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CoHy4 = 0 case, the minimum NO is reduced to 405 ppm for the CH3Cl / CoHy = 0.2

case, that is, more than a 15 % NO reduction is achieved.

8.3.2 Second Series of Runs at Constant ¢

Extended experiments were performed to examine the effect of higher CH3Cl loading
levels. These experiments were performed at a constant ¢} = 1.3 (corresponding to the ¢y,
for minimum NO obtained from the first series runs), constant feed mole fraction of
CH3NHj,, and with air injection (§gyerall = 0.85). NO concentrations measured in the
first stage are shown in Figure 8.4, and the NO levels measured at the second stage outlet
are shown in Figure 8.5. From these data, we can see that NO emissions from both the
first and second stages decreases with the feed CH3Cl loading. Figure 8.5 shows that, at
the outlet of second stage, the NO emission level has been reduced from 600 ppm

(CH3Cl/ CyHy4 = 0) to 460 ppm (CH3Cl / CoHyg = 0.4).

The measured temperature profiles along the reactor length are shown in Figure
8.6. These profiles do not show significant changes with increased feed CH3Cl loading.
This observation suggests that the NO reduction results from the chemical interaction of

CH3Cl and CH3NH, without interference from different temperature..

The species concentrations for CO, CO5, and O measured in both of the stages
are shown in Figures 8.7 and 8.8. Figure 8.7 indicates that, in the first stage, the
combustion inhibition induced by methy! chloride resulted in increasing ratios of CO / CO2
and increasing Oo concentration, which are consistent with the observations in the
combustion of CH3CI reported in Chapter 6. Figure 8.8 shows that in the second stage
almost all CO has been consumed into CO7 by injected air, and the oxygen concentration
remained constant at a higher level, which is reasonable because excess oxygen exists in

this second zone (¢gyera]] = 0.85) after air injection.
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8.4 Interaction Reactions and Modeling

The two stage reactor used in this co-combustion of CH3Cl and CH3NH, study was
simulated as a Perfect Stirred Reactor (PSR) + Plug Flow Reactor (PFR) sequence as
described in Chapter 4. The energy balance equations in the reactor model were uncoupled
from the species balance equations E4.1 and E4.2 by using the measured PSR temperature
and the PFR temperature profile as input to the model. The reactor simulation was
performed through the original CHEMKIN application driver code. As done in the
previous chapters, the feed composition , temperature, and flow rate, the reactor pressure
(one atmosphere), and the injected air flow rate and temperature are used as input in the

modeling.

The reaction mechanism used in this modeling was constructed from the following
subsets: C1/Co/Chlorocarbon mechanism from Ho et al. (1993), NO chemistry including
the thermal NO, prompt NO, and fuel-bound nitrogen NO from Miller et al. (1989), and
the CH3NH, oxidation mechanism from Hwang et al. (1990). Quantum RRK calculation
(Dean 1985) for selected important reactions have been made. The modified parameters

and corresponding reactions have already been listed in Tables 6.6 and 7.6.

Another 26 reactions were added to the mechanism to describe the interaction of
chlorine and nitrogen species. These are listed in Table 8.3 below. These reactions include
abstraction reactions from nitrogen-containing species by radicals Cl, N, OH, and H; and
combination reactions of Cl with N, NO, CN, NH», and NH3. Stabilized intermediates
produced from these combination reactions, such as NCI, CNCI, NOCIl, NH,Cl and
NHCI, are reacted with active radicals, such as OH, H, N, and CI, and finally converted
into No, Clp, HCl, Hp, and HyO. Some kinetic parameters for these reactions were
obtained from the NIST kinetic database (1992). The parameters which are not available
in literature were calculated by the QRRK method (Dean 1985) and referenced to similar

reactions. The input data for QRRK calculations are listed in Appendix F.



Table 8.3. Interaction Reactions of Cl- and N-containing Species

(k=ATNexp(-E,/R/T); Units: cal, mole, second, cm3, and K)
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Reaction A n E; AH(298K) Source
CH3NH, + Cl=CHsNHy + HClI  54E13 0 1000 -9200 a
CH3NH, + Cl = CH3NH + HCI 50E13 0 3000 -2140 a
NHj3 + Cl = NH3 + HCI 58El12 O 7800 5570 a
HCN + Cl=HCI +CN 1.0E14 0 23000 20820 a
Cl + NH, = NH,(Cl 2.9E22 -3.7 1850 -68000 b
Cl+NHy =NH + HCl 3.3E14 -0.12 101 -11180 b
Cl+NH, =NHCI+ H 3.7E16 -0.73 40830 34700 b
Cl + NH = NHCI 43E13 -1.86 370  -57120 b
Cl+ NH =N + HCI 1.6E14 -0.01 10 -23150 b
CIl+NH=NCI+H 42E09 0.6 4090 2990 b
NH,Cl + OH = H,0 + NHCI 2.1E13 0 2500 -16400 a
NHCI + OH = H70 + NCI 1.5E13 0 1200 -59100 a
NHC! + H=H; + NCI 20E13 © 1500 -44100 a
NHCI + N =Ny + HCI 3.0E13 0 0 -192000 a
NH;Cl + Cl = HCI + NHCI 25E13 0 2700 -200 a
NH>Cl + H =Hj + NHCI 39E12 0 5000 -1400 a
N+Cl+M=NCl+M 8.5E17 0 0 -76860 a
N+ Clp =NCi1 + Cl 35E12 0 5800 -19060 c
NCI+NClI=Njp +Cly 58E13 0 0 -130000 a
NCI+N=Njp +Cl 7.6E14 0 0 -149000 a
CN+Cl+M=CNCI+M 40E16 O 0 -99920 a




106

Table 8.3 (Continued)

CN +Clp =CNCl + Cl 36E12 0 0 -42000 c
CNClI+N =Ny + CCl 1.0E13 0 0 -42750 a
Cl+NO +M=NOCI+M 1.7E17 -1.39 340 -38000 c
NOCiI + H=HCI+NO 46E13 0 910 -64870 c
NOCIl + Cl=Cly + NO 40E13 O -350 -19670 c

a. Kinetic parameters are taken from similar reactions
b. Kinetic parameters are calculated by CHEMACT (NJIT computer code written
by E. R. Ritter and J. W. Bozzelli)

c. Kinetic parameters are taken from the NIST kinetic database (version 4.0,1992)

Modeling results compare very well with the experimental measurements. It can be
seen from these comparisons that the model has satisfactorily predicted the NO decreasing
trend as shown by the experiments. The predicted drop in NO with chlorine loading is
especially satisfying considering the complexity of the two heteroatoms involved in the

hydrocarbon combustion.

8.5 Discussion

Important results obtained from the modeling are rate-of-production (ROP). The ROP not
only indicates the production and consumption rates for particular species of interest, but
also list the important reactions which contribute to the production and destruction. With

the ROP analysis, one can identify the formation and destruction pathways.
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The ROP calculations in the PSR for both the chlorine loading and no-chlorine

loading cases indicate that more than 90% of NO formed in the combustion under both of

the cases is from the following seven reactions:

CO5 +N=NO +CO (R8.4)
NO3 +H=NO + OH (R8.5)
HNO =NO +H (R8.6)
HNO + OH = NO + Hy0 (R8.7)
HNO +H = Hy + NO (R8.8)
N+0,=NO+0 (R8.9)
N+OH=NO +H (R8.10)

The importance of each of these reactions are indicated in Figure 8.9. The
shadowed bars express the NO production rates in the case of CH3Cl/CoHg =0.2, and
the blank bars express the rates in the case of CH3Cl / CoHy = 0. The last two bars in this
figure shows the net NO production rates. It can be seen from this figure that, with
methyl chloride in the feed, the NO production rate in each reaction (R8.4 to R8.10) is
lower than that for the CH3Cl / CoHyg = 0 case. Reaction R8.10 (reaction No. 7 in Figure
8.9), the most important channel for the NO production in the no-chlorine case, shows a
very large drop in the NO formation rate under the CH3Cl loading condition. The net
production rate of NO is decreased more than 15 %, which is consistent with the

experimental data.

The factors which can significantly affect the NO formation rates are the active

radical concentrations, especially the OH and N concentrations. ROP spectra for OH
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consumption rates obtained from the modeling of the CH3Cl/CoH4 = 0 and 0.2 cases are
shown in Figure 8.10. It can be found that with CH3Cl loading, OH consumption rates are

lower for the reactions

OH + CoHy = CoHj3 + Ho0 (R8.11)
OH+CyHy=CHCO+H (R8.12)
OH+CO=CO, +H (R8.13)

and much lower for the reaction

OH+Hy=Hy0+H (R8.14)

In contrast to this, the OH consumption rate by reaction

OH + HCl = Cl + Hy0 (R8.15)

is dramatically increased. This suggests a strong competition for OH radicals and results in

a lower OH concentration level in the chlorine loading case as shown in Table 8.4.

The consumption of N radicals is of great interest because the N atom either can
convert into N2 or form NO. From the ROP analysis, the five most important reactions for
N consumption and their rates are shown in Figure 8.11. The results in this figure indicate
that, with chlorine loaded in the feed, N consumption rates in three major NO formation

channels
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N+ COp=NO+CO (R8.16)
N+0,=NO+0O (R8.17)
N+OQOH=NO+H (R8.18)

were all decreased compared to the CH3Cl/CoHyg = 0 case, which contributes to the NO
reduction. In addition, the ROP spectra shows that, when chlorine is present, N radicals

are consumed by combining with Cl radicals to produce intermediate NCI by the reaction

N+Cl+M=NCI+M (R8.19)

The NCl then is attacked by N to form N» via reaction

N +NCl=Nj +Cl (R8.20)

This N consumption pathway not only decreases the N concentration and thus limits the
NO formation rate of R8.18 together with the lower OH levels, it also provides a means to

convert N into N5 by R8.20.

8.6 Implications for NO Reduction

The study of simultaneous staged combustion of CH3NH» and CH3Cl indicates that the
CH3Cl presence did not affect the minimum NO operating behavior, though it did induce

a further reduction of the NO emission. The modified mechanism has described the
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interaction between nitrogen- and chlorine-containing species and has modeled the
experimental data well. Rate-of-production calculations based on the modeling show that
in the co-combustion, consumption of OH radicals by HCI via the reaction OH + HCl =
H,O + Cl and consumption of N radicals by Cl via the reaction N+ Cl + M =NCl+M
are two important steps to slow the rate of reaction N + OH = NO + H, which ultimately
leads to the NO reduction. While the presence of chlorine does have a favorable affect on
NO, the inhibitory effects on CO burnout and O utilization still occurs. It remains to see

if injection along with the air injection into the second stage will be beneficial.

Table 8.4 Calculated OH Concentration (ppm)

Residence Time CH;3Cl/CoH4=0 CH;3ClV/CoH4=0.2
(millisecond) OH OH
5.6 (PSR) 250 170
Air inj. point 190 130
6.6 970 870
7.6 670 590

8.6 530 470




CHAPTER 9

FINAL CONCLUSIONS AND RECOMMENDATIONS

9.1 Conclusions

From our experimental observations and model predictions of the CpHg/air/No,
CoHy/air/CH3CUNy,  CoHy/air/CH3NH/N7, and  CoHy/air/CH3CVCH3NH2/Nj
combustion systems in a two stage turbulent flow reactor, the following conclusions are

obtained:

(1) The two stage combustion reactor has been characterized as a PSR+PFR
sequence. The facility has been used successfully for studies of chlorocarbon (CH3CI) and
fuel-bound nitrogen (CH3NH») incineration. The operating conditions, such as model
waste loading level, fuel equivalence ratio, combustion temperature, and staged air/steam
injections have been investigated to find the effects of these factors on the combustion
emissions.

(2) At a fuel-lean condition (¢ = 0.65), the combustion inhibition of CH3Cl was
observed in the first stage. At a fuel-rich condition (¢ = 1.3), the inhibition occurred in
both the first and second stages. The emissions of CO and PICs (CH4, CoHjp, CoHy)
increased, and the CO; decreased, as the feed CH3Cl loading was increased from

CH3CVCoH4 = 0t0 0.4.

(3) Steam injection into the second stage effectively enhanced the CO burnout and
decreased the PICs emissions from combustion of CoHy/air/N and CoH4/CH3Cl/air/Ng
under fuel-rich conditions (¢ = 1.3 and ¢ = 1.35).

111
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(4) Modeling with a detailed reaction mechanism (measured temperature used as
input) satisfactorily predicted the observed concentration profiles of light hydrocarbons
and O, and the ratio of CO/CO> in the CH3Cl combustion. Rate-of-production analysis

(ROP) based on the modeling indicated that reaction

OH + HCl = Hy0 + Cl (R9.1)

is a major channel of OH consumption. The decreased OH concentration level in the

combustion limited the CO and CoHj burnout rates of the reactions

CO+OH=C0,+H (R9.2)

CoHy + OH=CHCO +H (RS.3)

With steam injection, the ROP analysis shows that the net production rate of OH is

dramatically increased. Reaction R9.1 and reaction

Hy +OH=H7O+H R9.4)

are primarily responsible for the higher level of OH due to reaction equilibrium shifting to
the left upon steam injection. The higher OH radical concentration speeds up the burnout

rates of R9.2 and R9.3.

(5) The NO emission from the combustion of CoH4/CH3NH2/air/N5 is quite high
under fuel-lean conditions (¢ = 0.86). At a constant temperature (T = 1759 K), the NO
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can be dramatically decreased by operating the system under fuel-rich conditions.
However, at the same time, the CO emission and unburned hydrocarbons increased with

the higher equivalence ratio.

(6) With fuel-rich combustion in the first stage and air injected into the second
stage to make the overall system fuel-lean (¢qyeral] = 0.86), not only is all CO consumed,
but also NO formation at the reactor exit can be reduced to a minimum level with a
correct first stage ¢. Compared to the fuel-lean only (¢ = 0.86) case, more than a 60%

reduction of NO has been reached by air-staging combustion.

(7) Modeling results from the two zone reactor simulation combined with a
modified NO mechanism agrees well with the experimental data from the CH3NHj
combustion. ROP calculations show that HCN and NH; (i = 1, 2, 3) are the key
intermediates in the fuel NO formation process, while O and OH are the most important
radicals for NO production. Limited oxygen availability in the fuel-rich system, that is,

decreasing the concentrations of O and OH radicals, is the key factor to NO reduction.

(8) The optimum first stage fuel equivalence ratio (¢p,) corresponding to the
second stage minimum NO depended on the fuel-bound nitrogen loading level in the feed.
With higher feed CH3NH7 loading, increased N atom concentration enhanced the rate of
N + NO = Ny + O, which allows for ¢, to shift to lower values. The resulting higher O
and OH levels can consume the increased HCN and NH3 to form either NO or N in the
second stage. It was noted that at heavier CH3NH> loading cases small deviations in the

om will result in significant increases in NO emissions.

(9) The co-combustion of CH3Cl and CH3NH, in CoHy4 with air showed that the
presence of CH3ClI does not affect the ¢, location of minimum NO which was observed
in the staged combustion of CH3NH,. However, the absolute NO concentration from the
combustion was decreased as CH3Cl was loaded in the feed. Model calculations using a

large reaction mechanism including chlorocarbon combustion, NO chemistry, and
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CH3NH; oxidation predicted the minimum NO decreasing with chlorine loading. ROP
analysis indicates that consumption of OH radical by HCI via reaction OH + HCl = HO +
Cl and consumption of N atom by Cl via reaction N + Cl + M = NCI + M are two

important steps in reducing NO yield by the reaction N + OH = NO + H.

9.2 Recommendations

According to the capability of using the two stage reactor for studies of hazardous waste

incineration, a few recommendations in specific areas are offered for future work.

For the chlorocarbon combustion, a higher chlorine/hydrogen (CI/H) loading level
in the feed should be used to see more clearly the effect on the combustion temperature,
CO burnout, and higher molecular weight PIC production. The higher C/H loading can be
realized by using heavier chlorinated hydrocarbons such as CHyCly and CHCI3.

It will be useful to use different form of fuel-bound nitrogen in the fuel NO
reduction, study for further identification of the NO formation and reduction pathways.
Also the effect of fuel-bound nitrogen molecular structures on the minimum NO and

optimal ¢, values can be investigated by this way.

To get a better understanding of the interaction of chlorocarbon and fuel-bound
nitrogen in the combustion, more detailed identification of product species and
determination of their concentrations are recommended. Also, the combined effect of air
staging and steam injection should be examined. In particular, it will be essential to make
sure if is there any product which is worse than NO formed in the CH3Cl/CH3NH, co-

combustion system.
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Figure 3.2 First Stage Combustor Chamber
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Figure 3.3 Fuel Jets and Jet Ring in the First Stage of Reactor
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Figure 3.5 Air/ Steam Injector
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Figure 3.9 Standard Gas Sample Chromatogram (FID)
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