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Abstract—Gas phase axia dispersion characteristics were determined in a molten sat oxidation reactor (air-molten
sodium carbonate salt two phase system). The effects of the gas velocity (0.05-0.22 m/s) and molten salt bed tem-
perature (870-970 °C) on the gas phase axia dispersion coefficient were studied. The amount of axial gas-phase dis-
persion was experimentally evaluated by means of residence time distribution (RTD) experiments using an inert gas
tracer (CO). The experimentally determined RTD curves were interpreted by using the axia dispersions moddl, which
proved to be a suitable means of describing the axial mixing in the gas phase. The results indicated that the axid dis-
persion coefficients exhibited an asymptotic value with increasing gas velocity due to the plug-flow like behavior in
the higher gas velocity. Temperature had positive effects on the gas phase dispersion. The effect of the temperature
on the dispersion intensity was interpreted in terms of the liquid circulation velocity using the drift-flux model.

Key words: Molten Salt Oxidation Reactor, Axial Gas Mixing, Dispersion Coefficient, RTD, Drift-Flux Model

INTRODUCTION

Gasliquid reactions are widdy used in the chemicd and bio-
chemica process indudtries as aosorbers or reactors dueto their Sm-
plicity of condruction, low maintenance cog, excellent trandfer abil-
ity and no mechanicd moving parts [Kang et d., 1986; Shetty et
d., 1992; Veeraet d., 2001; Kimet d., 2002]. A contacting system
for agasliquid reaction is provided by bubble column reactorsin
which a gas phase is dispersed in continuous phase via a gas dis-
tributor and risesin the form of bubbles

In recent years, as a kind of bubble column, molten sdt oxida:
tion (air-molten sat two phase) has been sudied for the destruction
of difficult-to-treat waste [Hsu et d., 2000; Cho et d., 2003; Yang
et d., 2003]. Madlten sdt oxidation (MSO) has been regarded as
one of the mogt tractive dternatives to, and offers severd advan-
tages over, incineration. MSO was developed by Rockwdl Inter-
nationa as a cod gadfication tool, and nowadays is used for the
dedtruction (or oxidation) of mixed wadtes, chemicd warfare agents
medica wastes and energetic materials such as explosves and pro-
pdlants [Bell e d., 1995]. In the MSO process, wagtes are intro-
duced into the molten st (ordinary akali meta carbonate) bed
with an oxidant air. The organic components of the wastes are con-
verted into CO, and H,0 through the combined effects of pyrolyss
and oxidation. The molten st functions as a catdyd for the con-
verson of the organic compound to CO, and H,O. Reactive spe-
cies such as hd ogens and sulfur in the organic waste are converted
into the acid gas; then it reects with the molten salt to form the cor-
responding neutrdized sdts Other inorganic components in the
westes are retained in the molten st bed either as metds or as ox-
ides[Pruned et d., 1995; Alam et d., 1998].

For the proper design, scale-up and operation of the M SO, knowl-
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edge of the hydrodynamics is essantid. One of the important hy-
drodynamic parameters for the proper design of the MO isthe ex-
tent of the axid digpersonin anindividud phase [Joshi et d., 1982;
Kang et d., 1987; Kantek et d., 1995; Kim et d., 2002]. It can &f-
fect the reaction rates and product seectivity. While the liquid-phase
dispersion in two phase sysems has been studied widdly, very few
studies have been undertaken about axid ges phase dispersion [Kang
and Kim, 1986; Marco and Dieter, 1994]. Moreover, mogt of these
gudies have been done on an air-water sygem. Thus, in this present
Sudy, the effects of the gas ve ocities and the molten salt bed tem-
perature on the axid disperdon coefficient of the gas phase have
been investigated in the MSO (molten sodium carbonate-air two
phase) reactor by means of residence time ditribution experiments
And the axid gas phase dispersion has been interpreted by using
the liquid circulation velocity.

EXPERIMENTAL

BExperiments were carried out in acylindricd column of 0.076 m
in diameter and 0.653 m in height as shown in Fg. 1. Sodium car-
bonate (melting paoint - 850 °C) and air were used as the liquid and
ges phase, regpectively. Oxidizing ar was fed into the molten car-
bonate sAts bed through a 0.013m inner diameter vertica Sngle
tube. The column was hested up to a maximum 1,200°C by the
urrounding ceramic three-zone heaters. In order to measure and
maintain the molten sdt bed temperature, two thermocouples and
temperature controllers were used. The k-type thermocouples were
mounted in the molten st bed with 0.2m axid gap. At a given
gas velodity, when the temperature indication of the two axid points
reeched a desired operaing temperature, the experimenta procedures
warecarried out. The superficid velocity of the gas phase varied from
0.05-0.23 Vs, and the temperature of the molten salt bed ranged
from 870-970 °C. The column was fabricated from Inconnd 600
materids. Corrogon tests have shown that Inconnel 600 has an ac-
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Fig. 1. Schematic diagram of molten salt oxidation system.
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ceptable corrogon rate in sodium carbonete at operating conditions
[Bell et d., 1995].

A tracer gas sampling technology has been used to evaduate the
axid gas phase disperson coefficient [Cho et d., 2000]. A pulse
input of the tracer gas was introduced into the molten carbonete
st bed with air. For the tracer gas input, afast switching solenoid
valve, which has aswitching timein the range of 3-7 ms, was used.
Indl the RTD measurements, CO gaswas used asatracer gas The
CO concentretion leaving the reactor was continuoudy recorded
by a sengtive CO gas monitor. The output volt-time signas form
the CO monitor were converted to the concentration-time deta using
data acquistion sysem (DagBoard/2005 and DASY |ab). The efflu-
ent concentrationtime curve is referred to as the C curve, C(t). From
the C curve, the residence time, or the exit age of the digribution
for apulseinput, E(t) isinduced [Fidd and Davidson, 1980].
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Fig. 2. Typical example of the procedurefor RTD parameter evaluation.
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The gas phase axid digperdon coeffidient, D, s, can beinduced from
the momentum andyss Thefirg momentum of the RTD isthe mean
resdence time, t.,, and the second momentum means the variance,
o which means the distribution regarding the mean. Assuming that
the reactor is a dosed-closed system, the rdlationship between the
momentum parameters and Peclet number of the gas phaseisgiven
by Eq. (2) based on the ample one-dimensond axid disperson
modd [Shetty et d., 1992]

%: =52é—Piez 1-e™) @
where, Pe=UH/g.D, . Peis experimentaly obtained by t,, and ¢
from the RTD data and then solved by using Eq. (2) for Pe. The
procedure for the RTD evolution is presented in detail elsawhere
[Fed and Davidson, 1980; Wachi and Naojima, 1990; Zahradnik
and Fiaova, 1996].

RESULTSAND DISCUSSION

The RTD was determined experimentaly by injecting a CO gas
into the molten sodium carbonate sdt bed with the feed ar and then
mesasuring the output tracer concentration as afunction of thetime.
Hg. 2 showsatypicd example of the procedure for the RTD param-
eter evauation. The C curve, C(t), has been treated to produce the
RTD parameters from which the axid gas phase disperson coeffi-
cient was caculated by Eq. (2).

A comparison of the present data with the literature correaion
data in the air-water bubble columns is shown in Fig. 3. The ges
phase dispersion coefficients obtained in this research are smdler
than those obtained by Joshi [1982], Mangaetz and Pilhofer [1981]
and Fidd and Davidson [1980], but higher than that by Deckwer
et d. [1974)]. The gas phase digpergon strongly depends on the lig
uid properties, especidly the liquid densty. An increese of the ligquid
dengty resultsin an enhancement of the buoyancy forces acting on
the gas bubbles, which makesthe flow pettern aplug-flow like flow
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Fig. 3. Comparison of the present data with theliterature corrda-
tion data.
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which reduces a mixing intengty in both the axid and radid direc-
tions. The dendity of the molten carbonate st is about 2.4 times
greater than water within the experimenta condiitions It is expected
that the radid gas holdup variaion is less prominent in the molten
st system when compared to the water system due to the large
dengty difference of the phases. Therefore, lower gas phase dis-
person vaues are obsarved in the MSO reactor compared to the
ar-water sysem. The corrdation proposed by Deckwer et d. [1974]
has been used to determine the digperson coefficient of the homo-
geneous bubble flow regime. The gas phase digperson in the ho-
mogeneous regime differs from that in the heterogeneous flow re-
gime. In the homogeneous flow regime, amaler bubbleswhich have
anarow size digribution arise without hindering eech other. So a
very week liquid dreulation happensin the bed. The digpersion coef-
ficient of the smd| bubblesistaken equa to the liquid-phase disper-
son codfficient. Therefore, the corrdation by Deckwer et d. [1974]
is the same as thet of the liquid phase. It has been generdly under-
sood thet the gas phase digoerson coefficients are roughly 2-10
times greater than the liquid-phase digpersion coefficients [Kantak
etd., 1995].

The gas phase digoersion coefficients were plotted as a function
of the gas velocity in Fig. 4. The digpersion coefficient increases
gradudly & low gas velodities and then reaches an asymptatic vaue
with further increasing of the gas velocity. In the gas-liquid verticd
up-flow system, the flow regime, with an increese in the gas veloc-
ity, gradudly deveopsto ahomogeneous flow and a heterogeneous
flow. The heterogeneous flow is divided into three flow regimes
with the gas velocity: bubble-dug, churn-turbulent or dug flow [Fan,
1989]. The prevailing regime mainly depends on the gas velocity,
liquid properties and gas digtributor [Kang and Kim, 1986; Park et
a., 2003)]. In the case of the MSO sygtem, the density of the liquid
phase (molten sodium carbonate) is greater than the water, and gas
is digpersed to the molten salt bed through a single point sparging
tube, which produces a non-uniform gas didribution. So, it is an-
ticipated that the flow regime develops from the bubble-dug to the
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Fig. 4. Effects of gas velocity on the gas phase axial dispersion co-
effident.
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Fig. 5. Effects of temperature on the gas phase axial digperson co-
efficient.

dug flow with the gas velocity in the MSO system. The further in-
creasng of the gas veocity aove 0.15 m/s makes the flow pro-
duce a plug-like flow behavior, which reduces the formation fre-
guency of the micro scale eddiesin the bed, resulting in awesk axid
digperson phenomenon. Micro eddies can increase the contacting
frequencies between the fluid elements and consequently increase
the phase mixing in the multiphase flow system [Kang et d., 1987].
Therefore, it seemsthat a a higher gas velocity condition, the gas
phage disperson coefficents do not increase with a further increase
of the gas velocity in the M SO reactor.

Fg. 5 illugrates the effects of the temperature on the gas phase
disperson coefficient. As can be observed in Fg. 5, the digperson
coefficient increaseswith increesing temperature. Varidion in sysem
physicd properties changes the gas hold-up, which directly affects
gas phese dispersion. The devated temperature incresses the gas
holdup in the MSO reactor [Cho & d., 2003] dueto the effect of a
decrease in surface tensgon and liquid viscosty, which increases
the gas phase axid digperson phenomenon. The surface tenson and
viscodty of molten sodium carbonate change from 211 to 206 dyne/
cm and from 4.1x10°° to 1.6x107° Pas with temperature ranging
from 870 to 970°C, respectively. Asthe liquid visoosty and the sur-
face tendon increases, the gas phase digperson coefficient decreases
due to a bubble codescence. At a higher liquid viscosity and sur-
face tendon condition, large bubbles are formed. These large bub-
bles rise fast in the center of the reactor and follow a plug-flow be-
havior [Joshi, 1982; Kang and Kim, 1986; Lin et d., 1998; Lee et
a., 2003], which reduces a mixing intengty in both the axia and
radid directions. Consequently, the increese in temperature leads
higher gas phase dispersion coefficient.

The gas phese digperson (or backmixing) is mainly caused by
the dirculaing flow pattern of the liquid phase and bubbling phe-
nomena such as codescence and breskup [Vid et d., 2001]. The
liquid circulating could be characterized by the liquid circulation
veocity. Joshi and Sharma[1979] reported correlation equations as
follows

Uic =1.31[gDc(Us —€5Up)] ° ©

where U, is the bubble rigng veocity, which can be evauated by
using the Drift-Hux modd. The Drift-Hux modd is given by the
following equation [Zubar and Findlay, 1965]:

Ye

G

In Eq. (4), Co and C, represent a didribution parameter accounting
for the radia non-uniformity of the flow and abubble rising veloc-
ity, respectively. For the liquid batch condition, C, and C, are given
by the following equations[Veeraet d., 2001]:

=CoUs +C, @)

_ EUd
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_ L5 Ud]

C==ss ©)

where, the quartitiesendlosedin< > mean theaverage vaue. The
gas holdup data in the M SO reector was obtained from our previ-
ous study [Cho &t d., 2003], which had the same experimentd con-
ditions as this study. From the above equations, the liquid circula:
tion velocities with the experimenta conditions were cdculated.

Table 1. Calculated liquid circulation velocity in a molten salt ox-
idation reactor with thevariation of gasvelocity and tem-

perature
T[°C] Uc [m/g]

Ug [mVs] 870 900 930 970
0.11 0.11 0.23 0.27 0.29
0.15 0.34 0.39 0.41 0.45
0.18 0.41 0.45 0.49 0.52
0.22 0.45 051 057 0.59
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Fig. 6. Comparison between the experimentally obtained and the
calculated values of the Peclet number.
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Asnoated in Table 1, the liquid dirculation velocity incresses with an
increesing temperature and gas velodity. It is dso noted in this teble
that the increasing rate of the liquid circulation rate with the gas
velocity decreases & ahigher gas velocity conditions. Thistrend is
the same as the gas phase dispersion coefficient with the gas ve-
locity (Fig.4). In conclusion, the increase in temperature induces
more vigorous liquid circulations, which consequently leads to a
higher gas phase dispersion coefficient.

The present data of the axid gas phase digpersion coefficientsin
terms of the Pedlet number in the MSO condition was corrdlated
with the dimensonless experimentd varigbles as [Runjun et 4.,
1983):

0.212

_UgH _ 9T HYs +UL)
Pe=—=— =527
D 2t O p O Y

with the correaion coefficient of 0.91. Eq. (7) coversthe range of
vaiables 4.37<Pe<8.89, 304x10<1{g/p 0°<1.18x10™, 1.71x
10°3<(Ug+U, o) /p <1.30x10™% A comparison of the Pedlet num-
bers basad on the experimentd with those calculated vauesis shown
inHg. 6.

CONCLUSION

The effects of the gas velocity and molten sdt bed temperature
on the gas phase axid disperson characterigtics have been sudied
in amolten sdt oxidation reactor (air-molten sodium carbonate two
phase system) via the tracer gas method. Lower gas phase disper-
son vaues are observed in the molten salt oxidation system com-
pared to the air-water bubble columns due to the higher liquid den-
sity. The digpersion coefficient increases gradudly at low gasveloc-
ities and then reaches an asymptatic vaue with a further increase
of the gas veocity. This may be due to the flow regime trangtion
to aplug-like flow a ahigher gas velocity. Theincrease in temper-
aure increases the gas phase digoerson; and the increese in tem-
perature a0 induces more vigorous liquid circulations, which con
sequently leads to a higher gas phase digperson coefficient. The
axid gas phase dispersion coefficient has been corrdated in terms
of the Peclet number in the M SO condition with the dimengonless
experimenta varigbles
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NOMENCLATURE

Co, Cy: drift flux parametersin Eq. (4) [-]

C(t) : tracer gasconcentration &t exit of reactor at timet [ppm]
D. :reactor diameter [m]

D, :axid gasphase dispersion coefficient [m?s]

E(t) : exit-agedigtribution function [1/9]

g :gravity accderation [m/s]

H  :reactor height [m]

Pe : Peclet number (=UgH/.D,¢) [-]

t,  :meanresidencetime[q

U, :bubblerisingvelocity [m/g]

November, 2004

Us :supeficid gasvelocity [m/g]
U, :liquidcirculation velocity [m/g]
Us :dipveocity(=Ug/g5) [mV/g]

Greek Letters

& . gasphaseholdup [-]

&  :liquid phase holdup [-]

L. :liquid viscosity [Pas]

p.  :liquid density [kg/m’]

o, :liquid surface tension [dyne/cm]

o, :variance of the resdencetime distribution [$]]
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