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Abstract—Molten salt oxidation process is one of the most promising alternatives to incineration that can be used
to effectively destroy the organic components of mixed and hazardous wastes. To detect the flow characteristics of
the molten salt oxidation process (air-molten carbonate salt two-phase flow), differential pressure fluctuation signals
from a molten salt oxidation process have been analyzed by adopting the stochastic methods. Effects of the input air
flow rate (0.05-0.22 m/sec) and the molten salt temperature (8§70-970 °C) on the phase holdup and flow characteristics
are studied. The gas holdup increases with an increasing molten salt temperature due to the decrease of the viscosity
and surface tension of the molten carbonate salt. It is found that a stochastic analysis of the differential pressure signals
enables us to obtain the flow characteristics in the molten salt oxidation process. The experimentally obtained gas hold-
up data in the molten salt reactor were well described and characterized by means of the drift-flux model.
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INTRODUCTION

Gas-liquid two phase flow system such as bubble columns have
frequently functioned as gas-liquid reactors or contactors because
of their simplicity, high efficiency for a gas-liquid contract, and low
operating cost [1-3].

Recently, a molten salt oxidation process has been studied for
the destruction of a difficult-to-treat waste. Molten salt oxidation is
one of the most promising alternatives to incineration that can be
used to oxidatively and efficiently destroy the organic components
of mixed and hazardous wastes [4,5]. Molten salt oxidation was
developed by RockWell International as a coal gasification tool,
and now a days has been used for the destruction (or oxidation) of
mixed wastes, chemical warfare agents, medical wastes and ener-
getic materials such as explosives and propellants. The basic con-
cept of a molten salt oxidation is to (1) introduce wastes and air into
a molten salt bed, (2) oxidize the organic wastes in the molten salt
bed, (3) retain the inorganics in the molten salt, and (4) remove the
salt for a disposal or for a processing and recycling [6]. The organic
components of the wastes are converted into CO, and H,O through
the combined effects of a pyrolysis and a oxidation. The molten
salt functions as a catalyst for the conversion of the organic com-
pounds to CO, and H,O. Reactive species such as halogens and sul-
fur in the organic waste are converted into acid gas then it reacts
with the molten salt to form the corresponding neutralized salts.
Other inorganic components in the wastes are retained in the molten
salt bed either as metals or as oxides [7,8].

For the proper design, scale-up and operation of a molten salt
oxidation process, knowledge on the hydrodynamics is essential
because these hydrodynamics strongly affect the oxidation efficiency
of the molten salt oxidation process. However, there has been little
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attention paid to an air-molten salt two-phase flow system until now,
even on the basic hydrodynamics. One of the most important hy-
drodynamic parameters for the proper design of a molten salt oxi-
dation process is the gas holdup. It can directly affect the operation
efficiency. Thus, in this present study, the effects of the gas velocity
and the temperature on the gas phase holdup have been investigated.
Furthermore, the differential pressure fluctuations have been meas-
ured and analyzed by means of a spectral analysis to describe the
flow characteristics with a variation of the operating conditions.

EXPERIMENTAL

Experiments were carried out in a cylindrical column of 0.076 m

Fig. 1. Schematic diagram of the integrated molten salt oxidation
system.
1. Molten salt vessel
2. Gas/Waste injector
3. Differential pressure
transducer
4. Electric heater
5. Screw feeder
6. RPM controller
7. Impactor
8. Heat exchanger
9. Cold water bath

10. HEFA filter

11. Silica bed

12. Off gas analyzer
13.1.D. fan

14. A/D converter

15. Computer

16. Thermocouple

17. Temperature indigater
18. Temperature controller
19. Low pass filter
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in diameter and 0.653 m in height as shown in Fig. 1. The column
is made from Inconnel 600 materials. Corrosion tests have shown
that Inconnel 600 has an acceptable corrosion rate in sodium car-
bonate at operating conditions. Sodium carbonate (melting point:
850 °C) and air were used as the liquid and gas phase, respectively.
Oxidizing air is fed into the molten carbonate salts bed through a
0.013 m inner diameter vertical single tube. The column is heated
by the surrounding ceramic three-zone heaters. The superficial gas
velocity of the gas phase varied from 0.05-0.23 mv/s, and the tem-
perature of the molten salt bed ranged from 870-970 °C. The physi-
cal properties of the molten sodium carbonate with the temperature
are given in Table 1.

The gas holdup was evaluated from the pressure drop measure-
ment method using a differential pressure transducer. To measure
the differential pressure drop, AP, two stainless steel tube tubes (SUS
316) were installed vertically in the molten salt bed. The vertical
distance between the pressure measuring points, AL was 0.3 m. The
out put voltage-time signals form the differential pressure transducer,
corresponding to the pressure-time signal, were processed with the
aid of a data acquisition system. The differential pressure signals
were sampled at a rate of 200 Hz for 20 sec, yielding 4,000 data points.
This combination of the sampling rate and time can detect the full
spectrum of the hydrodynamic signals in multiphase flow system
[9]. The gas phase holdup (&;) was calculated from the following
equation.

AP
_ALg o
Pc—PL

&g

Table 1. Physical properties of the molten sodium carbonate with
the temperature

where, p, and p; are the density of the liquid (molten carbonate salt)
and the gas (air), respectively.

RESULTS AND DISCUSSION

Effects of the molten sodium carbonate salt temperature on the
gas holdup can be seen in Fig. 2, with a variation of the superficial
gas velocity. In this figure, the gas holdup increases with an increas-
ing gas velocity and temperature. Where, when the gas velocity ex-
ceeds 0.15 m/s, the increasing trend of the gas holdup is changed.
The change of the increasing trend with the gas velocity may be
due to the flow regime transition [10]. The increasing trend of the
gas holdup with the temperature in a molten salt oxidation reactor
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Fig. 2. Effects of the molten salt temperature on the gas holdup.
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Fig. 3. Typical example of the differential pressure fluctuations with
the air velocity (a) and the molten salt temperature (b) at a
constant temperature (970 °C) and air velocity (0.11 m/s),
respectively.
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is in agreement with the observations of several researchers in a
bubble column. Lin et al. [11] noted that the increasing trend of the
gas holdup with the temperature is due to the dominant rule of the
associated reduction in the liquid viscosity and the surface tension,
which leads to a smaller average bubble size and a narrower bub-
ble-size distribution, and they also noted that the associated increase
in the gas density plays a secondary role. Pohorecki et al. [12] sug-
gested that the influence of the surface tension of the gas holdup is
greater than that of the liquid viscosity. The surface tension and vis-
cosity of the molten sodium carbonate salt is decreased with an
increasing temperature in the molten salt oxidation process. So, it
is anticipated that the increasing trend of the gas holdup with the tem-
perature is due to the decreasing tendency of the surface tension
and the viscosity of the molten sodium carbonate salt with the tem-
perature.
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Fig. 4. Phase space portraits of the differential pressure fluctua-
tions with the air velocity (a) and the molten salt tempera-
ture (b) at a constant temperature (970 °C) and air velocity
(0.11 m/s), respectively.
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The flow characteristics of a multi phase flow system can be de-
scribed more conveniently by phase space portraits from a differ-
ential pressure fluctuation [13,14]. Typical example of a differen-
tial pressure fluctuation in a molten salt oxidation reactor can be
seen in Fig. 3. As shown in Fig. 3, the differential pressure fluctua-
tions depend on the air flow rate and the molten salt temperature,
i.e. the pressure fluctuation signal is more complex with an increas-
ing air flow rate but when the air flow rate exceeds 0.15 nvs, it shows
a nearly similar complexity. With an increasing molten salt tem-
perature, the amplitude of the pressure fluctuations is decreased,
which is identical to the gas holdup tendency. These differential pres-
sure fluctuations can be utilized more conveniently to visualize the
complex behavior by means of phase space portraits in a recon-
structed trajectory. Examples of the phase space portraits from the
differential pressure fluctuation can be seen in Fig. 4, where the op-
timum time lag, for the construction of the phase space portraits is
chosen when the mutual information function attains its first mini-
mum value [15]. As shown in Fig. 4, the trajectory of the phase space
portraits becomes more scattered with an increasing air velocity.
The increase of the air flow rate results in an increase of the bubble
size which eventually results in a less uniform bubble size distribu-
tion, so, the loop of the phase space portraits tends to be scattered
with an increasing air flow rate. With an increasing molten salt tem-
perature, the phase space portrait becomes less scattered and com-
plex, i.e. more and more stabilized, which means that in the molten
salt oxidation process, the flow is stabilized more with an increas-
ing molten salt temperature.

To express the flow characteristics more easily and quantitatively,
the Shannon entropy has been employed. The Shannon entropy can
be utilized to express the degree of uncertainty in being able to pre-
dict the output of a probabilistic event [16]. That is to say, if one
predicts the outcome exactly before it happens, the probability will
be a maximum value and, as a result, the Shannon entropy will be
a minimum value. If one can absolutely predict the outcome of an
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Fig. 5. Effects of the gas velocity and temperature on the Shannon
Entropy in a molten salt oxidation reactor.
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event, the Shannon entropy will be zero. If the data has r, the num-
ber of possible outcomes whose probabilities are P,, P,, P,, then the
Shannon entropy can be obtained by
1

H;=3 Pz @
i=1

Effects of the gas velocity and the molten salt temperature on
the Shennon entropy (Hs) can be seen in Fig. 5. In this figure, the
value of the Shannon entropy increased with an increasing gas vel-
ocity, but decreased with an increasing temperature. Similar to the
case of the gas holdup, the increasing trend of the Shannon entropy
is changed at 0.15 m/s of a gas velocity. In the gas-liquid vertical
up-flow system, the flow regime, with an increase in the gas veloc-
ity, gradually develops to a homogeneous flow and a heterogeneous
flow. The heterogeneous flow is divided into three flow regimes
with the gas velocity; bubble-slug, churn-turbulent or shug flow [17].
The prevailing regime mainly depends on the gas velocity, liquid
properties and gas distributor [18]. In the case of the molten salt
oxidation reactor system, the density of the liquid phase (molten
sodium carbonate) is greater than the water, and the gas is dispersed
to the molten salt bed through a single point sparging tube which
produces a non-uniform gas distribution. So, it is anticipated that
the flow regime develops from a bubble-slug to a slug flow with
the gas velocity. A further increase of the gas velocity above 0.15
mY/s produces a plug-like flow behavior. Since the Shannon entropy
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Fig. 6. Fitting result of the model equations (a), and the compari-
son between the experimental and correlated value of the
gas holdup (b).

expresses the degree of uncertainty in the multi phase flow system,
the decrease of the Shannon entropy with an increasing molten car-
bonate salt temperature means that the air-molten salt two phase
flow system is stabilized more.

The drift-flux model has been used frequently for the fitting of
gas holdup data [19]. Based on the drift-flux model, the gas holdup,
in a liquid-batch system, is fitted in the form of Eq. (3).

Ug

“TEUAC o

where, C, is a constant measure of the interaction of the void and
velocity distribution, and C, is the weighted average drift velocity
accounting for the local slip. C, is often taken as the rise velocity of
a bubble in an infinite medium. Fig. 6(a) shows a typical example
of a fitting result of the model equations, and the comparison be-
tween the experimental and correlated values of the gas holdup in-
cluding the resulting value for the best fit of Eq. (3) is shown in Fig.
6(b). As can be seen, the best correlation of the gas holdup is ac-
complished by the drift-flux model for in the molten salt oxidation
reactor.

In the conditions of 0.05-0.22 m/s of a gas velocity and 870-970 °C
of a molten salt temperature, the values of the Shannon entropy have
been correlated with the operating variables as Eq. (4) and the di-
mensionless experimental variables as Eq. (5) with correlation coef-
ficients of 0.962 and 0.971, respectively (Fig. 7).
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Eq. (5) covers the range of variables, 3.04x10"<y/g/p, 07<
1.18x107, 1.71x10°<(U,;)14/0,<1.30x10 2 These correlation equa-
tions can be effectively utilized to predict the optimum operating
condition, and for a scale-up of the molten salt oxidation process
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Fig. 7. Comparison of the experimentally obtained and calculated
values of the Shannon entropy in a molten salt oxidation
reactor.
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for the best operation.
CONCLUSION

In the molten salt oxidation reactor, the gas phase holdup increases
with an increase of the gas velocity and the molten sodium carbon-
ate salt temperature. But the increasing trend of the gas holdup shows
a different trend at gas velocities above 0.15 m/s under all the ex-
perimental temperature conditions, which may due to the flow regime
transition. The highly complicated and nonlinear air-molten salt two
phase flow systems in the molten salt oxidation reactor have been
characterized successfully by a stochastic analysis of the differen-
tial pressure fluctuations: phase space portraits, Shannon entropy.
The experimentally obtained values of the gas phase holdup and
the Shannon entropy are correlated well by the drifi-flux model and
operating variables, respectively. These results may be useful for the
design and operation of a molten salt oxidation process.
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NOMENCLATURE

C,, C, : drift flux parameters in Eq. (3) [-]

g : gravity acceleration [m/s’]

Hs : Shannon entropy [bits]

AL : vertical distance between pressure measuring point [m]
AP : differential pressure drop [atm]

r : number of possible outcomes in Eq. (2) [bit]

T  :molten carbonate salt temperature [°C]

U, :superficial gas velocity [m/s]

X(t) :time series of pressure fluctuations [volt]

Greek Letters

&  :gasphase holdup [-]
4, :liquid viscosity [Pa-s]
T : time delay [sec]

o, :liquid density [kg/m’]

May, 2009

o, :liquid surface tension [dyne/cm]
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