes higher. Similarly, when R, decreases, it leads to a
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Fig. 5. Normalized collection efficiency of a dust-loaded fiber for the case of R, = 0.03 and Ki, = 0.004.
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Fig. 6. Relation berween mitial collection efficiency and K or K¢ and 4 (Pe = 200).

decrease 1n 4, thus resulting in higher 2. Again, ~ will likewise increase it Ky, decreases because
no at a lower Kp, 1s smaller than no at a higher Kj,.

2.2, Aerosol deposition in the presence of Cowlombic foree

In this section, simulation results of aerosol deposition by Coulombic force are discussed. In
addition, the effect of polarization direction of the electret fiber is also investigated.
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2.2.1. Shapes of accumulares on an electret fiber surfuce

Fitgs. 10-12 show examples of the shapes of accumulates. As in the case of K),, the effect of a
large K¢ on the morphology makes a typical agglomerate taller, straighter and more slender than
a small K¢, and initially dendrites are found scattered over specific areas of the fiber surface. With
respect to the surface areas of opposite polarity, a few particles can still deposit on it when the
effect of K¢ is sufficiently weak. Generally speaking, as the polanzation direction, 5, increases,
more particles are captured. However, the effect of y on the average shape of dendntes is hard
to elucidate because 1t would be necessary to fully understand how the electrical charges on the
deposited particles are exchanged among themselves and transferred to the electret fiber.

2.2.2. Collection efficiency

As mentioned above, Table 2 also shows the clean-fiber efficiency #y for charged particles. Again
the predicted values agreed reasonably well with those from Emi’s empirical correlation. As for the
effect of the polarization direction y of the electret fiber, the table reveal that values of ngy for the
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Table 3
Collection efficiency enhancement factor (4) in the overall stage for the case of Kin = 0004 or K- = 016 and

Ri=0.03-0.1

Pe

Mechanism A 200 1000 5000 50,000
Induction R; 0.03 312 8.49 14.47 20.96
Kin = 0.004 R, 0.05 2.78 1% 11.06 13.68

R 0.1 2.24 429 6.18 8.47
Coulomb R; 0.03 3.98 10.00 20.67 39.34
K¢ =0.016 R; 0.05 333 814 15.96 2537
y=90° R 0.} 2.38 5.51 G306 12.92
Coulemb R, 0.03 381 233 22.05 3413
Ke = 0016 R; 0.05 3.27 8.41 15.29 24.62
v = 180° ki 0.t 2.74 6.32 946 11.60
Table 4

Colleciion efficiency enhancement factor (2) in both early stage (lower row) and late stage (upper row) for the case of
Kn,=01or Kc=0.1 and & =0.03-0.1

Pe
Mechanism i 200 1000 5000 50,000
R; 0.03 1.89 3.24 3.54 4.19
Initial 1.1 0.39 1.71 0.73
Induction R 0.03 £.70 3.04 3.58 4.49
Kin = 0.1 Initial 0.03 1.10 0.06 1.60
R; 0.1 1.69 2.39 2.54 271
1aitial 0.62 1.62 2.18 2.29
£ 0.03 2.66 5.68 .10 11.05
Initial 0.33 3.58 315 5.51
Coulomb R; 0.05 2.47 3.1l 6.89 7.13
K =01 Initial .26 4.69 2.83 404
y = 90° R; 0.1 1.95 3.55 438 5.09
[nitial 2.25 2.55 3.39 5.35
R; 0.03 2.88 5.13 8.01 8.70
Initial 0.17 2.38 1.49 2.15
Coulomb R 0.05 2.28 4.68 5.67 7.49
Ke=101 Initial 0.21 0.78 1.36 1.79
y=180° R 0.1 1.76 2.51 .72 3.530
Initial 0.41 1.75 2.30 2.70

case of y = 180° are higher than those for a lower y because at y = 180° the charge or polarity of
the entire front surface of the fiber lies opposite to that of the particles.

Figs. 4 and 5 also show the graphical relations between ny and Pe, and 5y and K¢, respectively.
As discussed above ng decreases with increasing Pe due to a decrease in the Brownian effect.
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Furthermore, # also increases with an increase in R;. It is found that 5y increases slightly as v
increases. Finally, np increases with an increase of K¢ because the electrical forces become dominant.

2.2.3. Normalized collection efficiency

Figs. 13—16 show the observed relations between the normnalized collection efficiency and dust load.
The initial value of 1/ for cach condition is approximately equal to unity because the predicted
values stightly deviate from Emi’s empirical correlation. As in the case ot Ky, the normalized relation
shows some non-linearity when K¢ becomes larger. Walsh and Stenhouse {1997) have experimentally
shown that the collection efficiency of the electret fiber imitially drops before gradually rising with
dust load. Again, 5/ can be approximated with two linear correlations: the early stage and the
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Fig. 1. Typical configuration of accumulates for the case Fig, 11, Typical configuration of accumulates for the case

of Ri =003, Kc=0.016, ;.:90° und Pe =200 of R, =003, Ke =0016, v =90° apd Pe = 30.000.

subsequent stage, respectively. As discussed earlier. 4; is always smaller than J. In any case, the
major difference between uncharged and charged particles is that 5/ tor the latter has a steeprr
slope than that for the former. However, the cffect of 3 on the normalized collection efficiency is
not clear-cut.

2.2.4. Collection efficiency enhuancement factor

Tables 3 and 4 also show the collection efficiency enhancement factor 7, and Figs. 8 and 9, the
graphical relation between A and Pe, and between 4 and K¢, respectively. When Pe increases, the
initial collection efficiency 7y decreases and the ratio #/ny becomes larger. The reason is the same as
the case of uncharged particles. As discussed above, as R; decreases, / becomes bigger. Similarly,
A increases as K¢ decreases. However, the effect of v on 4 is not ¢clear-cut.

3. Conclusion
In this study, a three-dimensional stochastic model that takes account of Brownian effect is used to

simulate the agglomerative deposition processes of fine aerosol particles on a cylindrical electret fiber
and to estimate the collection efficiency under dust load and the collection efficiency enhancement
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Front View
Top View
Fig. 12. Typical configuration of accumulates for the case of &, = 003, Ke = 0.016, 7 = 180° and Pe = 200.
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Fig. 13, Normalized collection efficiency of a2 dust-loaded fiber for the case of & = 0.03, K¢ = 0016 and 7 = 90°.

factor. Major results are summarized as follows:

1. Compared with our experimental results, the morphology of the agglomerates on the electret fiber
predicted by the present stochastic model is more realistic because the model is more rigorous
than our previous stochastic model (Kanagka et al., 2001).
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Fig. 14. Normalized collection efficiency of a dust-loaded fiber for the case of R, =0.63, K¢ =0.016 and 7
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180",



W Tanthapanichakaeon et ol | Aerosol Seicice 34 (20037 15051522 1521
.
£ a  Puel)
2 10 X Pelooo Viﬁ;}’fi"g;_";“l:‘g y = 8.0081x +0.1175
£ 109 & pesooo =0.8072 R?= 0934
E o PeSO0N o ia ®
5 8|- - Pe20 o 2 Xy 751302 + 05272
R P 1000 X x0T X RTopgran
.g Pe3000 X M.k
¢ 6 Pe50000| o ate X
= ‘x x ® X Ooo o
8 K-"K' % ° o o _’-0’6
- 47 AT X o ot
§ .- i o © y=261764x +0.2711
= &% % ogdo R? - 0 8904
X ) o
g 24 X4 .-009%,
X oobd
o 3
z
Q T T T
4] Q0.5 1 1.5 2
Dust Load IkglmJ]
3.5
T3 2
c ¥ =2,1459x + 15711
g 25 ] RY=0,1752
x
g 5] y = 1.4876x + 13566
< _ 2= 0.242
I
3 1-51 TSR y=237620 4 10640
- &
E 137 o o 3 *
23 . _e_.. T A AP e
E ° < ¥ =0 1709x + 0.8752
c 0.5+ R”=0.0263
z
4] - T r .
¢ C.1 0.2 0.3 0.4

Dust Load | kg/m]]

Fig. 16. Normalized collection efficiency of a dust-loaded fiber for the case of Ry = 0.03, Ke=10.1 and 7 = 180° (above:
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2. The electrical effect dominates particle collection in the early stage of the fltration, especially in

the case of smaller particle size. Theretfore., the nitial collection eflficiency is generally higher than
the case of an ordinary (non-electret) fiber. In the case of induced forces. the enhanced collection
efficiency remains high in the early stage but it tends to decrease slightly before increasing in the
case of coulombic forces because of the mechanical effect of dust load. Generally, the normalized
collection efficiency n/ny can be approximated by two linear correlations: the early stage and the
subsequent stage. The cfficiency enhancement factor of the early stage, 4, is always smaller than
A of the subsequent period.

. The collection efficiency enhancement factor 4 is known to be a function of the following di-
mensionless groups: interception parameter R,, Peclet number Pe, and induced force parameter
Kj,. or coulombic force parameter K¢. in addition, the pelarnzation direction 18 an additional
parameter in the case of coulombic effect. According to the simulation results, the value of 2 will
be increased as Pe increases or R; decreases. In the case of induced force effect, A is smaller than
that in the case of Coulombic force. In zither case, » will be increased as K, or K¢ decreases.
However, the effect of v on 4 is not clear vet.
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