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Abstract—A predictive model of carbon tetrachloride (CCl,) incineration in a dump incinerator is described. An em-
pirical model that incorporates the chemical kinetic aspects of CCl, destruction is developed to describe the flame in-
hibition characteristics of CCl,, which is halogen compounds. Quantitative agreement is found between the predictions
of the model and the measured values. Cavity hydrodynamics and flame structure studies are made in a dump in-
cinerator proposed in this study. For the effective destruction of hazardous waste, the waste must injected in the
recirculation region of high temperature with the condition of not disturbing the combustion cavity. The core flame
has a significant impact on the structure of the recirculation region, in some cases completely changing the nature of
the flow within the cavity. The dump incinerator has good characteristics for the destruction of hazardous waste. These
characteristics should lead to a very compact device, one which is potentially transportable or usable in a dedicated

meanner by a small generator.
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INTRODUCTION

Incmeration 1s an attractive altemative for the treatment of sev-
eral classes of toxic hazardous wastes. Particularly, dump incinera-
tors located on the same site where the waste 18 generated usually
have been considered because of less public oppositionn A dump
combustor (see Fig. 1) is characterized by the sudden expansion
of a fuel-air mixtire mto a combustion cavity formed by a rear-
ward facing step. This gives higher residence time in recirculation
zone. Therefore it has enough reaction time for hazardous waste to
be destroyed at lugh temperature. A major source of the hazard-
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Fig. 1. The experimental dump incinerator system.
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ous waste generated 18 from chemical mdustries producmg plastics,
herbicides, pesticides and chlonnated solvents. All of these processes
produce a class of hazardous waste termed the chlonnated hydro-
carbons (CHC's), either directly or from undesirable side reactions.
A mumber of studies have been reported on the CHCs cambustion
mechamism. In these studies, use has been made of shock tubes and
small scale laboratory flames [Cundy et al,, 1987; Morse et al,, 1 988].
These fundamental studies have proved that thermal destruction
is indeed a viable method for satisfying the EPA (Environmental
Protection Agency ) regulations requirng hazardous waste destruc-
tion efficiencies to be greater than 99.99 percent [Oppelt, 1987].

In addition to the fundamental studies, models have been devel-
oped to predict the performeance of memeration processes [Silcox
and Perchung, 1988; McKenty et al.. 1999]. However, these studies
have made use of simplifying assumptions and do not provide de-
tauled distribution of the turbulent flow field, temperature and spe-
cies concentration in the incinerator. Even though conventional fast
chemistry tirbulent reaction models (for example, the conserved
scalar method of Bilger and the eddy breakup models of Spaldmg
and Magnussen and Hjertager) have been proposed, they do not
describe the flame mhibition characteristics of halogen components
[Bilger, 1976, Spaldmg, 1971, Magmssen and Hjertager, 1976].

Thus, the effect of nonequlibrium chemistry 15 as mnportant as
that of turbulent mixing, and an approprate turbulent combustion
madel is to be used. JTang and Acharya used a fast chemistry tur-
bulent reaction model for a premixed CH,-CCl,-air mixture [Jeng
and Acharya, 1988]. The basic concept of the model 1s that the de-
struction rate of CCl, is directly proportional to the reaction rate of
CH, over a limited range of C'C, concentration. The CH, reaction
rate is described by the phenomenological eddy brealaup model re-
commended by [Magnussen and Hjertager, 1976]. However the
model, which 1s essentially a fast chemistry model, does not directly
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incorporate the nonequilibrum . effects in a CyH-CCly-air flame.
Given the complexity of the CHCs ncineration process, a mumber of
issues must be addressed before a practical incineration system can
be put into operation. A reliable predictive methodology needs to be
developed to guide the development of better mcinerators.

In the current work, a more realistic calculation has been made
for the C-H.-CCl,-arr reaction rate. To this end, use is made of the
relation between the burning velocity and reaction rate from the
thermal theory of flame propagation [Glassman, 1977]. The per-
formence of the trbulent nonequilibrium reaction model developed
in this study is compared with a dump incinerator. Also we present.
the construction of a steady three-dimensional model of the dump
inginerator with nonecuilibrium reaction model developed in this
study, and its use in characterizing the structire of the flame front
and recirculation zone and CCl, destruction to provide the basic
data for the design and operation of dump incinerator.

EXPERIMENTAL APPARATUS AND PROCEDURE

A bench scale dump incinerator used in the present experiments
(as shown in Fig. 1) is made of stainless steel insulated glass wool.
Fuel (propane gas) and air are mixed and introduced into auxiliary
burner and waste myector, respectively. Hazardous waste (CCL) 15
injected through the waste injector only. This location is chosen on
the basis of numerical simulation [Chun, 1999]. The carbon tetra-
chloride 1s transported with the and of a pumpless, “blow-case™ sys-
tem consisting of a pressurized liquid reservoir tank, a high preci-
sion flow regulation valve, and corresponding gauges for mormitor-
ing pressure and temperature [Bose and Senkan, 1983].

The carbon tetrachloride is injected into the heated gas at a heat-
mg unit. All the lines after the liquad iyection are also heated to pre-
vent condensation of the carbon tetrachloride. The combustion gases
are continuously withdrawn from the dump incinerator and through
the sample loop in a gas chromatograph (Shmadzu 14B) using a
vacuum pump.

The gas analysis of C,H,, CO,., O,, N, 18 accomplished by using
Porapak Q and molecular sieve 13X columns with the thermal con-
ductivity detector of the gas chromatograph. The gas analysis of C'Cl,
uses capillary DB-5 columns with the flame 1omization detector.
Absorptimetric Analyzer is used for HCT analysis. Temperature meas-
urements are taken using 0.3 mm Pt/Pt-13% Rh thermocouples with
Data Logger (Fluke 2625A).

MATHEMATICAL MODEL

Tubulence is modeled using the high Reynolds version of the
two equation (k-€) model [Launder and Spalding, 1972] This re-
quires the solution of the transport equations for kinetic energy of
turbulence k and its dissipation rate €. In this two-equation model,
the “Boussinesq”™ gradient hypothesis is used for the second-order
velocity fluctuation correlation term and a Prandtl-Kolmogorov re-
lationship 18 used to carrelate the tirbulent viscosity to k and €. As
recommended by Launder and Spalding the presence of the near-
wall viscous sublayer 1s resolved through the use of wall fimctions
[Launder and Spalding, 1972].

Special attention is focused on the modeling of the turbulent reac-
tion m a premixed C,H,-CCl-ar flame. The reaction rate of this

mixture is believed to be determined not only by turbulence mix-
mg but also by chemical kinetics. This 1 particularly true since CCl,
is incapable of a self-sustaining flame due to the low enthalpy of
combustion and its flame inhibition. In order to resolve the non-
equilibrimm effects m CH;-CCly-air flames, detailed chermical ka-
netic data is required. Efforts have been directed toward this end, but
as yet, there 18 no well established chemical kinetic data available
[Cundy et al, 1987; Morse et al, 1988]. Thus, a detailed consider-
ation of the kinetic rates is not quite warranted at this stage. Rather,
an empincal modeling approach 1s adopted m this study. Fast chem-
istry model is applied for turbulent reaction in premixed flame, and
thermal theory and the concept of buming velocity are used to de-
scribe the flame inhibition characteristics of C'C1, which is halogen
compounds.

Based on the thermal theory of flame propegation, the reaction
rate (RR) can be related to the flame burning velocity (S,) by

S — (OCRR)”Z (1 )

e

where o denotes the thermal diffusivity [Glassman, 1977). Buning
velocity is available as a function of R (molar concentration ratio of
CC, to C5H; ) and @ (equivalence ratio) in a laboratory Bunsen flame
study [Valewas, 1982]. Utliang Eq. (1) and the relatonship be-
tween S, vs. R, the reaction rate expression of C;H-CCl,-air mix-
ture can be obtained as a function of R and ¢ as

()
ﬁC;H@’CCh R @Z%: :ﬁc;m‘kw (2)
).
In Eq. (2), ﬁma‘ -0 Cescribed fast chemistry modsl only repre-

sents the reaction rate of C;H; in a pure C;H;-air reaction.

For any value of R between expenimental data points, the corre-
sponding burming velocity S, is obtained by linear interpolation. Al-
though another set of burning velocity data of C5H,-C'Cl-air mix-
ture is also available for various R and ¢ values, this set of data is
obtained in the water-cooled flat flame bumer facility in which there
are substantial amounts of heat extraction at the base compered to
that in a Bunsen flame experiment [Morse, 1984]. Since the mag-
nitude of heat extraction has a significant effect on flame tempera-
ture and burning, velocity the flat flame bumer data 1 excluded m
this study.

The volumetric reaction rate of C,H, (R_RC,3 ) M a CyH-CCL-
air mixture is given by the phenomenological eddy brealoup model
proposed by Magnussen and Hjertager, ie.,

RR.:.s, =minimum of EAﬁJHE BAIHT"E p '(ILHJ:_)IE\ (3)
where B is the time-averaged density, s is the stoichiometric oxy-
gen requirernent by mass and A and A' are empinical constants given
by Loclowood et al. [Loclovood et al., 1980].

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

C

ccn'M -
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Once the C;H; reaction rate is obtained, the individual species
reaction rates can be calculated by using the stoichiometnc reac-
tion expression given by Eq. (5).

C;H,+2R CCL,+5(0,+3.76N,)
*(3+2R)CO,+8R HCI+4(1 - R)H,0+(5 - 3.76)N, (5)

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

For example, CCl, reaction rate (RR ., ) can be expressed as

ﬁccn :ﬁc;m—ccn: :%m {0)
where M denotes the molecular weight.

Further, stoichiometric oxygen requirement (s) m Eq. (3) can be
expressed as

<= SM ,, +4RM,., 7

M, +2RM.

The sx flux model 13 employed for radiation heat transfer [Gos-
man and Tockwood, 1973, Spalding, 1980]. The products of gas
combustion, such as CC, and H,O, are strong selective absorbers
and emitters, but they do not scatter radiation sigmificantly. The ab-
sorptvities of N, end O, are so small that these gases are almost com-
pletely transparent to radiation. Absorption and scattermg coeffi-
cient are used 1.45m™ and zero m™, respectively. The emissivity
of stamless steel, which 15 the material of dump meinerator, 15 0.6.

The composite radiation fluxes are defined as

— (I,+]) I\v+L (M. +N,)
R=S2 R - Ro=s

(8)

where [, I, are radiation {luxes mn positive and negative axial (x),
K,. L, in positive and negative axial (y), M., N_ in positive and neg-
ative axial (z), respectively.

With these definitions, the RTEs (radiative transfer equations)
are given as

dr 1 dR — 8 = = =
= — 27 R —R —
dx(aﬂ d‘() a(R, E)+3(HRv R,—R))
ds 1 dR — 8§ = = =
= = _EV+ 2R —-F —
2 ﬂ%y) a®, )+ 30, R R
dr 1 dR. — o
_ +2(2 _ _
dz(aﬂ, ) =a(R, —E) 3(HRC R,—R.)) {9

where a and s represent the absorption and scattenng coefficient,
respectively.
The E 1s the black-body emissive power as

E=S-T* (10)

where S represents the Stefan-Boltzmann constant (i.e., 5.6678E-
8 W/m’K") and T is absolute fluid temperature.

The contribution of radiative heat transfer to the energy equation
is a source term involving the divergence of the radiative heat flux.
The energy equation source term 1s given as Eq. (11).
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S.~2aR+R+R,~ 6E] {11

Local residence time, particularly m the recirculation region, is
an important factor for the destruction of hazardous waste. There-
fore 1t 1 required to caleulate at any pomnt withn the calculation do-
main, the time talcen for the injected fluid to reach that point. Local
residence tune, as a scalar vanable ¢ m Eq. (13), 15 caleulated. The
source 1 given by:

s, Athmj fgnf’limw —pval (12)
g 4

where Vol is the cell volume, and th,, the mass inflow rate to the
cell through a face j, where the summation 1s over all faces. All gas
properties are calculated from the CHEMKIN thermodynamic data

base [Kee and Jefferson, 19811
CALCULATIONS

The nonuniform, orthogenal computational grid with physical
dimensions is shown in Fig. 2. Tnlet boundary condition is listed in
Table 1. Coordinate stretching has been emploved to increase the
grid density near the dump and heat exchanger planes because we
expect flud dynamic effects to be mnportant there. Gnd compac-
tion 18 employed m the core flow to accurately capture the flame.
The grid size is 64 - 14 - 39. Calculations have been performed for
a flame (see Table 1) selected by computing a series of cases.

The basic conservation equations for mass, momentum, energy,
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Fig. 2. Computational grid generation with measurement points
and physical dimension.

Table 1. Inlet boundary condition

Auxiliary bumer

Qﬁn Qafm Tm (pm Vm Im
08191353 10187 5

Waste injector
Qﬁv pr Q.xw R Tw ¢w Vw Iw
02 1215206 353 1.0351 35

List of symbols
Q, : fuel flow rate (/min} Q. : hazardous waste flow rate (/min)
Q,: air flow rate (/min) R : molar concentration ratio of CCl,

T : mixture temperature to C,H;
(K) ¢ :equivalence ratio
V : axial velocity (m/s) I :turbulent intensity (%o)
Subscripts
m : main bumer W waste injector
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turbulence quantities. radiation flux and species concentration can
be expressed, in an Fulerian cartesian coordinate, as

a%,‘pﬂ” - %{r¢§)+s¢ 13)
in which ¢ denotes general dependent variables per unit mass. The
dependent variables are the velocity components (1. v, W), pres-
sure (p). turbulent kinetic energy. (Ei dissipation rate (€). enthalpy
(H}. composite radiation flux (R.. R,. R, ). residence time (E} and
the mass fractions of chemical constituents (i z. Meer . Mg,
Mg My and Myo) Iy and S, represent the turbulent diffusion
coefficient and source term. respectively. Expressions for the I’
and S, are presented in Table 2 together with empirical constants
for all species mass fractions and enthalpy. where G denotes
turbulent Prandtl/Schmidt number:

The solution of the Fulerian gas phase equations is done by con-
trol volume based finite difference procedure. A detailed descrip-
tion of this method is given by Patankar [Patankar, 1980]. In brief.
the method requires the division of the computational domain into
anumber of control volumes, each associated with a grid print. The
govemning differential equations in each control volume profile are
approximated in each coordinae direction in this study. power-law
scheme is employed for the discretization of the convection term
appeared in the governing Eq. (13).

A system of discretized linear equations is solved iteratively due
to the nonlinear feature of the equation implicity imbedded in the
coeflicient of the discretized equation. The composite radiation fhuxes
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in radiative transfer equations are solved by which the conduction
term (ie. first term ) in Eq (13} is omitted. The residence time must
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Fig. 3. Selected gas concenirations and temperature along a center line of the auxiliary burner plane.

Korean .J. Chem. Eng.(Vdl. 19, No. 1)



24 Y. N. Chun et al.
FEL T T T T T T T T 1 14 T T T T T T T
4000 L 1 14 }
x . TH] - Fradtons ."'_--- -
E " Diata = o n
a b —— L
[=1 o - - e
- LR . /8
|5} A A
& #oof b 1 = -
E % = - -
g 2000 % . g} |
8 .. | § sf A .
= 1500 1 » ;
] i T |
(e - 4 b 7
! . 1 1 -._
500 - '._ - r = - o
- | -
6 i i i i i i i i i i L L i i i
u a 4 = - 14 i 14 -] F 4 g - gli] 12 T4 18 18
Distance ¥om wasse inector (cm) Distanoe from wasie necior [om
T T T T T T T T 2000 T T T T T T T
i4 - - 1800 = - - -
il W n
.
5 o 8 4 1400 |
- P
d e -
g w0 { € ol : |
= A p : -
= |
® __.- e 12K o
L & 1000 - 128 M
Y 4l ‘ 3
~ 0o+ -
00 §
i 1 i i i 4 i i ’ ! A i i i i i i (!
4 £ I 12 id i& i8 ( 2 i 2] a = 12 i4 i6 ik
Distaroa from washe recion (om) Caslanca from wasia ingcacr (om

Fig. 4. Selected gas concenirations and temperaure along a center line of the waste injector plane.

be only be convected by the fluid, so that the diffusion term must
be deactivated. Numerical procedure for the differential equation is
used by SIMPLEST {Semi-Implict Method for Pressure-Linked
equations Shor'Tened) algorithm, which is a derivative of SIMPLE,
to ensure rapid converge [Spalding, 1988].

RESULTS AND DISCUSSIONS

1. Comparison of Predictions and Measurements

Predictions of a dump mcinerator include flow-velocity distribu-
tion. gas temperature and concenirations of major species {C3H,.
CCl,. O, CO.. HC efe). Detailed comparisons are made between
selected model predictions and dump incinerator-probing measure-
ments as dry basis.

Figs. 3 and 4 show selected gas concentrations and temperature
at the centerline of section A-A' {referred as auxiliary bumner plane)
and section B-B' {referred as waste mjector plane} i Fig. 2. re-
spectively. The points are the data in all the figures. Corresponding
selected gas concentrations and temperature profiles appear in Figs.
3 and 4. respectively.

Fig. 3 shows the comparisons along axiliay bumer plane. Meas-
ured C;H; and O, consumptions are smaller than predicted, while
measured CO; is lower than predicted in post flame region. This
results becansze the reactions of both C-H, and O, for experiment
are slower than calculation. Therefore the overall flame length is
larger than predicted as can be seen in the peak temperature in Fig. 3.
That iz why wall temperature boundary is not resonable, particu-

Jammary, 2002

larly m the baftle plate which affects the auxiliary burner flame. It
would certainly be possible to apply more suitable boundary mod-
els but we have not pursued them [Peters and Weber, 1995].

Fig. 4 reveals that the agreement between the predidions and
experimental data along a center line of waste injector plane is re-
markably good Particularly, agreement of CCl, and HCl means that
the nonequilibrium reaction model developed in this study may be
satisfied. Considering the complexity of that which is being mod-
elled, the agreement between the predictions and data is on the whole
excellent.

2. Cavity Hydrodynamics and Flame Stucture

To study the cavity hydrodynamics and flame siructure in a dump
incinerator. proposed i this study. we selected a flame by comput-
ing a series of cases. We are evaluaing the use of the recirculation
region within the cavity as an oxidizing chemical reactor for the
destruction of hazardous wastes by using the nonequilibrium reac-
tion model developed in this study. Selected results at center plane,
auxiliary burner and waste mjector plane (see Fig. 2) are presented
in Figs. 5-8.

Velocity fields and local residence time contours are shown m
Fig. 5.

The arrows of velocity vectors ndicate the direction of the flow
and the length of the armows are directly proportional to the magni-
tude of the velocity. When the mixtures at the auxiliary burner and
surrogate injector respectively are introduced, large recirculation
region is formed within the cavity behind the rearward facing step.
The formation of recirculation region is important to have long re-
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sidence time at high temperature for the destruction of hazardous
waste. Therefore the waste myector has been located at the pomt
where recirculation region is not disturbed The core flame has a
very significant impact on the structure of recirculation region, in
some cases completely changmg the nature of the flow within the
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of BEL.

cavity.

Local residence time m recirculation region 18 more than 2 se-
conds. Provided that the recirculation region exists continuously in
time, waste mixture injected into the recirculation zone will experi-
ence a relatively long residence time 1n a high temperature, poten-
tially reactive environment in comparison with that in the core. Tn
an memeration application, we make use of this by myecting waste
directly into the recirculation region.

Fig. & depicts the temperature field and black-body power in Eq.
{10 of six flux radiation model. The highest temperature and black-
body power are found between the flame front and the streamline
separating the core flow from the recirculation zone. Both counters
show same shape nearly. It means that block-body power depends
on the absolute temperature.

A lift and long core flame with low temperature 15 formed m waste
njector because of the inhibiting effect of CCY,. Therefore, most of
the waste mixture burns in long flame-front and recirculation region.
The mhubitmg effect of halogens on the oxidation of hydrocarbon/
air flames has been studied and defined by Westhrook and Dryer
[1981] as the mbubitor provides competition for radical species. par-
ticularly H atoms. Regardless of inhibiting effect in waste injector,
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the flame of the auxaliary bumer bums stably. A higher tempera-
ture could be maintained (1.e., more than 1,000 K) in the recircula-
tion region, which 18 particulerly effective for the destruction of haz-
ardous waste, and 1 the heat exchenger. High temperature m heat
exchanger contributes to the complete destruction of C'C1, which
could not be destroyed m the recrreulation region.

The dump incinerator designed in this study guarantees com-
plete destruction, because most of the waste bumn m the recircula-
tion zene and complete burming 1s possible m the heat exchanger
Also the latent heat in heat exchanger transfers to dump to increase
the reaction rate of mixture i auxiliary burner.

C;H,, CCl, and O, concentration plots are shown m Fig. 7.

C,H, concentration contours near the auxihiary burner and waste
myector have core shapes. The CoH; concentration is decreased grad-
ually up to flame-front at which exists high temperature. However
because the mixture 1s consumed by bumning, they decrease drasti-
cally from the rear of flame-front. The C,H,; concentration has been
consumed at the exit completely.

The destruction of CCl, 1s achieved gradually at the core flame
in the waste injector. CCl, destruction increases drastically through
the flame-front whuch 1s lngh temperatire. Remaming CCl, 1 de-
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Fig. 8. CO;, HCI and H,O concentrations.
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stroyed completely through recirculation region.

Most of O, is consumed through core flame. Remaining O, enters
either to recirculation to react with hazardous waste or to heat ex-
changer to react with remamned combustible components. This oxi-
dizing species must be supplied by diffusion across the flame-fromnt
separating the recirculation zone from core flow.

Tt is important to have sufficient oxygen in the recirculation zone,
because the intermediates created by the burmng of waste mixture
could have a chance to burn out.

The contours of C'O;, HC and H,O concentrations are given in
Fig. 8.

CO, 18 drastically mcreased at both flame-fronts, and 1 gradu-
ally mereased m recireulation by reaction. H,O 1 also mcreased dras-
tically at both flame fronts. Higher H,O concentration shows par-
ticularly at the upper of flame front in auxiliary bumer. The reason
18 that CH, bums only at auxiliary bumner. HCI 18 produced at long
flame front m waste wyector only due to the destruction of CClL,.
The lower concentration in auxiliary burner and heat exchanger
stream 13 because the species produced m the flame front and re-
circulation region is diluted through this region.

Dump combustors are characterized by the sudden expension of
a fuel-air mixture mto a combustion cavity. Recirculation zones are
typically stabilized within the cavity by the sudden increase in cross-
section at the pomt where the fuel-air mixture 13 mtroduced and the
reactarts are igruted. These zones contain mostly lugh temperature
combustion products, and exchange mass and momentum relatively
slowly with the surrounding gases. As a result matter within the
recirculation zone experiences a much longer residence time than
that 1 the core flow. This meens that waste through recirculation
zone could be destroyed with lugh temperature.

SUMMARY AND CONCLUSIONS

An empirical model that mcorporates the chemical kinetic as-
pects of CCl, destruction i developed and model predictions are
compared with experimental data. Comparisons of the predicted
and measured value are reasonable. Results indicate that the flame
mhibition feature of the halogen compounds and the associated ka-
netic effects must be incorporated, as in the empirical model in this
paper, m order to obtaimn realistic predictions.

Cavity dynamics and flame structure are studied for a flame se-
lected by computing a series of cases m the complex hydrodynamic
envrronment of a dunp memerator designed mn this study. For the
good destruction of hazardous waste, it is effective that the waste
18 myected m the recirculation region of high temperature with the
condition of not disturbing combustion cavity. The core flame has
a sigmficant mpact on the structure of the recirculation region, m
some cases completely changing the nature of the flow within the
cavity.

The dump meinerator has several good characteristics n incmer-
ation application of hazardous waste, which 1s halogen compounds.
Tt may guarantee the good destruction of hazardous waste due to a
high degree of mixing within the recreulation region and high tem-
perature in heat exchanger. Tn addition, this has relatively long re-
sidence time for hazardous wastes within the recirculation zone of
high temperatire and radical concentrations, or, equivalently, a rela-
tively compact incinerator. These characteristics should lead to a



A Numerical Simulation of Hazardous Waste Destruction in a Thres-Dimensional Dump Incinerator 27

very compact device, one which is potentially transportable or us-
able in a dedicated marmer by a small generator.
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