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Abstract−−−−We undertook numerical and experimental studies to develop a better incineration method for the destruc-
tion of CCl4. A phenomenological model for the turbulent reaction of CCl4, including a flame inhibition feature, has
been successfully incorporated into a commercial code, simulating the incineration processes of this compound. The
gaseous flow solution was obtained using SIMPLEST, a derivative of Patankar’s SIMPLE algorithm, with a k-ε
turbulence model. A modified fast chemistry turbulent reaction model was developed to describe the flame inhibition
due to the presence of CCl4, considering the corresponding burning velocity data of these mixtures. An experiment
was carried out on a 5.2 kW laboratory scale, transportable, cavity-type incinerator, which warrants a sufficient
residence time and effective turbulent mixing by the formation of a strong recirculation region in a combustor. To this
end, the specific configuration of the incinerator was manufactured to consist of two opposing jets and a rearward facing
step. The calculated data were in close agreement with the experimental data for the concentrations of major species,
such as CCl4 and HCl, together with the temperature profiles. The experimental test gave the desired DRE of above
99.99%.
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INTRODUCTION

Incineration is an attractive alternative for the treatment of several
classes of toxic hazardous wastes. Particularly, a cavity-type inciner-
ator, located on the same site where the waste is generated usually, has
been considered as an attractive incinerator for less opposition from
the public. A cavity incinerator is generally characterized by the
sudden expansion of a fuel-air mixture into a combustion cavity
formed by a rearward facing step. This gives higher residence time
in the recirculation zone. Therefore, it has a long enough reaction
time for hazardous waste to be destroyed at high temperature.

Models of industrial boilers have been developed to predict the
combustion process performance [McKenty et al., 1999]. However,
these studies have made use of simplifying assumptions and do not
provide detailed distribution of the turbulent flow fields, tempera-
ture and species concentrations in a combustor. In addition, analyti-
cal studies of the combustion dynamics in the cavity incinerator
have recently been carried out [Liou et al., 2001; Stone and Menon,
2001]. However, a phenomenological model for the turbulent reac-
tion of CCl4, including flame inhibition feature, has not been stu-
died with CFD (computational fluid dynamics) analysis, which would
simulate the incineration processes of CCl4. Most past studies have
focused on flame stability and DRE (destruction and removal effi-
ciency) [Gutmark et al., 1996; Cole et al., 2001], but did not utilize
the large hot recirculation zone in the combustion cavity, as in ox-
idizing chemical reactors, for the destruction of hazardous wastes.
Use of the combustion cavity in the cavity incinerator, for greater
destruction of hazardous waste, requires the development of a com-
pact incinerator.

In this study, a phenomenological model for the turbulent re
tion of CCl4, including a flame inhibition feature, has been inco
porated into a commercial code (PHOENICS Version 3.3) to s
ulate the incineration processes of this compound. We propose
advanced cavity incinerator having a combustion cavity, as in
oxidizing chemical reactor, while a steady three-dimensional mo
constructed for this study, was used to find the characteristic
the flame structure, combustion cavity and CCl4 destruction. Sys-
tematic parametric studies were made in order to obtain usefu
formation for optimum design, and operating conditions. Furt
experimental tests, in the 5.2 kW laboratory scale incinerator, w
carried out to use in these comparisons and to demonstrate th
tainment of the desired DRE, of above 99.99%, before being
plied to a full-scale plant.

EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental apparatus used in the present study is sh
in Fig. 1, as well as details of the dump incinerator.

The 5.2 kW insulated, castable, laboratory scale incinerator 
constructed to use in these comparisons and to show the attain
of the desired DRE, before application to a full-scale plant. It w
designed for making detailed measurements in the combustion
ity, having 16 sampling ports.

Fuel (CH4) and air were mixed and introduced into the auxilia
burner and waste injector, respectively. And the hazardous w
(CCl4) was injected through the waste injector only. The proper
cations of the injector were determined from the previous work
the main author of this paper [Chun, 1999; Chun et al., 2002].

The CCl4 was transported with the aid of a pumpless, “blow-ca
system [Bose and Senkan, 1983], consisting of a pressurized l
reservoir tank, by high-pressure nitrogen gas, a high precision 
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regulation valve, and corresponding gauges for the monitoring of
pressure and temperature. The CCl4 was injected into the heated
gas at a heating unit. All the lines, after the liquid injection, were
heated to prevent condensation of the CCl4.

Gas sampling was achieved by the two procedures shown in Fig.
1. One was used for gas species (CH4, CO2, O2, CCl4, NOx etc.) and
the other for HCl only. The combustion gases were withdrawn from
the dump incinerator by using a vacuum pump, through glass wool
(to remove soot) and electric gas cooler (to condense vapor), and
sampled, at time intervals, through a sampling loop in a gas chro-
matograph system (Shmadzu 14B). However, for the sampling of
HCl, the gas was absorbed in an absorption bottle, containing sodi-
um hydroxide.

The analysis of CH4, CO2, O2 and N2 gases was accomplished
by using gas chromatography with Porapak Q and molecular sieve
13× columns and thermal conductivity detector. Detection of waste
destruction in the device was made by using DB 5 capillary col-
umns with flame ionization detector to measure CCl4 destruction
(sensitive to 100 ppm), yielding a maximum detectable DRE of ap-
proximately 5.7 nines. NOx and CO gases were continuously mon-
itored by NDIR (Non-dispersive infrared) analyzer (CAI-ZRF). To
measure HCl, the solvent, including this gas, was made the sam-
ple, while mecury (II) thiocyanite [Hg(SCN)2] and iron (III) am-
monium sulfate [Fe2(SO4)3(NH4)2SO4 H2O] were added to the sol-
vent to giving a color. Absorptiometric analysis was achieved with
UV-visible spectrophotometery (U.V. Shimadzu 160A).

Temperature measurements are taken using 0.3 mm Pt/Pt-13%
Rh thermocouples with Data Logger (Fluke 2625A).

MATHEMATICAL MODEL

Turbulence is modeled by using the high Reynolds version of

the two equation (k-ε) model [Launder and Spalding, 1998]. Th
requires the solution of the transport equations for kinetic energ
turbulence k and its dissipation rate ε. In this two-equation model,
the “Boussinesq” gradient hypothesis is used for the second-o
velocity fluctuation correlation term and a Prandtl-Kolmogorov 
lationship is used to correlate the turbulent viscosity to k and ε.

Special attention is focused on the modeling of the turbulent
action in a premixed CH4-CCl4-air flame. The reaction rate of this
mixture is believed to be determined not only by turbulence m
ing but also by chemical kinetics. This is particularly true since C4

is incapable of a self-sustaining flame due to the low enthalpy
combustion and its flame inhibition. In order to resolve the no
equilibrium effects in CH4-CCl4-air flames, detailed chemical kinetic
data is required. Efforts have been directed toward this end [Cu
et al., 1987; Morse et al., 1988], but, there is no well establis
chemical kinetic data available so far. Thus, a detailed consi
ation of the kinetic rates is not quite warranted at this stage. Ra
an empirical modeling approach is adopted in this study.

Fast chemistry model is applied for turbulent reaction in p
mixed flame, and thermal theory and the concept of burning ve
ity are used to describe the flame inhibition characteristics of C4

which is a halogen compound.
Based on the thermal theory of flame propagation [Glassm

1996], the reaction rate (RR) can be related to the flame bur
velocity by

Su~(αRR)1/2 (1)

where α denotes the thermal diffusivity.
Burning velocity is available as a function of R (molar conce

tration ratio of CCl4 to CH4) and φ (equivalence ratio) in a labora-
tory Bunsen flame study [Valeiras, 1982]. Utilizing Eq. (1) and t
relationship between Su vs. R, the reaction rate expression of CH4-

Fig. 1. The experimental setup.
Korean J. Chem. Eng.(Vol. 20, No. 4)
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CCl4-air mixture can be obtained as a function of R and φ as

(2)

In Eq. (2),  described fast chemistry model only repre-
sents the reaction rate of CH4 in a pure CH4-air reaction. For any
value of R between experimental data points, the corresponding
burning velocity Su is obtained by linear interpolation.

The volumetric reaction rate of CH4 ( ) in a CH4-CCl4-air
mixture is given by the phenomenological eddy breakup model pro-
posed by Magnussen and Hjertager [1976], i.e.,

 (3)

where ρ is the time-averaged density, s is the stoichiometric oxy-
gen requirement by mass and A and A' are empirical constants given
by Lockwood et al. [1980].

In order to account for the CH4 reaction rate in CH4-CCl4-air mix-
ture, the following expressions are used for the species mass frac-
tions appearing in Eq. (3).

 and

(4)

Once the CH4 reaction rate is obtained, the individual species
reaction rates can be calculated by using the stoichiometric reac-
tion expression given by Eq. (5).

CH4+R CCl4+2O2+7.52N2

�(1+R)CO2+4R HCl+2(1−R)H2O+7.52N2 (5)

In Eq. (5), as the R value increases the species mass fraction 
and  decreases, which results in a reduced reaction rate and fi-
nally the reaction will be quenched for large R values.

For example, CCl4 reaction rate ( ) can be expressed as

(6)

where M denotes the molecular weight.
Further, the stoichiometric oxygen requirement(s) in Eq. (3) can

be expressed as

(7)

The six flux model for radiation [Spalding, 1980] is employed
for radiation heat transfer. The products of gas combustion, suc
CO2 and H2O, are strong selective absorbers and emitters, but 
do not scatter radiation significantly. The absorptivities of N2 and
O2 are so small that these gases are almost completely transp
to radiation. Absorption and scattering coefficient are used, 1.45−1

and 0 m−1, respectively. The emissivity of stainless steel, which
the material of dump incinerator, is 0.6. The contribution of rad
tive heat transfer to the energy equation is a source term invol
the divergence of the radiative heat flux. The energy equation so
term is given as Eq. (8).

(8)

where a is absorption coefficient, E the black-body emissive po
and , ,  composite radiation fluxes.

CALCULATIONS

The non-uniform, orthogonal computational grid with measu
ment points and physical dimensions is shown in Fig. 2. Inlet bou
ary conditions according to the flame types are listed in Tabl
Coordinate stretching has been employed to increase the grid
sity near the dump and heat exchanger planes because we ex

RRCH4 − CCl4  at R φ,  = 

Su
2

α
----- 

 
R φ,

Su
2

α
----- 

 
R= 0 φ,

------------------- RRCH4 R= 0 φ,×

RRCH4 R= 0 φ,

RRCH4

RRCH4 = minimum of   ρAmfu

ε
k
---, ρA

mox

s
--------ε

k
---, ρA' mpr

1+ s( )
-------------ε

k
---

mfu = mCH4
 + mCCl4

MC

MCCl4

------------,⋅ mox = mO2
 + mCCl4

2MCl2

MCCl4

------------,⋅

mpr = mCO2
 + mH2O + mHCl

mCH4

mO2

RRCCl4

RRCCl4 = RRCH4 − CCl4

R MCCl4⋅
MCH4

 + R MCCl4⋅
-----------------------------------×

s = 
2MO2

 + 2RMCl2

MCH4
 + RMC

----------------------------------

Srad = 2a Rx + Ry + Rz − 6E[ ]

Rx Ry Rz

Fig. 2. Computational grid with measurement points and physi-
cal dimensions.

Table 1. Inlet boundary conditions for flame type

Flame type
Auxiliary burner Waste injector

Qfm Qam φm Vm Qfw Qcw Qaw R φw Vw

Flame S 2.0 19.0 1.0 4.47 4.0 1.6 38.1 0.4 1.0 4.12
Flame 1 2.0 19.0 1.0 4.47 4.0 3.3 38.1 0.9 1.0 4.31
Flame 2 2.0 19.0 1.0 4.47 4.0 1.6 47.6 0.4 0.8 5.02

[List of symbols]
Qf: fuel flow rate (l/min) Qa: air flow rate (l/min) φ: equivalence ratio
Qc: hazardous waste flow rate (l/min) R: molar concentration ratio of CCl4 to CH4 V: inlet mixture velocity (m/s)
[Subscripts]
m: auxiliary burner w: waste injector
July, 2003
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fluid dynamic effects to be important there. Grid compaction was
employed in the core flow to accurately capture the flame. The grid
size was 64×12×40. Calculations have been performed for the re-
ference flame (referred to as Flame S) and were selected by com-
puting a series of cases (See Table 1). Also, the effects of varying the
molar concentration ratio of CCl4 to CH4 (R) (referred to as Flame
1), and the inlet velocity of the waste injector (Vw) (referred to as
Flame 2), are important factors for the design and operation of the
cavity incinerator, so they have been calculated.

The basic conservation equations for mass, momentum, energy,
turbulence quantities, radiation flux and species concentration can
be expressed, in an Eulerian Cartesian coordinate, as

(9)

in which φ denotes general dependent variables per unit mass. The
dependent variables are the velocity components ( , , ), pres-
sure ( ), turbulent kinetic energy ( ), dissipation rate ( ), enthalpy
( ), composite radiation flux ( , , ), and the mass fractions
of chemical constituents ( , , , ,  and ).
Γφ and Sφ represent the turbulent diffusion coefficient and source
term, respectively. Expressions for Γφ and Sφ are presented in Table
2, together with empirical constants for mass fractions and enthalp-
ies of all species, where σ denotes the turbulent Prandtl/Schmidt
number. In Table 2, Hfu is a low calorific value, given by Eq. (10).

(10)

The Eulerian gas phase equations were solved by a control vol-
ume based finite difference procedure. A detailed description of this
method is given by Patankar [1980]. In brief, the method requires
the division of the computational domain into a number of control
volumes, each associated with a grid point. In this study, the gov-
erning differential equations in each control volume profile are ap-

proximated in each coordinate direction; the power-law scheme 
employed for the discretization of the convection term appea
in the governing Eq. (9).

A series of discretized linear equations were solved iterativ
due to the nonlinear feature of the equation implicitly imbedded
the coefficient of the discretized equation. The composite radia
fluxes in RTEs (radiative transfer equations) were solved in re
tion to the conduction term (i.e., first term) in Eq. (9) omitted. T
fluid must only convect the residence time, so that the diffusion t
is deactivated. The SIMPLEST (Semi-Implicit Method for Pre
sure-Linked equations ShorTened) algorithm, a derivative S
PLE, was used for the differential equation numerical procedu
[Spalding, 1988], to enclosure rapid convergence.

RESULTS AND DISCUSSIONS

1. Comparison of Predictions and Measurements
Predictions of a dump incinerator include flow-velocity distrib

tion, gas temperature and concentrations of major species (CH4, CCl4,
O2, CO2, HCl etc.).

Detailed comparisons have been made, between the selected
el predictions and dump incinerator-probing measurements, o

∂
∂x i

------- ρuiφ( ) = 
∂

∂xi

------- Γφ
∂φ
∂x i

-------
 

 
 

 + Sφ

u v w
p k ε

h Rx Ry Rz

mCH4 mCCl4 mO2 mCO2 mHCl mH2O

Hfu = 
8.02 + 1.73R( ) 108×

16 + 154R
----------------------------------------------

Table 2. Expressions of ΓΓΓΓφφφφ and Sφφφφ for enthalpy and species mass
fractions

φ Γφ Sφ0000

Constant in combustion models

** Srad is in Eq. (8)

mCH4

µeff

σCH4

--------- − RRCH4 − CCl4

MCH4

MCH4
 + R MCCl4⋅

----------------------------------⋅

mCCl4

µeff

σCCl4

--------- − RRCH4 − CCl4

R M⋅ CCl4

MCH4
 + R MCCl4⋅

----------------------------------⋅

mO2

µeff

σO2

------ − 2RRCH4 − CCl4

MO2

MCH4
 + R MCCl4⋅

----------------------------------⋅

mHCl

µeff

σHCl

--------- 4RRCH4 − CCl4
R M⋅ HCl

MCH4
 + R MCCl4⋅

----------------------------------⋅

mCO2

µeff

σCO2

--------- 1+ R( )RRCH4 − CCl4

MCO2

MC3H8
 + R MCCl4⋅

-----------------------------------⋅

mH2O

µeff

σH2O

--------- 2 1− R( )RRCH4 − CCl4

MH2O

MCH4
 + R MCCl4⋅

----------------------------------⋅

h
µeff

σh

------ RRCH4 − CCl4 Hfu
*

 − Srad
**⋅

H*
fu = 

8.02 + 1.73R( ) 108×
16 + 154R

---------------------------------------------- J kg⁄[ ]

σCH4
 = σO2

 = σHCl = σCO2
 = σH2O = 1, σCCl4 = σh = 0.9

Fig. 3. Comparison between predictions and experimental data.
Korean J. Chem. Eng.(Vol. 20, No. 4)
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Fig. 3 shows selected gas concentrations and temperature at the

centerline of the auxiliary burner plane and of the waste injector
plane, respectively. The points are the experimental data in all the
figures. The overall agreement between predictions and experimen-
tal data were found to be good, as shown in the figures. Consider-
ing the complexity of that which is being modeled, the agreement
between the predictions and data is on the whole a pertinent ap-
proach.

In order to resolve the non-equilibrium effects in CH4-CCl4-air
flames, an empirical modeling approach was adopted in this study.
However, the flame burning velocity, Su, in Eq. (2), used a fully
developed laminar flame from the laboratory Bunsen burner [Valei-
ras, 1982], owing to a lack of available data for turbulent flames. If
the detailed data of flame burning velocity, which is considered a
turbulent effect, had been used for the calculation of reaction rate
in Eq. (6), more reasonable predictions may have been achieved.
2. CFD Analysis
2-1. Cavity Hydrodynamics and Flame Structure

The cavity hydrodynamics, and flame structure, in a cavity in-
cinerator were studied with Flame S, as being good operating con-
ditions, as selected by computing a series of cases. The inlet stream
conditions of Flame S are a molar concentration ratio of CCl4 to
CH4 (R) with an inlet velocity at the waste injector (Vw) of 0.4 and
4 m/s, respectively.

Selected results at the center plane, auxiliary burner and waste
injector plane (refer to Fig. 2) are presented in Figs. 4-6.

Velocity vector fields are shown in Fig. 4. When the mixture is in-
troduced at the auxiliary burner, a large recirculation region is formed
within the combustion cavity by the rearward facing step. The for-
mation of this recirculation region is important for a long residence
time, at high temperature, for the destruction of hazardous waste.
A recirculation zone is built up at the right of rearward facing step,
by inflowing waste at the waste injector. This may aid the flame at
the waste injector to burn more stably, by giving latent heat to the
inflowing waste mixture.

The cavity hydrodynamics are related to the incinerator configu-
ration and aspect ratios [Chun, 1999; Chun et al., 2002]. Further,
the inflowing mixture conditions at the auxiliary burner, and the
location of the waste injector, in the combustion cavity, have a very
significant impact on the structure of the recirculation region, in

some cases completely changing the nature of the flow within
cavity.

Fig. 5 presents the temperature field contours for R=0.4 (i.e., Fl
S) and R=0.0 (i.e., pure CH4 flame) to see the inhibiting effect of
CCl4.

In the case of R=0, where CCl4 is not introduced as a surrogat
at the waste injector, both the flames of auxiliary burner, and w
injector, burned stably with higher temperatures than when R=
particularly at the waste injector.

However, for Flame S when R=0.4, a lift flame with a lower tem
perature was formed at the waste injector due to the inhibiting
fect of CCl4. Therefore, most of the waste mixture burns in the 
circulation region. The inhibiting effect of halogens on the oxid
tion of hydrocarbon/air flames has been studied and defined by W
brook and Dryer [Westbrook and Dryer, 1981], who suggested t
inhibitor provides competition for radical species, particularly 
atoms. Regardless of the inhibiting effect at the waste injector,
flame of the auxiliary burner burns stably. It could maintain high
temperatures in the recirculation region, and the heat exchan
being particularly effective for the destruction of hazardous was
High temperature in heat exchanger contributes to the complete
struction of CCl4 that could not be destroyed in the recirculatio
region.

As a result, the cavity incinerator designed in this study may g
antee complete destruction, because most of the wastes burn 
recirculation region, and complete burning is possible at the h
exchanger.

Fig. 6 presents selected gas concentrations in a cavity incinerFig. 4. Calculated velocity vector fields.

Fig. 5. Temperature field contours for R=0.0 and R=0.4.
July, 2003
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The CCl4 decreases drastically toward the flame-front, while CCl4

inflowing from the waste injector decreases gradually within the
core-shape mixture flow. Remaining CCl4 is completely destroyed
through the recirculation region and heat exchanger. DRE yielded
from CCl4 concentration is 99.99% at the outlet. CCl4 destruction
of 99.99% is of the same orders required by the EPA of 99.99%
(“4 nines”) DRE for hazardous waste incinerators [Oppelt, 1987].

Most of the HCl is produced at the long flame-front in the core-
type flow of the waste injector, due to the destruction of the inflow-
ing CCl4 waste at the injector only. The lower concentrations at the
auxiliary burner and heat exchanger stream are because the species
produced at the flame-front of the auxiliary burner and recircula-
tion region are diluted.
2-2. Effect of Varying the Parameters

Parametric studies were made in order to resolve the effects of
the molar concentration ratio of CCl4 to CH4 (R), and the inlet ve-
locity at the waste injector (Vw). For Flame 1, R was increased to
0.9, and for Flame 2, Vw was increased to 5 m/s.

Figs. 7 and 8 show selected predictions along a centerline of the
waste injector plane for Flames 1 and 2, respectively.

The selected predictions for Flame 1, with R changed to 0.9, are

shown in Fig. 7, and indicate the effect of the molar concentra
ratio of CCl4 to CH4.

The concentrations of CH4 and O2 near the waste injector are low
er when R=0.9 due to inflow having a lower mole fraction. Th
trend is reversed due to the much greater inhibition of the spe
destruction. Therefore, the temperature is significantly depres
showing much higher CCl4 concentration. This gives a DRE at th

Fig. 6. Selected gas concentrations.

Fig. 7. Selected predictions for Flame 1, with R changed to 0.9.

Fig. 8. Selected predictions for Flame 2, with Vw changed to 5 m/s.
Korean J. Chem. Eng.(Vol. 20, No. 4)
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outlet of 95.98%, which is much lower than EPA requirement [Op-
pelt, 1987].

We can see that the choice of an operational parameter, such as
chlorine to hydrogen loading (CCl4/CH4), at the waste injector is
an important factor in CCl4 destruction in a cavity incinerator.

Selected predictions for Flame 2 with Vw changed to 5.02 m/s,
as shown in Fig. 8, to see the effect of the inlet stream velocity.

The destructions of CH4 and CCl4 were higher than in Flame S.
This was due to higher turbulent mixing due to the increased inlet
stream velocity. As mentioned earlier, the reaction rate for the case
of slow chemistry is believed to be determined, not only by turbu-
lence mixing, but also by the chemical kinetics. For Flame 2, the R
value at the waste injector, which plays a part in flame inhibition,
is unchanged. Therefore, the reaction rate for this flame has most
effect on the turbulent mixing, although the R value calculated in
the cavity incinerator is slightly decreased by greater combustion.
Turbulent mixing may be represented by the inverse of eddy break-
up time, ε/k as in Eq. (1). As the Reynolds number (i.e., inlet stream
velocity) increases, the turbulence scale, from isotropic turbulence
theory, is expected to decrease. A turbulent flow at a relatively high
Reynolds number has a relatively fine, small-scale, structure com-
pared to a turbulent flow at a lower Reynolds number, but with the
same integral size. Therefore, as inlet stream velocity increases, the
reaction rate (i.e., ) in Eq. (1), which is proportional to ε/
k, is expected to increase. As a result, the DRE of 99.9992% at the
outlet is thus five orders of magnitude above the EPA requirement
[Oppelt, 1987]. 

In spite of greater combustion, a higher O2 concentration remains
due to the excess air introduced at the waste injector, by decreasing
the equivalence ratio to 0.8. Generally, the conventional incinera-
tion strategy introduces excess air to ensure complete combustion
of the waste stream. However, we can see that it is not a good ap-
plication to the incineration of CHC’s because of the following Dea-
con reaction [Jones et al., 1966].

(11)

Excess oxygen can lead to pure chlorine gas, which is more dif-
ficult to scrub out of stack gases than HCl.
3. Experimental Test

Experiments were conducted to show the attainment of desired
DRE, before the application to a full-scale plant. All data in Figs. 9
and 10 are mean values measured through replicate experiments.

Fig. 9 shows species concentrations, DREs, and temperatures,
according to the variation of core equivalence ratio of the auxiliary
burner. The equivalence ratio at the waste injector and the molar
concentration ratio of CCl4 to CH4 were both 1.0.

As one would expect, the concentration of CO2 increased with
the increase in core equivalence ratio (accomplished here by increas-
ing the auxiliary fuel flow rate), while the CO concentration was
almost unchanged with excess air. The maximum value of CO2 was
shown at a core equivalence ratio of 0.95, as shown in Fig. 9(a).

The DRE profiles were expected to show a similar pattern to that
of CO2, indicating good combustion. The highest destruction was
shown as 5.6 nines, with a core equivalence ratio of 0.8. This may
be the detection limit of the GC for CCl4. Therefore, it is quite pos-
sible that higher destruction was achieved with a core air ratio of

0.95, which showed the maximum concentration of CO2. With closer
stoichiometry, the primary reaction at the cavity plane produce
hotter reaction, resulting in an increase in the rate of destructio
CCl4 in the recirculation region. Further, even though the high
destruction was shown in conditions with excess air, DRE at wh
the core equivalence ratio was 1.0 (in the case that the total eq
alence ratio was 1.0), was five orders of magnitude greater. 
means our cavity incinerator with closer stoichiometry could achi
destruction above the EPA requirement of 99.99% (“4 nines”) D
for hazardous waste incinerators [Oppelt, 1987], in which no p
chlorine gas is produced by the Deacon reaction [Jones et al., 1966].

However, thermal NOx, which is produced at higher tempera
tures, as shown in Fig. 9(b), increased with the increase in the 4

destruction rate. These observations suggest thermal NOx must be
controlled by other technology, for example, an external oscillat
[Cole et al., 2001] for low emission control.

Fig. 10 shows DREs, species concentrations and temperat
according to the variation of the molar concentration ratio of C4

to CH4. The core equivalence ratio for the auxiliary burner and wa
injector were both 1.0.

DREs, NOx and temperature decreased with the increase in
molar concentration ratio of CCl4 to CH4, while CO concentrations

RRCH4 − CCl4

2HCl + 
1
2
---O2 Cl2 + H2O→

Fig. 9. DREs, selected species measurements and temperature 
a function of core equivalence ratio at auxiliary burner.
July, 2003



CFD Analysis and Experimental Study for Toxic Hazardous Waste Destruction in the Cavity Incinerator 677

han

ere
9%
7].
es
n

 et

Hy-

z-
tor,”

l-

. P.
val
on-

sti-

).
n-
tor

xi-

u-

e

od

 of
tion
on,

 of

 of
rch
).

ere,

/

increased. The decrease of DREs and NOx was because the lower
temperature caused by heat release in the recirculation region due
to pyrolysis of CCl4. The increase of CO is due to the increase of
carbon, which increased the molar concentration ratio of CCl4 to
CH4. When the molar ratio of CCl4 to CH4 is more than 1.6, DRE
failed, and were three orders of magnitude below the EPA require-
ment [Oppelt, 1987]. This was due to the temperature being below
1,000oC in the recirculation region.

SUMMARY AND CONCLUSIONS

In order to obtain a more reliable predictive procedure for a cavity
incinerator design and operating conditions, complex 3-dimensional
flow field calculations were achieved, and validated by comparison
to experimental data, as shown in Fig. 3. The overall agreement be-
tween the predictions and experimental data were found to be good.
Results indicate that CCl4 has a strong quenching effect on the chem-
ical reaction, due to the flame inhibition feature of halogen com-
pounds and the associated kinetic effects must be incorporated, as
the empirical model in this study, in order to obtain realistic pre-
dictions.

Cavity dynamics and flame structure were studied on a flame
selected by computing a series of cases in the complex hydrody-
namic environment of the cavity incinerator designed for this study.
For the good destruction of hazardous waste, it was effective when
the waste was injected into the recirculation region with high tem-
perature, when the conditions did not disturb the combustion cav-
ity. The core flame in the auxiliary burner had a significant impact
on the structure of the recirculation region, in some cases com-
pletely changing the nature of the flow within the cavity.

The parametric studies were made in order to resolve the effects
of the molar concentration ratio of CCl4 to CH4 and the inlet stream
velocity at the waste injector. The molar concentration ratio of CCl4

to CH4 was an important factor for the destruction of CCl4. Greater
CCl4 destruction was shown as the inlet stream velocity was increased.
Although DRE was somewhat increased by a lower equivalence
ratio at the waste injector, it was reasonable to select an equivalence
ratio (φw) of 1. This was because excess oxygen, which can lead to

pure chlorine gas, is more difficult to scrub out of stack gases t
HCl.

The DREs in our 5.2 kW laboratory scale cavity incinerator w
five orders of magnitude above the EPA requirement of 99.9
(“4 nines”) DRE for hazardous waste incinerators [Oppelt, 198
However, thermal NOx produced at high temperatures, increas
with the increase in CCl4 destruction rate. To achieve low emissio
combustion in a cavity incinerator, thermal NOx must be controlled
with other technology, for example, an external oscillation [Cole
al., 2001].
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