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UNITED STATES ENVIRONMENTAL PROTECTION AGENCY 

DATE: JUN 1 1 1980 

Suw~dT: Thermal Incinerator Performance for NSPS 
\ 

FROM: David C. Mascone Jh? 
Chemical Manufacturing Section, CPB 

TO: Jack R. Farmer, Chief 
Chemicals and Petroleum Branch 

Over the past few months, CMS has investigated incinerator efficiency, 
cost and fuel use. The purpose of this study has been to pick an 
efficiency that represents the highest control level achievable by all 
new'incinerators, considering available technology, cost and energy use. 

Conclusions 

Based on our study, we conclude that 98 percent VOC reduction, or ,_-_-._. _._ .-" ~. .-... ̂ . 
20 ppmv by,compound exit concentration, whichever--‘iYless strlngentc'-is 
the-highest control level achievable by all new incinerators, considering 
available technology, cost and energy use. This level is expressed in 
both percent reduction and ppmv to account for the leveling off of exit 
concentrations as inlet concentrations drop. This level is based on 
incinerator operation at a maximum of 1600°F and .75 second residence 
time. The costs and energy use of achieving this level are based on 
recuperative heat recovery capable of lowering the flue gas temperature 
to 510°F. 

From our study, we also conclude that mixing--*is,,,.qcritical fa.ctor 
inefficiency, a factor of equal or greater importance th$n other factors 
such as temperature. After surveying available means of improving 
mixing, we conclude that incinerator adjustment after start-up is the 
most feasible and efficient. The control levels in the previous paragraph 
are based on such an adjustment. 

From our study, we also conclude that, with proper use of recuperative 
heat recovery (RHR), no-significant energy penalties occur with changes 
in cqmbustion temperature. 

-.__ . . ._ -. 
The reason is that,'based'on the technical 

limits of heat recovery and present fuel costs, the optimum incinerator 
exit gas temperature is slightly above 5OO*F, regardless of combustion 
temperature. Since incinerator fuel use depends on exit gas and not 
combustion temperature, RHR can essentially eliminate the fuel penalty 
of increasing combustion temperature. 
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Discussion 

This section discusses our data and findings on incinerator efficiency, 
cost and fuel use, and presents the logic behind the choice of the above 
control level. This section has three parts, one on efficiency, one on 
cost and fuel use, and one on control levels. Tables cited in this 
section are at the end of the memo. 

In using the conclusions and data from this discussion, the reader 
should be aware of several qualifications. First, this discussion picks 
a control level applicable to all new incinerators, even the worst -- 
cases. In reality, there will be a distrfbution of cases from worst to 
best. Thus, in many situations, incinerators will achieve greater than 
98 percent, or less than 20 ppmv, control at less than 1600°F and 
.75 seconds residence time. 

Second, this discussion lists specific incinerator conditions 
(temperature, 

--_ 
residence time, heat recovery) for analysis purposes only, 

i.e. to calculate cost, fuel and emission impacts. This memo do.es.not 
recommend that t,hase conditions be specifiad.in regulations. As just 
noted, this set of-cond<tions represents only oneof many with which 
to achieve 98 percent reduction or 20 ppmv. Thus, the control levels in 
the above conclusions, not the incinerator conditions, should be the 
basis for regulations. 

Third, this discussion focuses on thermal incineration since this 
control method hasThe-wi'dest applicabl~~-lto'-con~roi‘"r~~"d;cted VOC 
emissions. This memo does not conclude that incineration is applicable 
to all situations .or that, when applicable;incineration is the only 
feasible control method. 

Fourth, this discussion covers. incinerators operating with relatively 
constant inlets and flows and with waste gas flows greater than 500 scfm. 
This in general includes incinerators on solvent drying operations, 
polymer production plants, and air oxidation units. For incinerators.. .----.., ..- 
with varying inlet conditions or small flows, such as those on organic 
liquid storage tanks, the fuel and capital cost calcul.ations in this 
memo may not hold. Since these calc.ulations are a critical basis for 
the above conclusions on efficiency, these efficiency conclusions are 
not applicable to such incinerators. 

Finally, this discussion covers new incinerators applied for control 
of VOC for oxidant reduction purposes. Existing incinerators may not be 
physically capable of achieving the temperature, residence time and heat 
recovery conditions listed in this memo. Thus, these incinerators may 
not be able to reach 98 percent or 20 ppmv. On the other hand, incinerators 
for control of toxic or hazardous VOC need not be limited to 98 percent 
or 20 ppmv. As discussed below, higher efficiency incinerators are 
possible for all compounds with some development and design cost. 
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Efficiency - The available data on incinerator efficiency is described 
in Table 1 and summarized in Tables 2-4, The data include results from 
lab scale incinerator tests conducted by Union Carbide and from field 
tests run by EPA, Los Anlgeles County and chemical companies. 

These data were analyzed to determine the impact of incinerator 
variables on efficiency. Six variables were studied, namely temperature, 
residence time, mixing, inlet concentration, flow regime, and type of 
compound, in three analyses. These analyses are described below. 
Mixing and flow regime are defined in Appendix A. 

The first analysis was des,igned to remove the influence of mixing. 
This was desired since mixing cannot be measured and thus its impact on 
efficiency cannot be readily separated when studying the effect of other 
variables. The Union Carbide lab work was chosen for this analysis 
since its small size and careful design best assured consistent and 
proper mixing. 

The results of the Union Caribde work are shown in Table 2. These 
results show moderate increases in efficiency with temperature, residence 
time and type of compound. These results also show the impact of flow 
regime on efficiency. This subject is discussed further in Appendix A 
on mixing and flow regime, Finally, the results show that a given 
temperature does not correspond to a given efficiency. Rather, increasing 
temperature increases efficiency by narrowing the range over which 
efficiencies fall and increasing the average of the range. 

The next analysis focused on mixing. To accomplish this, cases 
were picked where a17 variables except mixing were held constant or 
accounted for in other ways. It was then assumed any changes in efficiency 
would be due to changes in mixing. 

The case most directly showing the effect of mixing on efficiency 
is presented in Table 3. The Petro-tex data show the efficiency changes 
due to two modifications of the incinerator after start-up. These 
modSfications increased efficiency from 70 percent to over 99 percent, 
with no change in temperature. The modifications include repositioning 
baffles and burners, and rerouting inlet combustion air. 

A case indirectly showing the effect of mixing is presented in 
Table 5. These data compare the efficiency of the Rohm and Haas (R&H) 
incinerator in combusting four specific compounds with that of the Union 
Carbide lab unit. The lab unit clearly outperforms the R&H unit. The 
data from both units are based on the same temperature, residence time 
and inlet stream conditions. The more complete mixing of the lab unit 
is judged the cause of the differing efficiencies. 

Another case indirectly showing the effect of mixing is presented 
in Table 6. These data are a partial list of L.A. County tests where 
efficiency dropped or remained the same with increasing temperature, In 
total this result occurred in 21 of the 50 L.A. County tests in which 
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the same incinerator was tested at different temperatures. As above, 
all factors except mixing remained the same or can be accounted for in 
other ways. Thus, changes in the compIeteness of mixing are judged to 
be the cause of the results. 

The final analysis was designed t3 study the effect of all variables 
at once. The L.fi. data were chosen fcr this analysis since the L.A. 
units operated over a wide range of each of the variables of interest. 
In addition, the L.A. results represented the largest body of available 
efficiency data and thus were the most amenable to statistical analysis. 
The results of the analysis of the L.f. data are shown in Table 4. 
These results show a weak relation bet;Jeen efficiency and inlet concentration 
and no relation between efficiency ant temperature. 

T!,e temperature vs. efficiency results are surprising. Kinetic 
theory and the lab scale results show large increases in efficiency over 
the 300°F range in Table 4, but in fact no such increase occurred in the 
L.A. data. Detailed analysis of this data points to poor mixing as the 
cause of these results. This analysis is described in Appendix A to 
this memo. 

The conclusion from these three analysis is that mixing is the most 
important variable in incinerator .efficiency. This is based on the 
large changes in efficiency in the R&t and Petro-tex results and the 
ability of mixing to mask the impact cf temperature in the L.A. data. 
This is not to oonclude that temperattre, residence time and other 
variables have no influence on efficiency. These variables do have an 
important, though smaller, influence. 

Cost and Fuel Use - The data usec to study incinerator cost and . 
energy use are contained in the Hydroscience report on thermal incineration. 
Selected parts of these data are showr in Table 7 and 8. These data 
were used to analyze the relations betallreen capital cost, energy use and 
heat recovery. 
also analyzed. 

In addition, the costs of efforts to improve mixing were 
These analyzes are discussed below. 

The first analysis studied the ccst trade-offs between heat recovery 
and energy use. The results of this analysis are shown in Table 7. 
This table lists the incremental capi1al costs and energy savings with 
increasing recuperative heat recovery (RHR). The 70 percent RHR case, 
which corresponds to a flue gas temperature slightly above 5OO"F, represents 
the maximum feasible level of recovery. Beyond 70 percent RHR, problems 
arise with precombustion in the heat c.<changer and with condensation of 
water in the flue gas and possible corrosion. 

The results on Table 7 indicate that the maximum feasible RHR 
should be used. Up to this maximum, Except for the 1000 scfm case, the 
capital cost of each increment of RHR is more than offset by the incremental 
energy savings. The basis for these savings is the increasing cost of 
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energy. In older designs, based on cheaper fuel, cost savings from heat 
recovery were not large enough to justify maximum RHR. However, with 
escalating fuel costs, extra capital equipment has become cheaper than 
energy. 

The results on table also indicate that, with the proper use of 
heat recovery, negligible energy penalties occur with increasing combustion 
temperature. The reason is that the energy use of an incinerator depends 
on exit gas temperature, not combustion temperature. And as noted 
above, the optimum exit gas temperature is slightly above 5OO"F, regardless 
of combustion temperature. Higher exit gas temperatures are not warranted 
since additional heat recovery produces a net savings. Lower exit gas 
temperatures are prevented by technical limits. Thus, with optimum RHR, 
increasing combustion temperatures will lead to negligible increases in 
energy use. 

The second analysis concerned the capital cost differences between 
incinerators designed at 1400°F and 7600°F. The results of this analysis 
are shown in Table 8. These results show moderate increases in capital 
costs and small to moderate increases in annualized costs between the 
1400°F and 7600°F incinerators. The major factors in the increase are 
the larger recuperative he at exchanger and larger combustion chamber 
needed for the 1600°F degree unit. 

The final analysis concerned the cost and feasibility of various 
methods to improve mixing. Four methods were studied: pilot plants, 
lab work, engineering design and adjustment after start-up. 

Pilot plant work is judged too expensive. The costs involved in 
constructing and operating the piiot plant unit, providing a waste gas 
stream, and collecting and analyzing the data could well exceed the 
capital cost of the full scale unit. A quarter to a half million dollars 
could be required for such work for small incinerators, and up to a 
million dollars for larger units. Pilot plant work appears more appropriate 
as an EPA or vendor research project. 

Two of the alternatives, lab work and engineering design, appear 
affordable but are not feasible. Lab work provides good data on kinetics, 
but no useable data on mixing. Engineering equations are useful in many 
situations, but few such equations exist for mixing. The number of 
trays in a distillation column can be reasonably calculated; the number 
of baffles in an incinerator cannot be. 

The final alternative, adjusting the incinerator after start-up, 
does appear both affordable and feasible. Such an adjustment would 
involve repositioning baffles, adjusting ducts and performing similar 
tasks while measuring efficiency, temperature and similar variables. 
Such a procedure applies to incinerators the same adjustment that process 
equipment receives after start-up and would involve the same, moderate 
time, expertise, and costs. Finally, the success of such a procedure 
has been demonstrated by Petro-tex. 
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Control Level - Based on the above findings, a series of conclusions 
were made which lead to the choice of 98 percent reduction, or 20 ppmv, 
(98/20) as the highest control level achievable for all new incinerators, 
considering available technology, cost and energy use. These conclusions 
are c'jscussed belox. 

First, incinerator combustion temperature has little impact on cost 
and energy effectiveness ratios. This conclusion is based on the small 
changes with temperature that occur in the three items, namely annualized 
cost, energy use and VOC control efficiency, that make up these ratios. 
As discussed above, these three items all increase less than 15 percent 
with temperature over a 13OOOF to 1600°F range. Simple math shows that 
such small changes in the numerators and denominators of the cost and 
energy effectiveness ratios lead to almost negligible changes in the 
ratios. Calculations with the actual numbers confirm this. Based on 
a 5 percent increase in VOC control, a 12 percent increase in annualized 
costs and essentially no change in energy use (see Table 2 and 8 and 
previous discussion), a 1400°F to 1600°F change in temperature increases 
cost per pound VOC controlled only 5 to 10 percent and actually decreases 
energy uses per pound VOC controlled. 

Second, the highest control limit should be 
operation at 16OOOF. This conclusion is based d 
i.e. that over the range of interest temperature 
affect cost or energy effectiveness. Given this 
with higher control efficiencies, are preferred. 

based on incinerator 
irectly on the first, 

does not adversely 
, higher temperatures, 

This conclusion on operating temperature is also based on the 
practical limits on metal recuperative heat exchangers. Based on the 
logic in the preceding paragraph, there is no upper limit to the combustion, 
temperature which should be used. 
heat exchangers are required. 

However, above 1600"F, ceramic recuperative 
Since these exchangers are more complex 

and costly, and less typical, than metal designs, the decision was made 
not to rely on them in considering the achievable control levels. Thus, 
1600°F was chosen for the incinerator operating temperature. This 
conclusion was further supported by the high control levels found 
achievable at this temperature, as discussed below. 

Third, and finally, 98 percent VOC reduction, or 20 ppmv by compound, 
whichever is less stringent, represents the.highest achievable control 
level for all new incinerators, considering available technology, cost 
and energy use. This is based on incineratcr operation at 1600"F, as 
discussed in the preceding paragraph, and on adjustment of the incinerator 
after start-up, as discussed in the section on cost. The dual statement 
of the conclusion, i.e. as percent reduction or ppmv, accounts for the 
observed fall-off of efficiency at lower inlet concentrations. The 
98/20 numbers themselves were picked by analyzing three different control 
levels, 99 percent or 10 ppmv, 
30 ppmv. 

98 percent or 20 ppmv, and 95 percent or 
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The 99/10 level is judged too stringent. Two of the six non-L.A. 
tests and 65 percent of the L.A. tests fail this criteria. Consideration 
was given to the fact that many of tte units tested were below 1600 and 
did not have good mixing. However, cue to the large percent that failed, 
it is judged that even with higher temperatures and moderate adjustment, 
a large number of units would still not meet the 93/10 level. 

The 98/20 ppm level is judged attainable. All of the non-L.A. and 
the majority of the L.A. units meet this criteria. There is concern 
over the large number of L.A. tests that failed, i.e. 43 percent. 
However, two factors outweigh this ccncern. 

First, al7 the non-L.A. units meet the criteria. This is significant 
since, though the L.A. units represent many tests, they represent the 
same basic design. They all are small units designed over a decade ago 
to meet a rule for 90 percent reduction. They are for similar applications 
for the same geographic region designed in many cases by the same vendor. 
Thus, though many failed, they likely did so due to common factors and 
do not represent a wide spread inability to meet 98 percent reduction or 
20 ppmv. 

Second, the difference between 65 percent failing 99/10 and 43 percent 
failing 98/20 is larger than a direct comparison of the percentages 
would reveal. At 98/20. not onlv did fewer units fail, but those that 
did miss the criteria did so by i smaller margin and would require 1 
adjustment. Dropping the criteria from 99/10 to 98/20 drops the fai 
rate by 20 percent, but is judged to drop the overall time and cost 
adjustment by over 50 percent. 

The difference between the two l%els is even greater when the 

ess 
lure 
for 

adjustment effort for the worst case is considered, The crucial point 
is how close a 99/10 level pushes actual field unit efficiencies to 
those of the lab unit. Lab unit results for complete backmixing range 
throughout the 99 range at 16OO"F, melining a 99/10 level would force 
field units to almost match lab unit mixing. Appendix A describes the 
reasons the complete backmix results \lere used. Backing off to 98/20 
increases the margin, especially for .:he worst cases. Given that exponential 
increases may occur in costs to improlle mixing as field units approach 
lab unit efficiencies, a drop from 99,'lO to 98/20 may decrease costs to 
improve mixing in the worst cases by iin order of magnitude. 

The 95/30 level was judged too lenient. The only data indicating 
such a low efficiency was from L.A. /ill other data showed 98/20. The 
non-L.A. data and lab data meet 98/20 and the Petro-tex experience 
showed that moderate adjustment can increase efficiency above 98. In 
addition, in the previous discussion on efficiency, the L.A. units were 
judged to have poor mixing. The mixing deficiencies were large enough to 
mask the effect of increasing temperature. Thus, it is judged that 
98/20 could be reached with moderate adjustment and that a 95/30 level 
would represent a criteria not based cn the best available units, considering 
cost, energy, and environmental impact. 



Table 1 

Description - Available 
Incinerator Test Data 

Ee;ol..,~ are described the a$zilable it-'zinerator in,s-l data. Foul- S2ts Of 

such data are present. These sets are lcb sc;?e incin~~a'tor data frO;i1 tests 
by Unjon Carb'itic .anci field un'lt data fro? tests cond5c'Liid by EPA, chemical 
cczpanies and L.A. County. 

. 
Union Carbide Test Data'- These da-k+ show the co%!1st5on efficiencies c-..'~ieved 

on 15 organic coiapounds in a lab scale ircin nrator operating betwen g,C3 and i503oF 
and .1 to 2 second residence time, The incinerator consisted of a 130 cetitiwtcr 
thin bc;re tube in a bench size tube furnace. Outlet at-[slyzes were done by direct 
\-outing of the incinerator outlet to a FID and GC. 
iooo ppmv. 

All inJet gases were set at 

2,3,4 EPA Test Data - These data show the ccmbtistion efficiencies for full scale 
incinerators cn air oxidaticn vents at tk,re? chemical plants. These three plants 

.--- are the Un it.23 Caribde, Taft, Louisiana, and Rohn & tjaas, Deer Park, Texas, 
acrylic a<i.c cn its and the De!:!:a, Houstorr, Texas unit. The data for 
Union Carbili? include test results based on t~:o different incinerator temperatures 
and the dat? iroT Rohm b Haas, results fl\om three temperatures. In all tests 
integrated 5:; s k;ere used for sampling ar:d a GC/FID was used for organic 
analysis. 

WA8 
Chemical Company Test Data - These tiata are fro:: tests performed by 

chemical coT;stiies on incir;erators at three air oxidation units, The companies 
and units are, So!isanto at their acrylon':trile unit at Alvin, Texas, 
Petro-tex at their oxidative butadiene unlit at Houston, Texas, and Koppers at 
their Eialeic Enhydride unit at BridgeviJ'le, Pennsylvania. The Konsanto 
incinerator b:rns both liolrid and qaseou!; wastes from t!le acrylonitrife ur:it 
211ti ihe kupprrs incinera'cor is actualiy il bo.iier aciapted to burn gbseoks i!idL:.S. 
In all tests, analysis was performed by K/FID. The sampling was performed 
as follows: 

Monsanto - Cold water scrubbing - Al!., AcN, HCN; metal sample bombs - 
remaining compdunds 

Petro-tex- Integrated bag - inlet; !jlass syringe - outlet 
Koppers - Glass sample bombs and charcoal tubes 

L.A. County Test Data'- These data #:re from over 200 tests by L.A. County 
on various waste gas incinerators, most of which are on coating operations. Data 
from 147 tests were used, with the remaining tests being discarded since back-up 
data k:ere missing, the incirierators were catalytic units or similar reasons. In 
the L.A. data, onJy fJo1:', temperature, arid inlet and outlet VOC conretltration 
are reported; data on compounds and; resi!ence time are not present. 
Evacuated 40 liter gas cylinders were usl?d for 
and NDIR were used for analysis. 

sampling and oxidation' to CO2 



Table 2 
\ Results - union Carbide TesW 

Destruction Efficiency 
U~ldei- State d Conditions 

Temperature Residence Time/Compound 
(F) .75 seconds ,5 6: !.5_seco!-!d;- 

Ethyl Vinyl 
kcrglzte Ethzno‘l Eihylctse rhlwide Ethylene 

TV:;-Stage 1300 39.9 94.6 92.6 78.6 87.2/97.6 
Ssckmi X,i I?9 1400 99.9 99.6 93.3 99.0 98.6l39.8 

1500 99.9 99.9 99.9 99.9 99.9/9?.9 
1600 99-9 99.9 99.9 99.9 99.9/39.9 

Complete ' 1300 93.9 85.8 84.4 69.9 78.2191.5 
Backmixlng 1400 99.7 96.8 95.6 93.1 93.7/97.8 

1520 93.9 99.0 98.7 98.4 9&O/99.0 
1 CgyJ 93.9 93.7 99.6 99.6 99.4/99.8 

Plug Flow 13:J 99.9 99.9 99.5 90.2 97.3/9x9 
1400 33.9 99.9 99.9 99.9 gg.g/g; .!I 

15X? 33.3 99.9 99.9 99.9 99.9/99.9 . 1509 99.9 99.9 99.9 99.9 93.9/99*9 

-c_ .-- -- 
"The results of the 'Jntion Carbide \:lork are presented as a series of equations. Ttlese . . 
equations relate destruction efficiency to temperature, residence time and flow regime 
for each of 15 c~zpounds. The efficiencies in this table were calculated from 
these equat'ions. 

** Three flow resi:nes at-e presented, two-stage backmixing, complete backmixing and 
F’lLJg fIO’;/. TV;3 stag* F backmixing is considered a reasonable approximation of actual 
field units, k:itn cowlete bi;ckmixin9 and plug flo\,/ representing the extremes. The 
subject of fIo:,/ ,-g ro -iri is ftirthw d'iscussed in Appendix k, 



Table 3 

Results - EFA and Company 
Incinerator Tes's 

Residence 
Time/Inlet 
F?OJA (SW'i) 

Inlet out1 et 
Temperature 1'!L -be;- of \'OC 7; \Qy- 

PI Test fitins (ppmv) Control 

.6 sec/ZiO,OOO 7800 

1160 6" 

1475 3" 

1425 3" 

1510 43: 

1545 1" 

1:!K! 

Confidential 

3i: 

lJfi.t l-6"* 
Un' t 2-S”* 

In et-4** 
Ou. let-6* 

1400 N/ii Set 1 

Set 2 

set 3 

11900 243 

11900 10 

TF'J 2583 1330 
oxv 77600 

TFV 2600 150 
OXV 12800 

TFV 2410 25 
oxv 12200 

950 13 

Conf. 25 

Conf. 47 

850 Set 1 7 
Set 2 11 

10300 1000 
10650 215 

10300 10 

96.1 

99.9 

82.6 

98.3 

99.7 

98.5 

>99 

>39 

99.0 
97.2 

70.3 

94.1 

99.6 

%:,;olinq conducted ::lth integrated bags. 
~;~*S~,li$l.in~ conducted 1;;it.h grab sample bogbs or s.'ringes. 
**VK does Rot inclu3e inethane of ethane. This definition of VOC is different from that 

used in earlier m2~35 on EPA tests, and thus results reported here may differ fro3 results 
ilr the earlier mezl:~. 

-!Q.OC ;!, destruction is by weight percent. 
'i‘?ri,e d;ta in S et 
"FiInlet 

1 and 2 for Koppers were taken tiuring different time periods. 
and outlet VOC for Fetro-tex reported as ppmv methane. The data in set one were 

taken prior to adjustment of the incinerator; :he data in sets Tao and three, after 
adjustment. The specific alterations made by 'etro-tex are described in references G and 7. 



Table 4 

Results - L.A. Incinerator Tests 

Destruction Efficiency* 
Under Stated Conditions 

Cestxction Efficiency vs. TemFzrature 

Tcqerature Ran.:3 kmber of 
(OF) Tests 

1st Median 
Quartile *-): 

3rd 
Quartile 

1300 - 1380 32 93.0 96.4 98.0 
1385 - 1420 40 94.0 96.0 98.6 
1425 - 1475 ' J!g 31 .5 95.0 9'7.4 

1480 and gre?:r.- 26 91.5 96.5 98.6 

Destruction f"ccjency Vs. Ir,lei Concentration --- 

Inlet Concentrctir? 
(VOC as pplii’? Cark;F 1 

'I >.-I riL,.)3er 0 f 
Tests QuaLtile 

Median 3rd 
Quartile 

0 - 399 16 85.1 90.8 

400 - 799 21 91.0 93.3 
800 - 1199 14 90.0 92.5 

1200 - 1599 16 86.0 92.9 
1600 - 1999 9 93.0 94.5 
2000 - 2399 11 91.0 95.5 
2400 - 3199 12 95.9 98.4 
3200 - 3999 9 97.0 97.8 
4000 - 4999 13 95.5 98.4 
5000 - 5999 8 94.9 9T.5 
6000 - 6939 8 96.0 97.5 
7000 or ri;ore 10 95.2 98.7 

96.0 

97.2 

94.7 . 

97.9 

96.0 

97.3 

99.3 

99.0 

99.2 

SC.1 

92.4 

99.5 

*Destruction efficiency as weight percent carbon. .- I - 
** ;.ky~ians Snr_l qtiartiles are used y1- +I*nL.T ";!,a;3 I CL.,IC, aw-ages and standard deviations 

due to the niant-ler in I.;rhicil the data were distributed. 



Table 5 
Result Compari on - 

Lab Incinerator vs. Rohm & Eaas Incinerators 

Rohn: & Haas Lab 
Incinerator Incinerator 

Inlet Outlet Inlet Outlet 
(lbs/hr) (lbs/hr) (grams/set) (gxms/sec) 

900 15c; 9.0 .08 

et h an e 10 375 .l .50 

ethylene 30 190 -3 .43 
-- 

-t,:r) LIYU ES5 27.4 1.7-i 

7; \'3C Destructic- 68.45 93.8 

"Table shows the destruction efficiency on the four listed compounds for the 
Rcha C: tiaas (W-i) fi eld and Union Carbide (UC) lab incinerators. The R&l-! results 
are measured; the UC results-are calculated. Both sets of results are based on 
1425°F combustion tea?erature and 1 second residence time. In addition, the 
I Ir - jd results are hajPn' -. on complete backmixing ard a four step combustion seqzwce 
cutisistinq of pro:Sne to Pl^OpYle!? 'to eth27!o f) :thJ.'loce to C3. cl!; I+, :. :';:z::: 

i , . - : ( ,. , .- ~ -' _ Lb." 1 Li,l,; 6f.L tiorst case assumptions. 2 L- 

*+Are not actual values. Actual values are cc?fidential. Calculations k:ith actual values 
give similar results. 



Table 6 
Results - Selected L.,\. Incinerator Tests" 

Test r:o. 
Ter:,perature 

(OF) 
- 

11;let"" Outlet"'" ::: \'oc 
Conc~?ntration Concentration [kstrur+ion b" 

1151 13oc 2300 60 97.4 

1400 ., 600 83 94.9 

1214 ‘I 400 ‘I 200 23 95.2 

'1510 ', 200 89 92.7 

-I215 1400 .: 500 94 93.9 

1500 '.500 170 89.1 

132s 13oil 3100 27 99.2 

1325 :!a700 70 98.1 
1375 X00 120 96.9 

1 <C'Z i!700 7 99.7 

1746 1320 1'130 83 98.9 

I$10 b247 88 .98.6 

15xl Y370 104 98.6 

1842 ii40 7 260 83 93.5 

1285 1090 60 . 94.5 

1425 1420 109 93.0 

2130 1300 801 34 93.9 

1375 777 66 89.4 

1495 ‘. ’ 890 63 90.7 

2235 1400 11065 97 99.1 

1459 lC731 254 97.6 

2359 1403 871 90 85.1 

1453 871 131 72.3 

2624A 1200 4110 60 9E.l 

1450 3090 65 98.4 

26246 1200 1405 23 98.4 
1420 1164 18 98.8 

"Partial listing of tests whi;re incinerator temperature was increased v:ith no 
change or a decrease in VOC destruction. 
*+VOC as ppnv carbon; destruction efficiency as weight pei-cent carbon. 



Table 7 

Cost Coinparison - Incremental 
Capital Cost and 'uel Savings 

with iieat Fecovery* 

Incinerators not Requiring Supplewntal Air+* 

loot 

Incr. Incr. 
Capital Fuel 

2000 

Incr. Il;cr. 
Capital Fuel 

30 $15,600 :;11 ,500 $1&,600 $23,000 
c r\ ..J” $6,600 '$7,500 $9,930 $15,000 

70 $10,800 $7,500 $13,500 $15,000 

3OO(! 10000 

Incr. Incr. Incr. Incr. 
Capital Fu21 Capital Fuel 

30 522,500 f? 34 : 500 $36,000 $115,030 

50 $12,000 t;22,500 $29,000 $75,003 

70 578,000 1522,500 159,000 $75$OOO 
:. ._. 

Incinerators Erqsiring Supplemental Air 

701: 

Incr. Incr. 
Capital Fuel 

30 $13,000 .;27,000 $27,000 $178,000 

50 $5,000 .~10,000 $12,000 .$81,000 

70 $2,000 $9,000 $13,000 $77,oco 

* kilat- figu,-2s are the increrrro ntal annualized capital costs and incremn-kl 
a;lnual fuel cost s;\:in:s for increasing the heat recovery from the previotis 
level tb the listed level. For example, the figures on the 50% line are the 
costs and saving's of going from 30% to 53% heat recovery, and on the 30:; line, 
of qoi:lg froEi no haat recover' a to 30% recovery. Costs are based on an 
inc;nerator operating at 1690 F and .75 ;econds residence tine. 70% recuperative 
heat recovery corresponds to an exit gas temperature of approximately 550.0:. 

** Costs based on Reference 10, 



Table 8 

Cost Cw~arison - Incremental 
Costs of Co!nbustion 
Tmperature Increase 

i;?ci neratoi-s Reqz i i-i ng %;ppl ei-:ental Air* 

Cap'ltal incr. Annualized Incr. 
Flov; cost - Capital Percent Cost - Annual Percent 
f r;CfLl) 1 L"QgoF-2" to 1600°: Increas? j (?cyi*** to 1600°F Increase 

Cl 139 10 7 h 
363 40 10% 

728 96 13% 

***The annualized cost colunn shows the total annual cost [depreciation, inter-::st, taxes, 
utilities and naintenance) for 1400oF,'.75 seconds, 5l(Pi exit temperature aiid the 
listed flow. The next column shorn the increaental annualized cost for a siinilar 
incinerator at 16WF. The seventh colum slims the percent increase in annualized 
cost frorc 14OOoF to 1630°F. 



Appendix A 

Mixing is a key concept in incinerator efficiency. Thus, a discussion 
of incinerator efficiency will likely rely heavily on this concept. 
However, mixing is also a complex concept. Thus, discussions of efficiency 
can become burdened with technical explanations of mixing. To handle 
this difficulty, this memo only cites mixing in the main discussion and 
leaves detailed explanation of this concept to this appendix. 

This appendix discusses mixing in three parts. The first describes 
the actual physical events involved in mixinc, and contrasts proper and 
improper mixing. The second discusses a related item, flow regime, and 
explains the importance of this idea in interpreting the lab scale data. 
The third analyzes the lack of a relationship between temperature and 
efficiency in the L.A. data and concludes that poor mixing was the 
cause. 

Mixing 

Mixing can be understood in terms of the two items required for 
combustion of organic compounds, high temperature and sufficient oxygen. 
In incineration, these are provided by combustion gases and supplemental 
air. The combustion gases from burning supplemental fuel provide the 
heat to achieve high temperatures. Supplemental air, when needed, 
provides oxygen to combust the supplemental fuel and VOC's. 

Mixing concerns these two streams, i.e. combustion gases and supplemental 
air. Mixing involves the speed and completeness with which these two 
streams are dispersed into the waste gas. In proper mixing, these two 
streams are broken apart and intermingled with the waste gas on a molecular 
level. In addition, this process occurs within only a small fraction of 
the incinerator residence time. 

In contrast, in improper mixing, packets of waste gas pass through 
the i;:cinerator intact. The turbulence in the incinerator fails to break 
the waste gas into sufficiently small units for intermingling on a molecular 
level to occur. Poor mixing also results if this intermingling occurs too 
late. If the waste gas is mixed just prior to exiting the incinerator, 
then the actual residence time (R.T.) is much shorter than the nominal 
R.T., and complete combustion may not occur. Finally poor mixing results 
if only one of the two required streams, i.e. combustion gas or supplemental 
air, is properly dispersed. For example, the waste gas may be properly 
intermingled with combustion gases, but the supplemental air flow may be 
stratified. The result would be incomplete combustion. 

Flow Reaime 

Flow regime involves the large scale gas currents in an incinerator. 
In a diagram of the gas flows in an incinerator, flow regime corresponds 
to broad arrows representing the macroscopic currents. 
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Certain flow regimes have been labelled. In plug flow, inlet gases 
remain within fixed vertical "slices" that travel directly from inlet to 
outlet with no backflow. In complete backmixing, the opposite occurs. 
In'let gases are rapidly spread throughout the incinerator and signlflcant 
backflow occurs. Other flow regimes are composites of these. In two 
stage backmixing, the incinerator operates like two units in series, 
with each undergoing complete backmixing. Clearly, actual flow patterns 
rarely correspond to these idealized types, but these types can serve as 
approximations. 

Flow regime is related to both mixing and efficiency. Specifically, 
the flow regimes most favorable to high efficiency are the least favorable 
to mixing, and vice versa. Based on engineering kinetics, plug flow 
achieves the highest efficiencies at a given temperature. However, to 
achieve good mixing and still maintain plug flow, the gases in each 
vertical "slice" must completely mix with each other while remaining 
separate from the adjoining "slices." Such a phenomena is difficult to 
create. As the gases mix vertically they also tend to mix horizontally, 
resulting in a flow pattern closer to complete backmixing. Thus, providing 
good mixing inherently creates flow patterns less advantageous to high 
efficiencies, 

Flow regime is important in interpreting the Union Carbide (UC) lab 
unit results, These results are significant since the UC unit was 
designed for optimum mixing and thus the UC results represent the upper 
limit of incinerator efficiency. This upper limit is used in evaluating 
the costs involved in adjusting and designing an incinerator to reach a 
given efficiency. The closer this given efficiency is to the upper 
limit, the higher the costs will be. 

An understanding of flow regime is required to choose which part of 
the UC results represents the upper limit. As seen in Table 2, the UC 
results vary by flow regime. Based on the above discussion, the results 
under complete backmixing were chosen as the upper limit for the discussion 
in this memo. Though some incinerators may achieve good mixing and plug 
flow, the worst cases will likely require flow patterns similar to 
complete backmixing to achieve complete mixing. Thus, since this memo 
is considering efficiencies applicable to all incinerators, a conservative 
assumption of complete backmixing was required when considering the 
upper limit of efficiency. 

L.A. Data 

The L.A. data surprisingly showed no relation between temperature 
and efficiency. Various factors were analyzed to determine the cause 
for this result. 
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In a search for the cause, samplin!, error and the incinerator 
variables of residence time, inlet concentration and type of compound 
were ruled out. For sampling error to I,e the cause, the sampling would 
have had to consistently underestimate I:fficiency in high temperature 
tests and overestimate it in low temper(Sture tests. With over 150 
tests, this is essentially impossible. For the three incinerator variables 
to have been the cause, these variables would need to mask the effect of 
temperature. However, based on the Uni In Carbide work and kinetic 
theory, these variables only scatter th: efficiencies around an average 
determined by temperature. In the UC cases, the effect of temperature is 
still seen in the increasing average efficiency. 

The remaining variable is mixing. A plausible explanation of the 
results is possible if this variable is considered, The reason lies in 
two factors which allow mixing to mask the relation of temperature and 
efficiency. First, the completeness of mixing can drop with temperature. 
Thus, improper mixing can offset the effect of increasing temperature. 
In contrast, the other variables remain the same as temperature changes 
and thus offsetting cannot occur. Second, increases in temperature only 
increase the efficiency of the well-mixed portion of the waste gas. 
Since this portion contains only part of the uncombusted VOC, and likely 
the smaller part, the impact of increasing temperature is greatly diluted. 
In contrast, the other variables cannot "isolate" parts of the waste gas 
from the affect of temperature. 
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