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mean emissions from a class of similar equipment, or to predict emissions
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SECTION 1.0

INTRODUCTION AND SUMMARY

1.1 OBJECTIVE AND SCOPE

The objective of the program is to investigate the effectiveness of
combustion modifications and operating variable changes as a means of improve-
ment in thermal efficiency and for emissions control in industrial combustion
equipment. These techniques have previously been shown to be effective on
industrial boilers (Refs. 1, 2) and the purpose of this program is to investi-
gate the basic feasibility and/or limitations for application of this technology

to other industrial combustion devices.

The program included a survey of equipment in use, and tests of
selected representative devices including evaluation of combustion modifica-

tions.

The program scope provided for tests on 22 industrial combustion
devices representative of kilns, process furnaces, boilers, stationary engines
and gas turbines in industrial use. Emissions measured included NO, NOX, 502,

SO3, co, CO 0 gaseous hydrocarbons, and where possible, particulates,

27 727
particle size distribution, smoke number, and opacity. Combustion modifica-
tions evaluated, where possible, included lowered excess air, staged combustion,

reduced air preheat, and burner register adjustments.

On six of the devices tested, samples were collected for analysis of

trace species and selected organics emissions.

Two industrial boilers with extensive combustion modifications were
also tested as an addition to this contract. Results of those tests were

reported in a separate final report (Refs. 3 and 4).



This is a final report documenting the results of the program, including
selection of ﬁhe test units, preparation of a mobile laboratory, a summary of
the test data acquired, and a discussion of the data in relation to each type
of unit design and operation. The discussions and conclusions presented are
based on tests of a limited number of devices. The test units were selected
as representative of typical devices. However, because of the wide diversity
of designs in use the results cannot be interpreted as truly representative
of the entire national population of such devices. Also included are recom-
mendations based on testing regarding the most promising directions for future
research on industrial combustion devices to reduce air pollutant emissions

and increase unit efficiency.

1.2 RESULTS OF COMBUSTION MODIFICATIONS

The initial task of the study consisted of a survey of each type of
industrial combustion equipment. Existing data were collected and equipment
manufacturers, operators and associations were contacted. Industries were
defined for which emissions reduction or efficiency increase through combus-
tion improvement would be of significance on a national basis. These industries
were petroleum refining, minerals, paper and metals. The characteristics of
specific combustion equipment of most importance in those industries were
defined within the limitations of available data. These characteristics
were used as guides in selection of test units that would be most nearly

reéresentative of the total population.

Together, several thousand devices were considered and relatively
little information was available on many device types. Therefore, the
selected test units could not be established as a statistically representa-
tive sample. The test results cannot, therefore, be interpreted as repre-
sentative, in a firm statistical sense, of emission levels or efficiency of
the various device groups. Rather, the results are intended to serve the
prime program objective: investigation of the feasibility and effectiveness
of combustion modifications by definition of those modifications that offer

the most promise for further investigation and application.



The device types that were tested and a brief summary of NOx emissions,
reductions and control methods are shown in Table 1-1. In general the results
indicate that combustion modifications can be applied to industrial combustion
equipment but reductions achievable vary significantly for different types of
devices. Reductions in NOx of up to 69% were observed but on many devices

reductions were less than 10%.

A government-~owned mobile laboratory was used for measuring air pollu-
tant emissions and unit efficiency parameters. The mobile laboratory contains
analytical instrumentation for continuous measurement of NO, Nox, SOZ’ co, COZ'
02, and hydrocg;bons. Sulfur oxides (SO2 and SO3), total particulate and
particle size distribution were measured and analyzed by grab sample techniques.
Six units were sampled for trace species and organics emissions. In addition
to the effect of operational chaﬁges on air pollutant emissions, the effect on

unit efficiency was also evaluated. Section 3.0 discusses instrumentation and

test procedures.

- Most petroleum refinery heaters are natural draft vertically fired
box type designs firing refineiy fuel gas. Five units tested were of this
type, but some also were fired with oil fuel. The number of burners ranges
widely from one up to 100, but typical units have 10 to 30 burners. Modifica-
tions evaluated included process rate, excess air, air register adjustment,
and two-stage combustion. In general, the natural draft design was found to
be very limited in the degree of adjustments. As a result, emissions and
efficiency were fairly unresponsive to combustion modifications. There was
a general absence of exhaust heat recovery, and excess air levels were high.
This indicates a large potential for efficiency improvement but more extensive

modifications are required that were possible in this program.

Three mineral kilns were tested. A stationary ceramic tunnel kiln
exhibited low NOx emissions and extensive heat recovery was employed. Pro-
grammed temperatures along the length of the kiln must be maintained within
+ 3 K (5 °F) so that, although the unit had 70 burners, no significant combus-

tion adjustments were possible. Rotary cement kilns are of either wet or dry



TABLE 1-1. INDUSTRIAL COMBUSTION TEST UNITS SELECTED AND
SUMMARY OF RESULTS OBTAINED

Average Maximum
Rated Baseline NO Percent
Test  Heat x
< PPm at Reduction .
Site Input, a 3% 0 in NO Combustion
Device Type No. MW Fuel ng/J 2 X Modification
Natural Draft Process Heater 4 25.0 Ref. Gas 59 1ls 18 4 of 32 BOOS
Natural Draft Process Heater 5/1 15.9 Ref. Gas 50 97 22 Air Register
Adjust
Natural Draft Prccess Heater S/2 10.1 Ref. Gas 39 76 21 High Load, Low
02
Natural Draft Process Heater /1 15.5 Ref. Gas 52 103 8 2 of 16 BOOS
Natural Draft Process Heater /2 11.0 Ref. Gas 49 98 27 Air Register
Adjust
Forced Draft Heater, Air 12/1 27.5 Ref. Gas 163 320 0 Baseline is
Preheat Lowest NOx
12/1 No. 6 0il 113 222 o] Baseline is
Lowest NOx
Forced Draft Heater, No Air 12/2 13.6 Ref. Gas 109 214 67 Low 02
Preheat 12/2 No. 6 011 97 172 15 Low o,
Clay Tunnel Kiln 1 9.4 Nat. Gas 46 90 41 Low 02
Rotary Cement Kiln (Dry 3 70.3 Nat. Gas 9013 1460 27 Fuel Switch, Gas
Process) NG + Coke to Coke
Rotary Cement Kiln (Wet 9 $9.0 Nat. Gas 1319 2250 14 Low O,, High Air
Process) Temperature
Steel Open Hearth Furnace 14 57.0 NG + No. 1094 2070 40 Low 02
6 Oil {Avg)
Steel Reheat Furnace 16/1 35.0 Nat. Gas 56 110 43 3 of 27 BOOS
Steel Soaking Pit 16/2 2.9 Nat. Gas 52 101 69 Low Oy
Aluninum Melter 6 10.6 Nat. Gas 49 96 o] Low 0y (NOx
Increased)
6 . No. 2 0Oil 104 185 o] Low O, (NO
) Increased)
Wood Bark Boiler 13 34,0 Wood+Coal 188 300 15 Low 0,
wood Bark Boiler 10/1  €9.0 Wood+NG 124 229 23 1 of 4 BOOS
Black Liquor Recovery Boiler 10/2 117.0 Liquor 35 52 30 Secondary Air
Adjust
CO Boiler 11 135.0 CO Gas 147 126 12 Air Register
Adjust
Natural Gas Engine - 2 3.2 Nat. Gas 1020 19%0 20 Fuel, Air
Adjust
Diesel Engine 15 1.8 No. 2 Oil 904 1611 19 Low Inlet Air
Temperature
Gas Turbine Combined Cycle /2 230.0 Ref. Gas 59 118 14 1l of 8 BOOS
Gasg Turbine Combined Cycle 8 728.0 Ref. Gas 52 103 38 4 of 16 BOOS

) 15/10% Btu = 430 ng/s

baoos = Burners Qut of Service



process types and have a single burner. A dry process kiln was tested to
evaluate the effect of fuel type. This kiln had previously been tested firing
gas and oil {(Ref. 3) and, in contrast to most other combustion devices, Nox
emissions firing gas were nearly double the emissions when firing oil. The
current test involved coke firing and the results indicate Nox is equal to
that for oil fuel. Many kilns are being converted from gas to solid fuel and

50% reduction in NOx emissions is expectéd.

A wet process cement kiln was tested while firing natural gas to
evaluate the effect of variation of excess air and combustion air temperature.
The two variables had to be changed simultaneously to maintain process tempera-
ture. Reduction of excess air and increase in air preheat” reduced NOx by 14%

at design temperature.

Three steel processing furnaces were tested. An open hearth furnace,
firing natural gas and No. 6 o0il, produced large fluctuations in NOx emissions,
from near zero to over 3000 ppm. By reducing excess air it was possible to
reduce thg average NOx emissions by 40%. A steel billet reheat furnace firing
natural gas was tested to evaluate removal of burners from service and reduced
excess air. With 3 of 13 burners out of service, NOx was reduced by 43%. A
steel ingot soaking pit firing natural gas with a single burner was tested
with reduced excess air. NOx was reduced by 69%--the largest reduction

achieved on the devices tested.

One aluminum furnace was tested to evaluate the effect of excess air.
The unit was a batch type scrap aluminum melter with two burners. Emissions
were measured for both natural gas and distillate oil firing. This unit
exhibited the unusual but not unique characteristic of an increase in NOx as
excess air was reduced. Stack temperatures were very high, 1200 K (1700 °F)
indicating a good potential for efficiency improvement through combustion air

preheat.

Four boilers were tested, firing unconventional fuels: two with wood,
one with papermill black liguor, and one with carbon monoxide gas from an oil
refinery catalytic cracking unit. Tests on the two wood-fired boilers were

complicated by fluctuations in wood flow. On one of these boilers, reduction



of air preheat and burner adjustments did not reduce NOX but removing one of
the four burners from service reduced NOX by 20%. The second boiler fired wood
and coal. NOX on coal alone was 38% higher than with wood and coal together.

Lowered excess air and shutting overfire air ports reduced NOX by about 18%.

The boiler firing black liquor jby product from wood digestion to make
pulp) required very close control of operation to ensure complete recovery
of sodium from the liquor. NOX emissions were low; adjustment of secondary
air registers reduced NOx by 33% but increased HC by 200%. The boiler firing
carbon monoxide gas was tested with reduced excess air, NOX port adjustment,
and burners out of service. NOx was variable and did not respond well to the
modifications. This was attributed to ammonia in the CO gas; conversion of
ammonia to NOx is relatively insensitive to flame conditions.

One natural gas fired internal combustion engine was tested and modifi-
cations were made to the operation to evaluate the effect on emissions and ef-
ficiency. Modified operation included the effect of load, RPM, and air/fuel
ratio on emissions and efficiency. Load had a pronounced effect on NOX emis-
sions and efficiency while engine speed influenced HC emissions and efficiency
to a large extent. Reductions of up to 23% in NOX and 42% in CO were obtained

but consistent repeatability is questionable.

A 600 kW diesel powered electric generator was tested to evaluate the
effect of load and inlet air temperature. Reduction of load to 200 kW did not
reduce NOX but at 100 kW, NOX was reduced by 1l4%. Reduction of inlet air
manifold temperature reduced NOx by 7% at full load.

Two gas turbine/boiler combined cycles were tested. Both units fired
refinery gas. Adjustment of the boiler air registers and removing one of
eight burners from service reduced NOX by 14% on the first unit. Similar

tests in the second unit (4 of 16 burners out of service) reduced NOX by 38%.

Results for all tests are discussed in detail in Section 4.0.

As a result of tests and observations, recommendations have been
formualted to define objectives for future research. These recommendations

are contained in Section 5.0.



1.3 TRACE SPECIES AND ORGANIC EMISSIONS

Samples were collected from six of the units with the Source Assess-
ment Sampling System (SASS Train) to determine trace, minor and major species
and organics emissions. Fuel and process samples were also collected so
that mass balances could be evaluated. On two of the units, SASS samples
were taken upstream and downstream of electrostatic precipitator dust collectors.
Atomic absorption was used for analyzing 20 elements, wet chemistry was used
for chloride, fluoride, nitrates, and sulfates, and chromatography was used
for total POM and total PCB. Samples from the SASS train organic module were
also analyzed by gas chromatography-mass spectrometry to identify eight specific

POM compounds that are considered to be the most carcinogenic.

A total of fifteen SASS sample runs were made. Except for one unit
(test 14), all runs were repeated. The SASS train used was one of the original
prototype designs. The unit was sized to operate at 4 actual cubic feet per
minute (0.113 am3/m) at the cyclone particle collectors (478 X, 400 °F).
Later trains were resized for 4 standard cfm. Sampling runs were made for
5 hours or until two fiiters were loaded to capacity. '?he design goal for the
SASS train was to sample a total volume of 30 dry normal cubic meters (de3)f
This goal was primarily for sampling on coal-fired utility boilers. For the
industrial units tested downstream of dust collectors, the sample time of 5
hours typically resulted in a total sample volume of 10 to 18 de3 (depending
on stack gas moisture céntent). When sampling upstream of collectors, the
sample volumes were much less, 1.3 to 2.9 de3 based on the restriction to
two filters. Based partly on KVB experience in this program, the SASS train
has been redesigned for a higher flow rate and the filter has been enlarged
to increase the time between filter changes. Also the size of the 1 um cyclone

collection cup was increased.

Minor mechanical problems in train operation were encountered,
involving breakage of glass impingers, cyclone oven heater shorts and sample
probe heating element failure. These failures did not cause any significant
delay in testing. However, operation of the SASS train was considerably more
time consuming than a standard EPA Method 5 particulate £rain. Total elapsed
time to make one run was about 16-~24 hours; this included training precleaning,

assembly, set up, sample collection, sample recovery, and train clean up.



Results of the sample analysis represent a massive amount of data as
seen in the 76 tables contained in Appendix F. Appendix F presents sample
concentrations, emission rates, and mass balances. A brief summary of the
emission rates is presented in Table 1-2. EPA MATE values (Ref. 10) are
shown in Table 1-2 for comparison with emissions. Table 1-3 shows the parti-
culate emissions less than 3 um (as percent of total particulate emissions).
Results for each unit tested are discussed in the sections of this report that
present individual test unit results. A summary of the overall perspective of

the results for each specie is presented below.

Antimony--

Antimony was detected in the exhaust of three units at 120 to 230
ug/m3. Mass balances‘were very poor, mainly because fuel and process sample
concentrations were frequently below detection limits. In the fine particulate

(< 3 um), antimony was either not detected or samples were too small to analyze.

Arsenic=--

Arsenic was detected on four of the units at 0.4 to 370 ug/m3. Mass
balances ranged from 0.43 to 360. In general the arsenic was collected in the
solid particulate (52 to 95%) rather than the impinger section indicating

condensation at over 477 K (400 °F).
Barium--

Barium emission was 31 to 830 ng/m3 and was detected on 511 units.
Barium was detected in the fine particulate on only one unit, the open hearth
furnace, for which 50% of the barium was in the fine particulate. Barium is
one of the elements that usually produces good mass balances. However, for

these tests mass balances varied from 0.29 to 5.3.
Beryllium--

Beryllium was detected on four units at 0.24 to 5.1 ug/m3. Mass
balances ranged from 0.25 to 2.0. Beryllium was detected in fine particulate

on only one test, the cement kiln, for which 100% was in fine particulate.



TABLE 1-2.

SUMMARY OF TRACE SPECIES AND ORGANIC EMISSIONS
FROM INDUSTRIAL COMBUSTION EQUIPMENT

micrograms per normal cubic meter

Forced Draft
Process Heater

Rotary Cement Kiln

Open Hearth
Steel Furnace

Wood/Bark Boiler

Black Liquor
Recovery Boiler

Diesel Engine

SMATE =

indicated * have no MATE value established.
YMATE values vary depending on specific cowmpounds.

Minimum Acute Toxicity Effluent, values shown are based on health cffects, except vanadium with health/ecological values shown.

Fuel - Test Number Ref. Gas - 12/2 Natural Gas - 9 Nat.Gas,No.6 0Oil - 14 Wood - 13 Black Liguor - 10/2 Diesel Oil - 15 | EPA®*
Mass Mass Mass Mass Mass Mass MATE
Emission Balance Emission Balance Emission Balance Emission Balance Emission Balance Emission Balance |Value
Units uq/n3 -~ ug/m3 -- hg/m’ == ua/m3 -= i uq/m3 -- ug/n3 -- ug/m’
Antimony < 850 Mass 230 > 0.009 120 0.5 - 5 140 < DL < 160 k 0.93 < 360 < DL 500
Arsenic < a7 Balance " 0.4 0.43 150 360 370 > 1.6 < 16 < 0.15 47 > 0.51 2
Barium 140 Not 280 > 0.16 38 5.3 3l 3.2 150 0.29 830 > 3.7 500
Beryllium < 10 Possible 0.24 0.88 0.37 > 0.72 < 8.6 0.25 5.1 2.0 3.9 > 0.3 2
Cadmium 7.1 With 15 1.8 570 > 1.8 1.9 1.5 18 0.3 3.6 > 0.26 10
Calcium 280000 Gas 480000 1.1 53000 185 24000 0.81 440 2.7 1000 0.73 .
Chromium 170 Fuel 120 1.5 2400 550 270 0.85 150 b 2.5 140 > 0.62 1
Cobalt < 1390 170 0.84 120 340 < 55 < DL 300 2.2 6 < oL 50
Copper 29 78 0.79 2700 S 1 59 0.82 3.3 0.7 9.7 > 0.0? 200
Iron 2500 2900 1.0 530000 1.5 < 1700| 2600 0.62 1700 2.9 510 > 2 *
Lead 28 20 < PL 44000 a5 9.8 0.65 63 0.3 < 32 < oL 150
Hanganese 320 2 80 10.0 3000 7.3 < 1000 250 0.57 32 1.1 30 0.65 5000
Mercury <10 < 24 < DL <10 <pL’ 0.11 § <DL <9.9 ko.22 < 1.8 < DL 50
Nickel 180 110 0.79 2100 23 260 1.5 69 1.4 120 > 2.7 15
Selenium <73 < DL < DL 62 > 7.5 < 67 > 0.52 1.9 1.8 22 > 0.5 200
Tellurium < 3100 < DL < pL 590 > 2.8 [< 2700 < DL < 2700 k 0.3 < 300 < DL 100
Tin < 4200 < DL < DL < 4400 > 25 < 3600 < pL < 2800 k 0.3 < 740 < DL *
Titanium 2700 1300 0.2 1300 11 < 160 470 0.96 1900 > 3.0 <1500 < pL 6000
Vanadium 112 9 1.1 110 0.8 | <110 0.65<0.711] < 130 < 0.8 < 110 < pL 500/1
‘2inc 150 73 1.1 200000 8000 110 0.61 84 > 0.8 74 0.17 |4000
Chloride 44 15000 0.95 3100 2.9 1200 0.12 13000 6.5 1100 2.4 +
Pluoride 860 490 1.1 15000 1.1 2700 0.47 330 0.7 68 0.12 *
Nitrates 10 1700 1.5 1600 -- 190 0.10 9.1 -- 480 5.4 *
Sulfates 19000 2900 0.06 45000 -- 21000 0.97 46000 -- 1300 0.38 '
Total POM 0.6 017 | -- 210 - 350 -- 5000 1.5 < 0.9 -- '
Total PCB <15 < 85 - 2.4 -- <14 -- < 130 k 0.37 <9 -- 500
Benz (a) pyrene oL 0.006038| -- < DL -- 0.000040 - 0.18 - 0.000023 -- 0.2
Benzo(c) phenanthrene < DL < DL - < DL - < DL -— 0.0092 - 0.000023 - 27300
Dibenzo{a,h)anthracene < pL < pL - < DL -- < pL -- 0.017 - DL - 0.093
< DL = Less than detéction limit.
Elements



TABLE 1-3. SUMMARY OF TRACE SPECIES AND ORGANICS PARTICULATES,
EMISSION IN PARTICULATE LESS THAN 3 um

Percent of Total Emissioas
Foxced . . Open . Black
Draft Rotary Hearth Liquor

Process Cement Steel Wood/Bark Recovery Diesel

Heater Kiln Furnace Boiler Boiler Engine
Specie Test No. 12/2 9-6 14 13 10/2 15
Antimony NES < DL < oL NES < DL NES
Arsenic NES 79 52 9s < DL NES
Barium NES < pL 50 NES NES NES
Beryllium NES 100 < DL NES < DL NES
Cadmium NES 3 68 NES NES NES
Calcium NES 5 42 NES NES NES
Chromium NES 13 14 NES NES NES
Cobalt NES 14 < DL NES NES NES
Copper NES 4 59 NES | wES NES
Iron NES 9l 51 NES NES NES
Lead NES < DL 73 NES 0.7 NES
Manganesa NES 37 70 NES NES NES
Mercury "] < DL < oL 72 < DL NES
Nickel NES 11 6 NES NES NES
Selenium NES < pL < DL NES 3 NES
Tellurium NES <DL 88 NES NES NES
Tin . NES < DL < pL NES NES NES
Tiranium ) HES 100 50 NES NES NES
vanadiua NES 99 52 NES NES NES
Zinc NES 15 65 NES NES NES
Chloride 0.055 7 35 NES 9 NES
Pluoride A NES < DL 2 34 15 NES
Nitrates NES 100 29 NES < DL NES
Sulfates 1.0 < DL S5 NES 8 NES
Total POM NES NES 27 2 NES NES
Total PCB NES RES < DL < DL NES NES

NES = Small sample, not enough for complaie analysis.
< DL = Less than detection limict.
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Cadmium--

Emissions ranged from 1.9 to 18 ug/m3 with mass balances from 0.3 to

1.9. The amount in fine particulate was 3% and 68% for two tests.
Calcium—-

Emissions ranged from 440 to 480,000 ug/m3 with very good mass
balances on four units (0.73 to 2.7). For the open hearth furnace the mass
balance was 185 relative to the fuel input. On that unit additional material
was picked up from the molten steel bath; there was no way to determine an
overall mass balance that included the steel. The amount of calcium in fine
particulate was 5% and 42% for two tests, very nearly the same as for

cadmium.
Chromium--

Emissions ranged from 140 to 2,400 ug/m3, with mass balances of 0.62
to 1.5, except for 550 on the open hearth furnace. Fine particulate contained

13 and 14% for two tests.
Cobalt--

Cobalt was detected for five units, emissions ranged from 6 to 300
Ug/m3 with mass balances of 0.84 to 2.2 (340 on the open hearth). Fine

particulate contained 14%, detected on only one unit.
Copper--

Copper was detected on all six units at 3.3 to 2700 ug/m3, with mass
" balances of 0.7 to 0.82 on three units (75 on open hearth). For two tests,

the fine particulate contained 4% and 59% of the copper.
Iron--

Iron was detected on all units at 510 to 530,000 ug/m3, with mass
balances of 0.62 to 2.9 (1.5 to < 1700 on open hearth). Fine particulate

contained 91% and 51% of the iron on two units.
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Lead~-

Lead was detected on five units, with emissions of 20 to 44,000 ug/m3

and mass balances of 0.3 to 0.65 (95 on open hearth). The fine particulate

contained 0.7% and 73% of the lead for two units.
Manganese--

Manganese was detected on all units, with emissions of 30 to 3000
ug/m3 and mass balances of 0.57 to 10 (< 1000 on open hearth). The fine

particulate contained 37% and 70% of the manganese on two tests.
Mercury--

Mercury was below detection on five units. Based on the detection
limits, emissions could be as high as 1.8 to 24 ug/m3 on these f£ive units.
Mercury was detected on the wood/bark boiler at 0.11 ug/m3 But mercury could
not be detected in the fuel so no mass balance could be made. The fine

particulate from the wood/bark boiler contained 72% of the mercury.
Nickel--

Nickel was detected on all units at 69 to 2100 ug/m3 with mass balances
of 0.79 to 2.7 (23 on the open hearth furnace). The fine particulate contained

11% and 6% of the nickel for two tests.
Selenium~-~

Selenium was detected on three units at 1.9 to 62 ug/m3 with mass
balances of 0.5 to 1.8 (> 7.5 on open hearth). Selenium in the fine particulate

was 3% for the black liquor boiler but was undetected on other units.
Tellurium=--

‘Tellurium was detected only on the open hearth furnace at 590 ug/m3.
The mass balance was > 2.8 based on the fuel input detection limit (tellurium
was below detection in the fuel). The fine particulate contained 88% of the
tellurium. Tellurium was not detected on other units. The detection limits
for tellurium are relatively high compared with the other elements.

Tin--

Tin was below detection for all tests.
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Titanium--

Titanium was detected for five units but not for the diesel engine.
Emissions ranged from 470 to 2700 Ug/m3, with mass balances of 0.2 to 3.0
(< 160 for the open hearth). The fine particulate contained 100% and 50%

for two units.
Vanadium--

Vanadium was detected on three units at 9 to 112 ug/m3. Mass balances
were 0.8 and 1.1 for two tests, and for those tests the fine particulate

contained 15% and 65% of the vanadium.
Zinc--

Zinc was detected on all tests at 73 to 200,000 ug/m3, with mass
balances of 0.17 to 1.1 (8000 for the open hearth). For two tests, the fine

particulate contained 15% and 65% of the zinc.
Chloride=--

Chloride was detected in all tests at 44 to 15,000 ug/m3, with mass
balances of 0.12 to 6.5 (29 for the open hearth). The fine particulate
contained 0.055, 7, 35 and 9% of the chloride for four tests.

Fluoride--

Fluoride was detected in all tests at 68 to 15,000 ug/m3 with mass
balances of 0.12 to 1l.1. The fine particulate contained 2, 34 and 15% of
the fluoride in three of the tests.

Nitrates--

Nitrates were detected for all tests at 9.1 to 1700 ug/m3 with mass
balances of 0.1, 1.5 and 5.4 on three of the tests. The fine particulate
contained 100% and 29% of the nitrates on two tests.

Sulfates=--

Sulfates were detected on all tests at 1300 to 45,000 ug/m3. Mass
balances for three tests were 0.06, 0.38 and 0.97. Complete mass balance is

not expected because sulfur in the fuel can form sulfates during combustion.
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Sulfate was detected in fine particulate on three tests at 1, 55 and 8% of
the total sulfates. Sulfate reported was that collected in the cyclones,
filter and XaAD-2. The impinger values were not reported because SO, is

. 2
trapped and cannot be distinguished from sulfates.

Total POM--—~

POM was detected on all units except the diesel engine. Total POM
emissions ranged from 0.6 to 5000 ug/m3 by gas chromatographic analysis. The
highest wvalue, 5000 ug/m3 on the black liquor recovery boiler, was 14 times
higher than the next highest unit, the wood boiler. Mass balance for POM was
not established because POM is not expected to be conserved in combustion.
However, it was noted that POM emission on the black liquor boiler was 1.5
times the POM content of the black ligquor fuel. Most of the POM was collected
in the'organic module. For two tests, sufficient particulate was obtained for
POM analysis. In those two tests, 27% and 2% of the total POM was in the fine

particulate.
POM Compounds--

Organic module samples were analyzed by GC/MS for eight specific
POM compunds. As shown in Table 1-2, only three of these compounds were

detected on four tests:

Benz (a)pyrene
Benzo (c)phenanthrene (detected in one test only)

Dibenzo{a,h)anthracene (detected in one test only)

All three of these compounds were detected on the black liquor recovery boiler.
The B(a)P concentration was 0.18 ug/m3. This was about 4500 timés the B(a)?P
concentration for the other units. B(a)P from other units ranged from 0.000023
to 0.000040 ug/m3 (23 to 40Vpg/m3). However, the value of 0.18 ug/m3 is similar
to the range of 0.07 to 1.4 ug/m3 reported for coal-fired steam power plants
(Ref. 8, 20-400 ug/lo6 Btu + 283 m3/lo6 Btu). The other two compounds above

were not detected on the other three units.
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Five other compounds, to be analyzed, were not detected in any

samples:

7,12-Dimethylbenz (a)anthracene
3-Methylcholanthrene
Dibenzo{a,h)carbazole

Dibenz (ai)pyrene

Dibenz (ah)pyrene

The detection limit for each specific POM compounds was 0.l ng in the total
sample. As reported in Appendix F a number of other POM compounds were

detected. However, these compounds are not considered to be highly carcinogenic.
Polychlorinated biphenyls (PCB)--

PCB was detected for only one test, the open hearth steel furnace.
The concentration was 2.4 ug/m3 and was reported to be almost entirely
Aeroclor 1248, a commercial PCB compound. Aeroclor 1248 was used as the
standard for quantifying the measured PCB. It is possible that the sample
became contaminated with the standard although the reporting laboratory
indicates that did not occur. If the PCB was in fact emitted frcom the opén
hearth furnace, the source was most probably scrap metal added to the melt.
The scrap may have included a container that had been in contact with PCB.

The plant operator did not have any information on the source of the scrap.
1.4 MATE VALUE COMPARISON

EPA Minimum Acute Toxicity Effluent (MATE) values shown in Table 1-2
are "approximate concentrations in source emissions to air which will not
evoke significant harmfgl or irreversible responses in exposed humans, when
those exposures are limited to short duration (less than 8 hours per day)"
(Ref. 10). MATE values are exceeded for one or more elements in all the six

units tested. Elements and the "Degree of Hazard" (Emission/MATE) are:

. Process Heater: nickel (12)

. Rotary Cement Kiln: cadmium (1.5), chronium (120), cobalt
(3.4), nickel (7.3)

. Open Hearth Steel Furnace: arsenic (75), cadmium (57),
chromium (2400), cobalt (2.4), copper (13.5), lead (290),
nickel (140), tellurium (5.9), zinc (50)
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. Wood/Bark Boiler: arsenic (185), chromium (270), nickel (17)

. Black Liquor Recovery Boiler: beryllium (2.6), cadmium (1.8),
chromium (150), cobalt (6), nickel (5), benz(a)pyrene (9)

. Diesel Engine: arsenic (24), barium (1.7), beryllium (2),
‘ chromium (140), nickel (8) N

CONCLUSIONS

Selection of representative industrial combustion devices was
difficult because of the limited amount of information available.
Effort should be directed to the further study of all types of
devices. 1In particular, no data were found on petroleum refinery
heater size and populations.

Natural draft petroleum process heaters appear to be low emitters
on an individual device basis. However, as a total group, they
apparently constitute a large fraction of industrial NO, emis-
sions. Conventional combustion adjustments were found to be of
limited effectiveness for NOy emissions reduction or efficiency
improvement. There is a need for development of specific
techniques for these particular devices.

Forced draft process heaters tested produced higher NO, emissions
than did natural draft heaters, particulary with combustion air
preheat. Reduction of excess air reduced NOyx on a heater without

air preheat but there was no reduction on the heater that had air
preheat.

Rotary cement kilns produce high levels of NOyx emissions and appear
to have a good potential for NO, reduction by fuel switching and
adjustment of operating temperatures. The single burner employed
in most units has little provision for adjustment other than

excess air levels or burner redesign.

Three steel processing furnaces showed good potential for NOx
reduction by reducing excess air; 40 to 69% reductions were
obtained. Removing burners from service on a reheat furnace
reduced NOyx by 43%.

Tests of one aluminum melting furnace indicated premixed burning
characteristics, i.e., NOy increased with decreased excess air.
NO, emissions were found to be relatively low in spite of hot
refractory. The unit tested had a very high stack temperature
with good potential for efficiency improvement.

Two boilers burning wood with gas or coal were amenable to applica-
tion of air register adjustment, reduced excess air or burners out

of service; reduction of 15 to 23% in NOy were observed. Fluctua-
tions in wood flow present a problem in maintaining stable, repeatable
emission levels.
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The black liquor recovery boiler produced low NO, emissions. How-
ever, it was possible to reduce NOx by 30% with secondary air
adjustment.

The boiler burning CO gas showed little response to combustion
modifications, attributed to ammonia in the CO gas being converted
to NOx.

The two reciprocating engines tested showed limited potential for
NOy reduction by operational adjustments. Variation of load,
speed, air, and fuel adjustments produced little change in NO,

on a natural gas engine. ILoad reduction and inlet air tempera-
ture reduction produced slight reductions in Nox on a diesel
engine.

Two boilers operating in gas turbine/boiler combined cycle units
responded to burners out of service. Reductions in NOx of 14 and
38% were observed.

Only slight changes occurred in thermal efficiency on all units
when combustion modifications were applied. Changes were both
positive and negative with no specific trends observed.

Nearly all the known chemical elements were detected in the
emissions from six units on which trace species and organics tests
were conducted. Concentrations covered a very wide range from
0.11 ug/m3 for mercury to 530,000 ug/m3 for iron. All units emit
one or more specie that exceeds EPA MATE values.

Of the devices tested, a steel open hearth furnace produced
highest emissions for most of the species.

The EPA Source Assessment Sampling System (SASS train), basically
designed to sample exhaust from coal-fired utility boilers, proved
to be adequate for other sources but redesign to increase flow
rate, filter capacity should improve the collection.
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SECTION 2.0

TEST UNIT SELECTION

2.1 OBJECTIVE

The objective for selection of test units was to locate units
that are representative of current industrial kilns, boilers, process
heaters, furnaces, dryers, ovens, stationary internal combustion en-
gines, and gas turbines. The determination was to be made with ref-
erence to existing data, and contact with manufacturers and associ-
“ations. This emphasis on selection of representative units would
enhance the widest possible applicability of the program results to

many industrial combustion devices.
2.2 APPROACH

The scope of the test program provided for tests of about
25 devices. Since there are several thousand industrial combustion
devices, it would not be possible to select test units representative
of all types of units in current use. The emphasis was therefore
Placed on selection of units within industries that are most signi-
ficant in terms of national emissions af criteria pollutants (NOx, SO,

CO, HC, and particulates) and of energy consumption.

The data used in unit selection were gathered from the U.S.
EPA, including the computerized National Emissions Data System (NEDS),

various contractor reports, equipment manufacturers, associations of

manufacturers, and equipment operators.

With regard to the category of boilers, the survey was
 restricted to units that operate with unconventional fuels. In-
dustrial boilers burning the conventional fuels, natural gas, fuel
oil and coal, have been examined in detail in previous studies (Refs.

1l and 2.)
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All criteria pollutant emissions were considered. However,

the fact that NO, emissions are generally most amenable to reduction by
combustion modifications leads to an emphasis on devices that are
high in NOx emissions.
2.3 RESULTS

Results of a survey of industrial combustion equipment are
presented in detail in Appendix A. Industries identified as having

combustion equipment that are significant in terms of energy and

emissions, ranked by NOx emissions are shown in the following table:

Industry Combustion Device
Petroleum refining f Process heaters
Wood pulp and pulp board Wood waste boilers
Black liquor recovery boilers
Portland cement Rotary kilns
Chemical Charcoal retorts
Ammonia reformers
Iron and steel Open hearth furnaces

Soéking pits

Reheat furnaces

Coke ovens

Blast furnaces

Heat treating furnaces

Glass contalners Melting furnaces
Various industries Reciprocating engines
Gas turbines

Information regarding each equipment type was gathered, as

avallable, with regard to:

1. Major manufacturers

2. Associations

3. Basic equipment and combustor design

4. Current fuel use, trends and properties

5. Trends in equipment type, age, size and use

6. Total number and geographic distribution

7. Limitations in equipment uses and fuels

8. Quantity and geographic distribution of fuels used
9. Air pollutant emissions

This information is presented in Appendix A.
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For many equipment types, specific data were not available in

sufficient detail to allow completely representative test unit selection.
In many cases, it was necessary to rely on industry contacts to suggest

units they considered "typical".

The following sections summarize selection criteria established
for each unit type based on the survey. Table 2-1 presents the lists of

unit types and number selected for testing.

2.3:.1 Petroleum Refinery Process Heaters

Heaters are used in most of the various refining processes from
cru&e distillation to petrochemical feed stock production. There is,
therefore, a substantial variety of heater types, but most are basically
either (1) vertical tube cylindrical shell type, or (2) horizontal tube
box type. Heaters are either of forced or natural draft. The majority
are of natural draft design and most are fired with refinery gas with
limited use of fuel o0il and waste fuels. There is a trend toward in-
creased use of forced draft with air preheat for efficiency improvement.
No information was avéilable on heater sizes. However, the average refinery
size is about 8000 m3 of oil/day (50,000 barrels/day) with an average of
about 26 heaters per refinery, or about 7,000 heaters total in the 260

refineries in the U.S.

Selection of test units was concentrated in refineries close to

the average size. Both natural draft and forced draft units were included

with operation on refinery gas and fuel oil.

2.3.2 Wood Bark Boilers

These boilers are somewhat similar to coal fired boilers in the
use of underfed grates, traveling grates or spreader stokers. Provision
for supplemental firing of oil or gas is common. There is a high vari-
ability in wood moisture and salt content. Very limited information on
number and typical size was available. Alabama, Georgia, and Texas are

the states which appear to have the highest concentration of capacity.
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TABLE 2-~1. TEST

UNITS INITIALLY SELECTED

Number of
Type Industry Units
Petroleum Refinery Heater Petroleum Refining 7
Carbon Monoxide Boiler Petroleum Refining 1
Rotary Cement Kiln Cement 2
Ceramic Tunnel Kiln Ceramic 1
Glass Container Furnace Glass 1l =
Wood Bark Boiler Pulp, Paper, Paperboard 2
Black Liquor Recovery Boiler  Pulp, Paper, Paperbcard 1
Aluminum Melter Aluminum 1
Blast Furnace Gas Boiler Iron and Steel 1l *
Open Hearth Furnace Iron and Steel 1
Soak Pit Furnace Iron and Steel 1
Reheat Furnace Iron and Steel 1
Combined Cycle Gas Turbine Electric Generation 2
Simple Cycle Gas Turbine Electric Generation 1l =*
Natural Gas Fueled ICE Gas Pumping 1
Diesel Fueled ICE Electric Generation 1
25
*These units were not tested.
6002-471
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Based on limited data, the average size boiler appears to be rated at
about 113,000 kg/hr (250,000 lb/hr) steam flow and selection of units

in this size range was the objective.

2.3.3 Black Liguor Recovery Boilers

These boilers are significantly different in design compared with
conventional boilers. Their function is to burn the wood organics out of
the black liquor and to recover sodium sulfate for reuse in the wood diges-
tion process. Black liéuor is the organic residue from the wood digestion
process. Combustion of black liquor requires separation of furnace areas
into an upper oxidizing.zone and a lower reducing zone. Air injection
control is quite critical. An average unit has a heat input of 117 MW
(400x106 Btu/hr) and there are about 274 units. Georgia, Louisiana and
Alabama have the highest total capacity. At the average heat input rate,
the average unit produces 136,000-159,000 kg/hr (300,000-350,000 1lb/hr) of

steam.

2.3.4 Portland Cement Kilns

Cement kilns are large rotating cylinders up to 183 m long and
8 m in diameter. Refractory lining results in very high temperature and
long residence times that result in high NOx formation. Units are about
Aequally divided between wet and dry feed processes. With proper burner
design, almost any fuel can be used. Heat recovery by air preheat is
used on all kilns in.cooling the cement clinker product. There are about
412 kilns in the U.S. with the average size rated at 206xlo6 kg of cement/year
(227,000 tons/year). Pennsylvania, Texas and California are the states with

the most kilns and greatest total capacity.

2.3.5 Iron and Steel Furnaces

Open hearth furnaces are major sources of NOx emissions in the steel
industry. These furnaces are being replaced by basic oxygen furnaces (BOF)
and no new open hearth units are being built. However, the flexibility of

open hearths to scrap/hot metal ratio is greater than for the BOF so that
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use of open hearths is expected to continue for some time. The open hearth
process is cyclic and NOx emissions vary widely over the typical 8-hour
heating cycle. One heating cycle is termed a "heat". Currently, there

are up to 189 furnaces in operation at an average size of 227,000 kg of

metal per heat (250 tons/heat). Pennsylvania, Ohio and Indiana have 70%

of the open hearth capacity. These units all have one burner at each end

of the hearth fired with natural gas, oil, pitch, tar or coke oven gas. Some

units may also have burners in the roof that may be fed with either air or

oxygen.

Soaking pits heat steel ingots in preparation for initial forming
operations and are batch type furnaces. One or two high volume flow burners
circulate hot gas in the furnace and designs differ in circulation patterns.
Natural gas is the predominant fuel but oil and waste fuels are used. Data
indicates about 1435 units exist but there is no information on typical

sizes.

Reheating furnaces reheat partially formed steel for further pro-
cessing., These units, numbering about 1260, have 10-30 burners in 2 to 5§
zones for uniform and controlled heating. Most are fired with natural gas.

No data on sizes were available.

Coke ovens and blast furnaces are important in thé steel industry.
However, they are relatively low in NOx emissions and have burners that
are dissimilar to other combustion devices. These devices were therefore
not considered in selection of test units. Therefore, a large number of
heat treating furnaces (about 4,500) that are also believed to be low in
total emissions, compared with other furnaces. This, together with very
strict requirements on temperature and atmosphere control, indicates low

probability of successful application of combustion modifications.

2.3.6 Glass Container Melting Furnaces

Glass melting furnaces are large refractory lined tanks with high
air preheat (1400 K, 2000 °£). There are two basic designs: end port and
side port. This refers to burner locations. End port units have two burners
and side port units have 6 to 10 burners. Only one-~half the burners fire at

one time with air reversal through exhaust-heated checker bricks for preheating.
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About one-half the total glass industry is devoted to glass container
manufacture and there are about 334 melting furnaces in 117 glass container
plants. Details on all furnaces are not available. However, data from one
large company indicates a representative side port furnace produces 141,000
kg of glass/day (155 tons/day) with a melter area of 84 m2 (900 ft2). End
port furnaces are slightly smaller with average production of 120,000 kg of
glass/day (132 tons/day) and an area of 60 m2 (645 ftz). Most furnaces use

natural gas fuel with standby oil.

No glass furnaces were tested because they are constructed with very

simple pipe burners that cannot be adjusted without affecting glass quality.

2.3.7 Stationary Reciprocating Engines

There are a large number of designs and sizes of industrial reciproca-
ting engines. Basic types are compression ignition (diesel) and spark igni-
tion (gas or o0il) and each type can be either a 2 or 4 stroke cycle. Fuel
consumption energy is about 75%'natural gas with the remainder as diesel
fuel, residual oil, and gasoline. There are about 290,000 engines in current
use in the oil and gas production industries, with 90% of these being small
natural gas fueled engines at an average power rating of 11 kW (15 hp). The
remaining 25,000 are larger diesel and natural gas engines ranging from
150-1900 kW (250 to 2500 hp) in average power for various applications. A
survey of oil refineries in Southern California indicated an average engine

size of 330 kW (440 hp).

Numbers and sizes of engines in various other applications vary
widely as indicated in Appendix A. The largest number of engines in a
single application (160,000) occurs for diesel engines used for electric

power generation.

Based on the survey, the test program concentrated on natural gas
engines in the oil and gas industry and on industrial diesel engine generator

sets.

2.3.8 Stationary Gas Turbines

Gas turbines are used in three basic system configurations: simple
cycles, regenerative, and compound (or combined) cycles. The majority of

installations are of simple cycle type, i.e., a conventional gas turbine
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without heat recovery. Primary applications are for electrical generation
and pipeline pumping. Fuels are predominantly natural gas and distillate

0ils but residual oils and refinery gas are used. No information was found

available to determine the average unit size.

The design of gas turbine combustion systems is such that there is
no provision for field adjustments or combustion modifications. Some engines
are equipped with water injection systems for NOx control. These engines
are mainly the large electric utility gas turbines. None of the industrial
gas turbines are believed to have water injection. Test unit selection is

therefore limited to the utility units.

While direct gas turbine combustion system modifications are not
practical, units that operate in conjunction with fired waste heat boilers
can be evaluated for the potential of NO_ reduction through boiler modi-
fications. Staged combustion in the boiler has promise for destruction
of NOx from the gas turbine and resultant turbine/boiler emissions lower

than for a turbine operating alone. Test unit selection therefore included

combined CYC].e gas turbines for evaluation Of.thiS effect.

2.3.9 Other Devices

The list at the beginning of Section 2.3 includes several com—~
bustion devices that were not selected for test: charcoal retorts, coke
ovens, ammonia reformers, and blast furnaces. Also, some devices
were selected for test that were not specifically considered in the

equipment survey. This section discusses these devices.

Charcoal retorts and coke ovens are similar in processing
carbonaceous materials in a deficiency of air. These processes do
not use burners directly but use burners for external heat generation.
Coke ovens._have fixed design orifice burners and adjustments can only
be made to stack dampers. No specific information was found on char-
coal retort désigns. Both of these devices were not believed to be
particplarly suited for the types of combustion modifications planned

but may warrant further consideration in future studies.
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An ammonia reformer was inspected as a candidate for test. These
units have many burners and very critical gas temperature profile criteria
and much effort is expended in balancing and optimizing the combustion

process. Based on the inspection, it was decided ﬁhat modifications planned

for the current program would not be feasible on these devices.

Blast furnaces depend primarily on coke charged with the ore feed
for combustion heat although external burners are being used. The exhaust
gas does not enter the atmosphere but is recovered as fuel partly used to
preheat blast furnace air with the balance used as fuel in the steel mill
devices. Previous tests have shown blast furnace emissions to be relatively
low and not particularly suited for application of combustion modifications

(Ref. 5).

Four devices not specifically evaluated in the equipment survey were
selected for test: a refinery carbon monoxide boiler, a ceramic tunnel kiln,
an aluminum melter, and a blast furnace gas boiler. - Carbon monoxide boilers
are air pollution control deviges consuming CO emitted by petroleum refinery
catalytic cracking units. These emissions are a significant fraction of total
industrial boiler emissions in areas where large refineries are located

(rRef. 5).

A ceramic tunnel kiln was selected as representative of stationary
(as opposed to rotary) kiln processes. These kilns are classified together
with cement kilns in national fuel consumption (Appendix A) and have a
large number of fuel burners to which combustion modifications could be

applicable.

An aluminum melting furnace was selected on the basis of recommenda-
tions from a previous survey as discussed in Appendix A. The survey in the
current program did not indicate high emissions from aluminum furnaces and
the purpose of the test was to resolve the apparent differences between

survey results,

A blast furnace gas boiler was selected on the basis of a previous
study that indicated a significant contribution to industrial boiler NOx
emissions (Ref. 5). However, a test site for this type of boiler could

not be obtained.
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SECTION 3.0

INSTRUMENTATION AND TEST PROCEDURES

The emission measurements were made using analytical instruments and
equipment contained in a government-furnished mobile instfumentation labora-
tory contained in an 2.4 x 9.1 meter (8 x 30 ft) trailer. A plan and side
view of the trailer are shown in Appendix B. Gaseous emission measurements

were made with the following analytical instruments:

Measurement Model
Emission Species Manufacturer Method No.
Hydrocarbon Beckman Instruments Flame Ionization 402
Carbon Monoxide ‘Beckman Instruments IR Spectrometer 865
oxygen Teledyne Polarographic 326A
Carbon Dioxide Beckman Instruments IR Spectrometer' 864
Nitrogen Oxides Thermo Electron Chemiluminescent 10a
Sulfur Dioxide Dupont Instruments UV Photometric 400

Total oxides of sulfur were measured by wet chemistry methods using
the sampling train and analytical procedure of the Shell~Emeryville method.
Total particulate measurements were made using an EPA Method 5 sampling train
manufactured by Western Precipitation Division of Joy Manufacturing Co.
Particulate size distribution was made using either an Andersen 200 Cascade
Impactor or a Brink Model B Cascade Impactor depending upon the grain loading.
Smoke density was measured using an automated Bacharach smoke spot pump.
Samples for trace species and organic analysis were taken with a high volume
sampling trained called the Source Assessment Sampling System (SASS train).
Stack opacity readings were made during particulate tests according to EPA

Methed 9.
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3.1 GAS SAMPLING AND CONDITIONING SYSTEM

A flow schematic and description of the flue gas sampling and
analyzing system is presented in detail in Appendix B. Briefly, the sampling
system uses pumps to continuously draw flue gas from the boiler into the
laboratory. A high capacity positive displacement diaphragm pump is used
to draw a high volume of flue gas into the unheated portion of the system
to provide adequate system response. The pump pulls from a manifold connected
to 24 unheated sample lines. Selector valves allow composites of up to 12
points to be sampled at one time. The probes are connected to the sample
manifold with 0.0095 m (3/8 in;) nylon line. étainless steel quick dis-
connect couplings are provided to facilitate the connection between the
sample lines and the instrumentation laboratory. The sample from each line
then passes into individual water traps. The water traps consist of glass
bubblers used to collect water condensed from the sample and drain valves for
emptying the traps are provided. A positive displatement diaphragm sample
pump draws unheated sample gas through a refrigerated condenser to reduce
the dew point to 275 K (35 °F), a rotameter with flow control wvalve, the

sample pump, a 1 micron filter, and to the O NO, CO, and CO. instrumenta-

2’ 2
tion. Flow to the individual analyzers is measured and controlled with

rotameters and flow control valves. Excess sample is vented overboard.

Special precautions are reguired to obtain a representative sample
for the analysis of NOZ' 802' and hydrocarbons. These precautions consist
simply of insuring that the sample is kept above its dew point, since these
constituents are quite soluble in water. For this reason, a separate
electrically heated sample line is used to bring the sample into the labora-
tory for analysis. The line is 9.5 mm (3/8 in.) stainless steel line,
electrically traced and insulated. Metal bellows pumps provide sample to the

hydrocarbon, SO., and NOx analyzers.

2[
3.2 GASEQUS EMISSIONS

The laboratory is equipped with analytical instruments to continuously
measure concentrations of NO, NO_,, CO, CO_, O

2 2 2’
sample gas is delivered to the analyzers at the proper condition and flow rate

soz, and hydrocarbons. The

through the sampling and conditioning system described in the previous sections.
Appendix B describes the analytical instrumentation.
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3.3 PARTICULATE EMISSIONS

Particulate samples are taken at the same sample port as the gas
sample using a Joy Manufacturing Company portable effluent sampler. This
system, which meets the EPA design specifications for Test Method 5, Deter-
mination of Particulate Emissions from Stationary Sources (Federal Register,
Volume 36, No. 27, page 24888, December 23, 1971) is used to perform both
the initial velocity traverse and the particulate sample collection. Dry
particulaﬁes are collected in a heated casée that contains, first, a cyclqne
to separate particles larger than 5 microns and, second, a 100 mm glass-
fiber filter for retention of particles down to 0.3 microns. Condensible
particulates are collected in a train of 4 Greenburg~Smith impingers in a

chilled water bath.
3.4 TRACE ELEMENT AND ORGANIC EMISSIONS

Particulate and gaseous samples for analysis of trace elements and
organics are taken at the same ports as the gas and standard particulate
samples. The sampling system is based on a modified Aerotherm high volume
sampling system which is called the Source Assessment Sampling System (SASS
train). Dry particulates are collected in a heated case that contains three
cycldones to separate particles larger than 10 um, 3-10 um, and 1-3 um.
Particles less than 1 ym are collected on a 142 mm glass-fiber filter.
Filtered sample gas is then cooled to 293 K to 333 K (68 to 130 °F) and
passed through an organic adsorbent consisting of XAD=-2 chromosorb type
adsorbent. Condensate is collected in a trap and the dried gas passes through
an impinger train in a chilled water bath. The first impinger contains a

hydrogen peroxide solution for SO_, scrubbing and the second and third impingers

2
contain reagents for volatile trace species collection. The fourth impinger
contains Drierite for final drying prior to flow control and volume measure-
ment equipment. Operating procedures and analytical methods are discussed

in Appendix C.
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3.5 UNIT OPERATIONAL DATA

Industrial combustion devices of the types tested under this contract
have a variety of adjustments, controls, and instrumentation. A complete set
of operational data is taken for each test. If available, process rates,
temperatures, flows, and combustion parameters are recorded. Typically,
fuel flow rate, pressure, air flow, pressure, stack gas temperature, and
various draft readings are made. The positions of air registers, dampers,
and other manual controls are recorded for each test. Appendix D discusses
methods for obtaining thermal efficiency and Appendix E contains the data
recording formats employed for the program. A data supplement report con-

taining all raw data collected during the study is available.
3.6 TEST PROCEDURES

Prior to a test, the test site was inspected to determine equipment
location, sample acquisition points, pertinent unit operational instruments
and recording units, and specific combustion modifications to be performed.

Tests. were outlined with unit operating personnel.

Most tests, excluding trace species and organics sampling, were
‘accomplished in 4 to 6 days. The initial day was devoted to test equipment
set-up, coordination with the unit operating personnel, a thorough review
of instruments, process and operational characteristics, and initiation of

sampling for baseline operational and emissions data.

Following baseline data acquisition, the proposed combustion adjust-
ments were implemented individually. All unit operational and emissions
data were recorded for each adjustment implemented. Fuel samples were

obtained at pertinent points during the test period.
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SECTION 4.0

TEST RESULTS,

This section summarizes the emission and efficiency data collected
for the units tested. The combustion devices tested were selected from equip-~
ment types as discussed in Section 2. Within each class, the given test
results summarize the equipment characteristics, special instrumentation
requirements, gaseous and particulate emissions data, combustion modifications,

efficiency, and conclusions.

4.1 PETROLEUM PROCESS HEATELRS

A total of seven process heaters were tested at Locations 4, 5, 7, and

4.1.1 Process Heater (Location 4)
Equipment Characteristics--

The process heater tested at Location 4 was a vertically fired natural
draft refinery heater installed in 1970. The purpose of this unit is to heat
the feed stock to approximately 672 K (750 °F) before spraying into a flash
chamber to separate the various hydrocarbons. A secondary function is to
generate steam in the economizer coils in the convection section. The heater
was fired with 32 combination oil/gas burners in two cells of 16 burners
each. The heater had a heat input rating of 25 MW (86.6x106 Btu/hr). It
was equipped with an optimizer system to keep the unit operating at a mini-
mum excess air level with limits on process temperature and furnace pressure.
There was a manual‘override on the optimizer so that the operator could con-
trol the excess air. 'The unit normally operates on gas but has the capability
of firing oil. When the unit switches to oil, it is base loaded with oil and
control is effected with gas burners. A schematic of the tubular natural

draft fired heater is shown in Figure 4-1.

*Location numbers were assigned to each plant in which units were tested.
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Figure 4-1. Vertical fired heater, Location 4.

Under normal conditions when the unit is firing refinery gas,
the optimizer system is used to minimize operator attention to the com-
bustion process. The bptimizer system was designed to allow furnace
operation at minimum excess air at the design conditions. An O, analyzer

2
was installed on the unit to give a continuous indication of excess ©

in the stack. The furnace damper was controlled by seﬁsing furnace :
pressure. If product temperature changes, a fuel flow change is neces-
sary. Any change in fuel flow causes the damper to open. The damper
then begins to slowly ramp closed until the minimum air, consistent with
the required furnace pressure, is reached. The damper remains in this

position until perturbed by a change in fuel flow.
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A heater with no optimizer will experience excess air fluctuations
as fuel properties change. The purpose of testing the unit with an
optimizer was to determine the effectiveness of the optimizer as a means

of emissions minimization.

The test series at location 4 provided an evaluation of the
effect of fuel variation on emissions and efficiency. The heater was
tested with the “normal® fuel gas (a mixture of refinery gas and pur-
chased natural gas), an enriched gas in which propane was added replac-
ing the natural gas, and finally oil firing in combination with gas
firing for control. Analyses of the fuel gas samples are presented in
Table 4-1. The analysis of the oil sample is presented in Table 4-2.
These analyses were performed by an independent testing laboratory.
Samples were analyzed by gas chromatography and results were presented

as volume percent.

TABLE 4-1. SUMMARY OF FUEL GAS ANALYSES
FOR LOCATION 4 TESTS, % by Volume

Test No. 4-1 4-2 . 4-5 4-6 4-8

Oxygen - <0.01 0.13 0.21 0.10
Nitrogen 0.43 0.07 1.11 1.68 2.10
Carbon Dioxide 0.45 0.06 0.32 0.059 0.14
Carbon Monoxide 0.65 0.71 0.54 0.62 0.57
Hydrogen 11.64 12.9 12.8 12.7 11.8
Methane 64.88 49.11 61.01 49.4 52.42
Ethane 12.07 17.2 12.8 16.2 14.3
Ethylene 1.34 0.96 1.41 1.71 1.62
Total C3 (Propane) 6.57 16.2 7.44 14.7 15.1
Total C4 1.28 1.72 1.55 1.92 0.91
Total C5 0.63 0.96 0.79 0.73 0.86
Total C6 0.06 0.11 0.10 0.068 0.087
Heating Value

(BTU dry/SCF) 1169 1372 1186 1325 1301

(108 J/m3) 43.6 51.16 44.23 49.41 48.52
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TABLE 4-2. ULTIMATE ANALYSIS OF FUEL OIL
SAMPLE FROM LOCATION 4 TESTS

Carbon, % 87.38
Hydrogen, % 11.87
Nitrogen, % 0.28
Sulfur, % : 0.40
Ash, % 0.004
Oxygen (by difference), % 0.07
Gross Heat of Combustion 44,357 J/g (19,070 Btu/lb)
Net Heat of Combustion 41,821 J/g9 (17,980 -Btu/lb)

Special Instrumentation Requirements at Location 4--

In addition to the emissions measurements described previously,
a complete set of control room operating data were taken for each test.
These data were specific for each heater depending upon the service
requirements. In general, the process rate and condition (temperature
and pressure), heater input/output data (fuel type, flow, pressure, stack
temperature, etc.) and critical temperatures (where available) were

recorded.

Gaseous emissions measurements were taken using a single
heated sample line connected to a probe installed in the heater stack.
The location of the sample probe is shown in Figure 4-1 at a position

below the stack damper.
Baseline Emissions Results, Process Heater (Location 4)--

Location 4 baseline testing was conducted with the heater
operating in the "as found" condition. Gaseous emissions data were
measured at 30-min intervals for a period of 2-1/2 hours and fuel gas
'samples were takén at the start and end of the test period. The normal
fuel being burned consisted of approximately 75% refinery gas and 25%
natural gas. Baseline NOx emissions were 44.9 ng/J (88 ppm' reported

on a dry basis, corrected to 3% 02). No particulate tests were con-

ducted on this unit since sample ports were of inadequate size.
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Combustion Modifications, Process Heater} Location 4--

Location 4 combustion modification tests-were conducted to evaluate
the effect of fuel changes on emissions and burner patterns on emiséions and
efficiency. The results of baseline and the combustion modification tests
are summarized in Table 4-3. The fuel gas was enriched by adding approximately
100 bbl/day propane, replacing the natural gas. Propane addition increased
the specific gravity from 0.68 to6 0.79. The NOx emissions increased from
44.9 ng/J (88 ppm) at the baseline condition to 47.9 ng/J (94 ppm) with

propane addition.

The effect of o0il firing on the emissions from the heater was eval-
uated by adding 10 oil guns. Four burners, the end burner in each row,
were out of service. The unit was base loaded with the 0il guns and control
of the unit was effected with the gas burners taking the swings in load.
This is the normal operating mode when firing oil. The NOx emissions increased

to between 90.1 and 91.7 ng/J (169 and 172 ppm) when the unit was firing oil.

The optimizer system, which minimizes excess air, was switched to the
manual mode to determine the effect on emissions. No effect on emissions was
evident. The overall system response~-return to normal conditions--was faster

in the manual mode than with the optimizer operating.

Several burner patterns were evaluated to determine whether burner
geometry had an influence on gaseous emissions in this heater. The normal
operation has the end burner in each row out of service. The various patterns
wnich were tested are shown in Figure 4-2. When burners were taken out of
service, the fuel flow to the remaining burners was increased to keep the
total input constant. The air registers to the BOOS were left open in an
effort to have a staged combustion effect. Because of the nature of the
design of this unit, very little mixing was accomplished in the firebox and
the resulting NOx emissions were higher than for the baseline condition.

The NOx varied from 47.9 ng/J (94 ppm) to 54.3 ng/J (106 ppm) (approximately
11%) for the burner pattern tests. The O, level in the stack was higher

2

than baseline for all BOOS tests and could not be lowered to the normal O2
operating level due to furnace pressure limitations. No discernable dif-

ference in CO or HC emissions was measured.
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TABLE 4-3, SUMMARY OF GASEOUS EMISSIONS DATA
LOCATION 4 - PETROLEUM REFINERY HEATER
Process
Test | Date Lgad ;:\epautt“ Oy | @O | MO*} MO, NO* NO HC* cos | 50 s
No. 1976 m /d MW (%) : (%) (ppm) (ng/J) (ppm) (ng/J) (ppm) (ppm) (ppm) Comments
4-1 5/24 | 1004.9 28.6 . 10.0 88 44.9 97 44.4 1 10 38 As found - gas
4-2 5/24 32.2 . 9.8 94 47.9 93 47.4 1 11 45 C3Hg addition to fuel gas,
) no natural gas
4-3 5/24 28.6 3.8 10.0 86 43.9 85 43.4 1 10 54 As found - gas
4-4 5/25 28.6 3.9 11.7 172 91.7 170 90.6 2 11 133 011 and gas; 10 of 32
burners firing oil
4-5 5/25 28.6 4.1 ] 11.5 169 90.1 168 89.5 1 13 124 0il and gas
4-6 5/26 31.7 4.2 | 10.4 116 59.3 115 58.8 - 14 -—- Gas, nat. gas, & propane
4-7 5/26 31.7 5.4 9.8 109 55.8 108 55.3 - 9 ——— Baseline - gas
4-8 5/27 33.6 4.3 9.8 -— - 102 52.2 - 11 -——- BOOS (1 & 16) - gas
4-9 5/217 30.3 4.8 9.6 95 48.6 94 48.1 1 9 18 BOOS (4,7,10 & 13) - gas
4-10 5/27 32.2 5.1 9.6 103 52.7 102 52.2 2 11 28 BOOS (4,8,9 & 13) - gas
4-11 | 5/27 ' 31.7 5.0 | 10.0 107 54.8 106 54.3 2 13 31 BOOS (6,8,9 & 11) - gas
4-12 | 5/28 | 915.84 33.1 5.3} 10.2 139 71.2 138 70.6 0 11 57 3 oil burners installed
*Dry, corrected to 3% 02

**10° Btu/hr = MW/1.05
*Stack was clear during all tests.
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The limits on furnace pressure are critical for natural draft units.
Negative pressure is a requirement to prevent hot gas or flame from coming
out of furnace cracks and causing fires or structural overheating. Buoyant
effects produce a pressure rise from the bottom to the top of the furnace.
Controls are set so that pressure taps at the top just below the damper
indicate a slightly negative pressure for normal operation. Any attempt to
reduce excess air by closing the damper would result in a positive pressure

at the top of the furnace.

The results of the fuel evaluation tests showd a slight [3.0 ng/J
(6 ppm) 1} NOx increase when propane was added ﬁo the fuel gas in'place of
natural gas. Combination o0il and gas firing (approximately 40% oil) resulted
in Nox emissions being nearly double {91.7 ng/J (172 ppm)] compared with gas
alone [44.9 ng/J (88 ppm)]. Use of the optimizer system had no effect on

emissions but manual operation allowed faster response to upset conditions.

Changes in the burner pattern in which burners were taken out of
service resulted in higher overall emissions. Several burner patterns were
tried, all of which had higher emissions than the baseline configuration.
The overall O2 level could not be lowered to a value comparable to the base-
line condition due to furnace pressure limitations leading to higher_NOx

emissions.

4.1.2 Process Heaters (Location 5)

Equipment Characteristics—-

Two process heaters were tested at Location 5 to evaluate the effect
of process rate (load) on emissions and efficiency. Three process rate
conditions were tested in each of the heaters. Burner adjustments were also

made to determine the effect on emissions.

The test units at Location 5 were new (1974) vertically fired natural
draft refinery heaters. Both heaters are part of a reformer unit consisting
of five heaters that exhaust into common stacks; Sample connections were
made at existing sample ports in the convection section before the flue gases
enter the stack (Figure 4-3). The first unit has 16 floor-mounted burners in

a single line; six were in operation during the test. The design rating was
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15.9 MW (54.4 x lO6 Btu/hr). The second heater has ten floor-mounted burners
in line; four were operating at the time of test. The design rating was 10.1
MW (34.6 x lO6 Btu/hr). Normal operation is with refinery gas, but oil guns

are available to convert to oil firing when required. However, oil guns

were not operable during the tests.

The reformer unit was operating at approximately 50% of capacity so
that load variation tests were possible. The process rate was varied + 318
m3/day (+ 2000 bbl/day) from the nominal 1908 m3/day (12,000 bbl/day) for
both heaters.

Fuel gas samples were taken during the testing and sent to an indepen-
dent laboratory for analysis. Analyses of the fuel gas samples are given in

Table 4-4 as volume percent.

TABLE 4-4. SUMMARY OF FUEL GAS ANALYSES
FOR LOCATION 5 TESTS

Test No. 5/1-1 5/1-2 5/1-3 5/2=1

oxygen 0.03 0.02 0.06 0.05
Nitrogen'(by difference, 02+N2) 2.07 1.11 1.40 ] 1.15
Carbon Dioxide 0.31 1.02 0.67 1.23
Carbon Monoxide 0.11 0.071 0.10 0.092
Hydrogen ' 8.70 7.62 10.03 7.40
Methane (by difference, HC) 47.18 56.76 46.78 53.46
Ethane 7.28 6.63 8.12 7.07
Ethylene 0.06 0.05 0.06 0.05
Total C3 17.6 14.9 18.0 16.2
Total C4 14.5 10.3 12.9 11.6
Total C5 ’ 1.93 1.34 1.53 1.42
Total C6 0.23 0.18 0.35 0.28
Heating Value :

(Btu dry/SCF) - 1645 1495 1606 1552

(lO6 J/m3) 55.75 59.89 57.88 6l.34

Baseline Emission Results, Process Heaters, lLocation 5--

Location 5 baseline tests were conducted on the first heater in the
"as-found" condition. Gaseous emissions and control room data were taken at
30-minute intervals for a period of 2-1/2 hours. Baseline NOx emissions were
49.5 ng/J (97 ppm) at the nominal process rate of 1908 m3/day (12,000 bbl/day)

and operating O2 level of 4.4%. The baseline emissions for the second heaterxr
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were 39.0 ng/J (76 ppm) NOX at 3.9% O, and a process rate of 1908 m3/day

2
(12,000 bbl/day). ©No particulate or SOX tests were possible at this location

because of port size.
Combustion Modifications, Process Heaters, Location 5--

Location 5 combustion modification tests consisted of process rate
variations and air register adjustments for both heaters. Following the
baseline tests, the process rate was varied from 1590 m3/day (10,000 bbl/day)
to 2,225 m3/day (14,000 bbl/day). Following the heater load variation tests,
a series of tests was conducted in which burner adjustments were made to
evaluate the influence on emissions. These teéts were conducted at a process
rate of 1908 m>/day (12,000 bbl/day), the normal rate. The results of all
load changes and burner adjustment tests are presented in Table 4-5 for both
heaters. Fuel gas samples were taken during the test series and analyzed for

composition and heating value.

The effect of process rate on NOx emissions for heater No. 1 is shown
in Figure 4-4. The NOx emissions from heater No. 1 dropped from 54.3 ng/J
(106 ppm) at 1,590 m3/day (10,000 bbl/day) tc 42.3 ng/J (83 ppm) at 2,226
m3/day (14,000 bbl/day). The O2 level varied from 5.4% at 1,590 m3/day
(10,000 bbl/day) to 3.4% at 2,226 m3/day (14,000 bbl/day) with the same burner
pattern and air register setting. These tests were conducted with six of the

16 burners in service. A constant O, level over the load range was not

2
possible. The unit has steam generating provisions in the convection section
of the heater and the O2 level is maintained at a high level at low fire '
conditions to maintain the steam flow rate. The same effect of process rate

on NOx emissions is shown in Figure 4-5 for heater No. 2.

Tests on heater No. 1 were also conducted at a constant process rate

with varying O, levels due to burner air register adjustment. The effect of

excess O2 on Ngx for heater No. 1 is shown in Figure 4-6. The burner patterns
are shown in Figure 4-7. The first burner adjustment (Test No. 5/1-4B) con-
sisted of opening the air registers on the burners out of service (BOOS) and
closing the air registers on the burners in service (Nos. 2, 4, 6, 9, 13 and

15). The NOX decreased to 41.0 ng/J (80 ppm) but the O2 increased to 10.0%.
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TABLE 4-5.
LOCATION 5 - PETROLEUM REFINERY HEATERS

SUMMARY OF GASEOUS EMISSIONS DATA

so.

Test | Date I':f;:c 3Pr°°ess Load| o, | co, | NO," No, NO* NO ne* co* 2 .
No. 1976 M m /4 bbl/d | (8) (8) |(ppm) {ng/J) | (ppm) {ng/3) | (ppm) (ppm) | (ppm) Comments
' HEATER #1

5/1-1 6/2 18.5 {1980 § 12,000 } 4,4 | 10.2 97 49.5 95 48.4 4 11 6 Baseline test

5/1-2 6/2 18.1 |1590 | 10,000 | 5.4 9.7 | 106 54.4 104 53.4 4 16 10 Low load

5/1-3 6/3 19.6 |2226 14,000 3.4 10.9 83 42.5 82 42.0 1 10 8 High load

S/1-4A | 6/3 18.9 |1908 | 12,000 | 5.0 | 10.0 95 48.6 93 47.6 (] 9 Baseline

5/1-4B 6/3 23.8 1908 12,000 {10.0 6.6 80 41.0 75 38.4 0 12 Air register adj.
number 1

5/1-4C 6/3 22.4 [1908 12,000 8.9 7.4 76 38.9 73 37.4 2 10 9 Air register adj.
number 2

5/1-4D | 6/3 20.6 {1908 12,000 5.5 10.4 129 66.0 128 65.5 1] 12 10 Air register adj.
number 3

. HEATER #2

5/2-1 6/4 9.7 {1908 | 12,000 | 3.9 | 10.5 76 39.0 76 39,0 1 10 3 Baseline test

5/2-2 6/4 10.6 }2226 | 14,000 | 2.3 | 11.9 60 30.8 58 29.8 8 8 2 High load

5/2-3 6/4 10.1 1908 12,000 4.1 10.8 ) 39.5 76 39.0 1 11 2 " Baseline check

5/2-4 6/7 9.7 1908 12,000 5.5 10.8 ' 77. 39.5 75 38.5 2 12 S Baseline

5/2~5 6/7 9.0 |1590 10,900 5.2 9.8 101 51.8 100 51.3 1 13 6 Low load

5/2-6 6/7 10.8 |2226 14,000 1.9 12.0 6l 31.3 58 29.8 1 14 8 High load/normal 02

5/2-7 6/17 11.0 [2226 14,000 4.0 10.2 63 32.3 6l 31.3 1 13 8 High load/air

register adj.

*pry, corrected to 3% O

+Stack was clear during all tests.
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Figure 4-4- NO_ emissions from refinery process heater 5/1 as a function
of 'process rate.
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Burner Number

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

a.AsfoundXD'XDXDXXDXXXDXDX
b.TestS/l—4BOAOAOAOO.AOOOAOAO

c.Test5/1—4cd)Aq)A(bACDCDA(D(D(I)AQ)ACD
e rests/-[[] XXX O X OO XOOX X O X X O

D Gas on and air registers open 100%

A Gas on and air registers partially closed

O Gas off and air registers full open

q> Gas off and air register partially open

>< Gas off and air register closed

Figure 4-7. Burner patterns tested on No. 1 petroleum refinery heater at location 5.



3

The second adjustment was the partial closing of the air registers of the

BOOS. This adjustment lowered the O, to 8.9% with a slight reduction in the

2
NOx to 38.9 ng/J (76 ppm). The final burner adjustment was closing the BOOS

air registers and increasing the number of operating burners to eight (1, 4,
6, 7, 9, 10, 13, and 16). The O2 was lowered to 5.5% but the NOx showed an
increase of 33% to 66 ng/J (129 ppm) compared with baseline emissions.

A similar test series was conducted on heater No. 2, which has only
' 10 burners (four of which were operating in the "as-found" condition). The
NOx emissions from heater No. 2 showed little or no dependence on excess O

2

as shown in Figure 4-8, although the range of 0. was quite limited.

2
All tests at all conditions showed insignificant levels of HC, CO,
and SO, emissions. These levels were unaffected by changes in operating

2
parameters.

4.1.3 Process Heaters, Location 7

Equipment Characteristics--

Iocation 7 tests were conducted on two petroleum process heaters.
The first unit tested (No. 7/1) was a vertically fired natural draft recycle
gas heater manufactured in 1967. It was designed to fire refinery gas and
was installed as part of a hydrocarbon cracking unit. The furnace is rated
at 15.5 MW (52.8x106 Btu/hr) absorbed with 16 burners equally spaced along
the floor. Combustion air is normally controlled through individual air
registers on eéch burner. Furnace draft is controlled with a manual damper
in thg stack. A sample probe was installed in the stack before the damper

using an existing sample port. Location of the sample port was as previously

shown schematically in Figure 4-1.

Heater No. 7/2 was a vertically fired natural draft process heater
manufactured in 1970 as part of a reformer unit. The heater was rated at
11 Mw (37.6x106 Btu/hr) and was fired by 12 burners located on the centerline
of the heater floor. Furnace draft was controlled manually with a damper in
the stack. Combustion air to the burners is adjusted with louéres located at

one side of the air plenum.

Fuel gas analyses were obtained for each day of testing. Table 4-6

summarizes the fuel gas analyses at location 7.
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TABLE 4-6.

SUMMARY OF FUEL GAS
CHROMATOGRAPHIC ANALYSES

Test No.

7/1-1 {7/1-2 |7/1-4 |7/2-1 |7/2-2 |7/2-3
Date 7/13 7/14 7/15 7/19 7/20 7/21
H, 26.3 24.8 22.3 28.2 11.5 11.7
N, 2.6 1.6 1.6 2.4 3.0 1.6
co, 0.7 0.7 0.8 0.8 1.0 0.7
c, 56.5 58.8 63.0 53.2 72.3 73.0
c, 5.4 5.1 4.9 4.9 4.9 4.7
c2= 0.9 0.8 0.9 0.8 1.0 1.0
cy 4.3 4.5 3.7 4.3 3.9 3.6
cy 1.3 0.6 0.6 3.2 0.8 1.1
ic, 0.8 1.0 0.8 0.7 0.7 0.8
nC, 0.7 0.9 0.8 0.8 0.8 0.9
ic; 0.1 0.1 0.1 0.1 - 0.1
icg 0.4 1.0 0.5 - - 0.8
nC, - - - - - -
c> -- - -- 0.6 0.1 -
cg — - - - - _—

Htg Value

MJI/m3 35.8 37.1 36.5 35.4 38.1 39.7
(stu/cf)| (961) | (998) | (980) | (953)7 | (1024) | (1068)

Note:

All values reported on a volume percent basis.
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Baseline Emissions, Process Heaters, Location 7--

The purpose of the process heater tests at Location 7 was to evaluate
the effect of excess air on emissions and efficiency and to determine whether
off-stoichiometric firing could be effected in a natural draft process heater.
Baseline test measurements on heater No. 7/1 show the NOx emissions to be

51.6 ng/J (103 ppm) with the heater operating at 7.8% O The baseline NOx

¢
emission for heater No. 7/2 was 49.1 ng/J (98 ppm) with the unit operating at
8.5% 02. The O2 analyzers installed in both units were far out of calibration

and were indicating 4% to 5% higher O2 than actual. Opacity readings were

made on both units; no visible smoke was observed.
Combustion Modifications, Process Heaters, Location 7--

Location 7 combustion modification testing at heater No. 7/1 consisted
of ailr register adjustments to lower excess air and various burners out of
service to attempt staged combustion. All burner air registers were highly
corroded and very littie adjustment was possible. The O2 was lowered to 6.6%
with a slight decrease in NOx to 48.1 ng/J (96 ppm). Due to operational
limitations, only three burners were able to be taken out of service. Various
combinations of three burners were taken out of service with no appreciable

effect on NOx emissions.

Combustion modifications to heater 7/2 consisted of trying to lower
excess air and various burner patterns. Adjusting the air registers resulted
in a decrease in Nox of up to 12 ng/J (24 ppm) or a 25% reduction. Only two
burners were able to be removed from service and two combinations were tried.
No significant change in emissions were measured by taking burners out of

service.

A summary of gaseous emissions data from the Iocation 7 refinery

heaters is presented in Table 4-7.
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TABLE 4-7. SUMMARY OF GASEOUS EMISSIONS DATA
LOCATION 7 - PETROLEUM REFINERY HEATER

Proceas| Heat o co NO ® NO
pate] 1oad |i1nputse 2 2 x x NOs NO HC* co* 50,

Teat No.| 1976 wdza MW (8) \) (ppm) (ng/J) (ppm) (ng/J) (ppm) (ppm) (ppm) Conment5+

Process Heater No. 1

1/1-1 7/13] 5410 16.5 7.8 ] 7.7 103 51.6 103 51.6 12 12 0 Baseline-refinery gas
7/1-2A 7/14} 5645. 17.6 7.2 | 8.2 98 A 49.1 98 49,1 12 [ [o] Baseline

1/1-28 7/14| 5625 16.6 6.6 | 8.4 96 48.1 96 48.1 10 13 0 Air register adjust
7/1-3 7714} 5550 15.9 7.2 | 8.2 99 49.6 99 49.6 8 6 51 BOOS 4 & 8

1/1-4 7/15| 5540 16.3 6.8 | 8.0 97 48.6 95 47.6 13 8 10 Baseline

7/1-4A /15| 5495 15.9 6.8 | 8.0 95 47.6 95 47.6 0 10 0 BOOS 4 & 13

7/1-4B  {. /15| 5440 14.8 7.0 | 8.2 98 49.1 98 49.1 7 9 4 BOOS 4, 9 & 13
2/1-4C /15| 5440 15.1 7.0 | 8.2 98 49.1 - 96 48.1 6 10 2 BOOS 6, 9 & 12

Process Heater No. 2

1/2-1 7/19| 6575 14.9 8.5 | 7.0 98 49.1 93 46.6 5 14 6 Baseline-refinery gas

1/2-2A 7/20] 6490 15.6 8.4 | 7.4 95 47.6 a8 44.1 12 11 2 Baseline

7/2-2B 7720{ 6590 [ 15,6 3.0 | 7.0 78 39.1 76 38.1 9 8 1 Alr register adjust

1/2-2¢ 7/20| 6500 15.4 8.6 | 7.8 n 35.6 70 35.1 7 18 2 Air register adjust .
7/2-3A 7721} €755 16.7 7.8 | 7.8 86 43.1 82 q1.1 10 o Baseline

7/2-38 7/21| 6790 16.6 7.9 | 7.4 82 4l.1 77 38.6 5 0 Air register adjust

7/2-3¢ 7/21] 6760 16.6 8.6 | 7.2 77 38.6 76 38.1 4 14 0 BOOS 5 & 7

7/2-3D 7/21| 6810 16.8 8.6 | 7.6 77 38.6 74 37.1 2 12 o BOOS 2 & 11

1/2-3E 7/21| 6885 16.7 8.0 | 8.0 8l 40.6 76 38.1 7 12 o Baseline repeat

*Dry, corrected to 3% 02.
«¢10% Beu/hr = w04/0.293

+
Stack was clear during all tests.



4.1.4 Thermal Efficiency of Natural Draft Process Heaters

Calculations of heater efficiency were made utilizing a KVB computer
program. The efficiency is calculated by the heat loss method as outlined in -
ASME Power Test Code PTC-4.1. The fuel gas analyses obtained for each test
were used for input data. The flue gas measurements and stack temperature
measurements were used to calculate the stack losses. Radiation losses were

estimated using the ABMA Standard Radiation Loss Chart which is included in
PTC-4.1.

The efficiencies of the natural draft process heaters tested were
significantly lower than boiler efficiencies since none of the heaters had air
preheaters. This is typical of the petroleum industry although there is a
trend to include air preheat in new units. However, this also requires con-
version to forced draft. Process heater efficiencies are summarized in
Table 4-8. Efficiency is basically a function of excess air. Combustion
modifications resulted in efficiency variations of about 2% up or down depen-

dent on the change in % O In one case, test 5/1-48, air register adjust-

¢
ment resulted in a 4% decrease in efficiency.

4.1.5 Conclusions, Natural Draft Process Heaters

Five natural draft process heaters were tested to evaluate the effect
of fuel composition, excess air, two-stage firing, and load on emissions and

efficiency. Air preheat was not used on any of the units.

The effect of fuel gas higher heating value on NOx emissions was
minor. There was approximately a 6% increase in NOx when the heating value
was lncreased 10% by propane addition. Firing oil for supplying approximately

45% of the input increased the NOx emissions by 95%.

The effect of lowering excess air on Nox emissions was difficult to
evaluate because the process heaters are limited, by the process, in the
amount of air adjustment. In two cases the equipment was in such poor con-
dition that it was impossible to make adjustments to the air registers. On
some heaters air register adjustments resulted in NOx reductions of 7% to

v

28%, while in one case NOx increased (compared with baseline levels).
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TABLE 4-8. SUMMARY OF NATURAL DRAFT PROCESS HEATER EFFICIENCIES

fo} Exit ..
Test Date 2 . |Temperature | Efficiency
No. 1976 (%) (x) (°F) (%) Comments
4-1 5/24 | 4.0 548 | 527 78.8 Baseline
4-2 5/24 | 3.8 546 | 523 79.4 Propane addition
4-3 5/24 | 3.8 551 | 532 78.8 Baseline
4-4 5/25 | 3.9 549 | 528 78.9 0il & gas
4-5 5/25 | 4.1 549 | 528 78.8 0il & gas
4-6 5/26 | 4.2 558 | 544 78.3 Baseline
4-7 5/26 | 5.4 564 | 556 77.3 BOOS (1, 3, 14 & 16)
4-8 5/27 | 4.3 557 | 542 77.9 BOOS (1 & 16)
4-9 5/27 | 4.8 556 | 540 77.6 BOOS (4, 7, 10 & 13)
4-10 5/27 | 5.1 557 | 542 77.4 BOOS (4, 8, 9 & 13)
4-11 5/27 | 5.0 557 | 542 77.4 BOOS (6, 8, 9 & 11)
4-12 5/28 | 5.3 543 | 518 77.9 0il & gas
s/1-1 |6/2 | a.4 | 478 | 401 79.9 Baseline - 1908 m>/day
5/1~2 |6/2 5.4 478 | 400 78.7 Low load - 1590 m3/day
5/1-3 |6/3 3.4 481 | 406 80.6 High load - 2226 m3/day
5/1-4a |6/3 5.0 480 | 405 79.5 Baseline - 1908 m3/day
5/1-4B |6/3 10.0 494 430 75.5 Air register adjustment
5/1-4c |6/3 8.9 493 427 76.6 Air register adjustment
5/1-4D 16/3 5.5 488 419 78.9 Rir register adjustment
5/2-1 |e/4 3.9 481 | 406 79.0 Baseline - 1908 m3/day
5/2-2 |6/4 2.3 482 | 407 80.2 High load - 2226 m3/day
5/2-3 |6/4 4.1 481 | 406 79.0 Baseline - 1908 m3/day
5/2-4 |6/7 3.5 478 | 400 79.3 Baseline - 1908 m3/day
5/2-5 |6/7 5.2 477 | 398 77.9 Low load - 1590 m3/day
5/2-6 6/7 1.9 480 405 80.3 High load/normal O,
5/2-7 6/7 4.0 482 407 79.6 High load/register adjustment
7/1-1 7/13 7.8 593 608 73.8 Baseline
7/1-2a |7/14 | 7.2 592 | 605 74.5 Baseline
7/1-2B |{7/14 6.6 585 593 75.4 Air register adjustment
7/1-3  |7/14 | 7.2 583 | 589 74.9 BOOS (4 & 8)
7/1-4 |7/15 | 6.8 586 | 594 74.0 Baseline
7/1-4n |7/15 | 6.8 585 | 593 74.0 BOOS (4 & 13)
7/1-4B |7/15 | 7.0 583 | 590 73.9 BOOS (4, 9 & 13)
7/1-4Cc |7/15 | 7.0 582 | 580 74.0 BOOS (4, 9 & 12)
7/2-1 |7/19 | 8.5 780 | 945 60.3 Baseline
7/2-2n |7/20 | 8.4 780 | 945 60.4 Baseline
7/2-2B |7/20 9.0 765 917 60.2 Air register adjustment
7/2-2C 17/20 8.6 763 | 913 6l.1 Air register adjustment
7/2-32 {7/21 7.8 782 948 61.9 Baseline
7/2-3B |7/21 7.9 776 937 62.1 Air register adjustment
7/2-3c |7/21 | 8.6 763 | 913 61.6 BOOS (5 & 7)
7/2-3D |7/21 | 8.6 786 | 954 60.2 BOOS (2 & 11)
7/2-3E {7/21 8.0 775 935 62.0 Baseline
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Process rate or load showed a fairly pronounced effect on NOx emis-~
sions but the O2 varied as load changed and it is believed that the O2 change
was the predominant effect. However, the NOx shows a decrease of 22% as load
was increased 28% with one heater while another heater exhibited a 40%

decrease in NOX over the same load change.

An attempt was made on each heater to achieve two-stage combustion by
varying the burner pattern—-taking burners out of service. BAll the heaters
tested had the burners in line on the furnace floor firing vertically upward.
Very little mixing between burners is accomplished with this type of arrange-
ment and the laminar type flame. Another consideration in taking burners out
of service is to not disrupt the temperature distribution in the firebox with
cold spots or flame impingement. In most cases, little measurable change in
NOx emissions was accomplished by taking burners out of service on any heater
tested. In only one test, 7/2, was there any significant reduction--20% of
original baseline Nox' However, recheck of baseline conditions also

gave lower emissions indicating negligible influence of the modification.

4.1.6 Process Heaters, Location 12, Unit 1

Equipment Characteristics--

The process heater tested at Location 12, Unit 1 was a forced draft
heater with air preheat. The unit, shown schematically in Figure 4-9, was
built in 1973 to heat charge stock for desulfurization prior to catalytic
cracking. The rated capacity of the unit was 3291 m3/day (20.7x103 bbl/day)}
of charge stock and the unit was operating at 100% capacity during the test

period. Heater specification data are presented in the following table.

REACTOR CHARGE HEATER SPECIFICATIONS, LOCATION 12/1
6

Design Heat Input: 27.5 MW (94x10° Btu/hr)
Heater Furnace Pressure: =124 Pa (-0.5 in. HZO)
Max. Ambient Temperature: 317 K (110 °F)

Combustion Air Temperature: 658 K (725 °F)
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Figure 4-9, Schematic of location 12/1 process heater.
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A single burner supplied the fuel to the heater and was designed to
fire either gas or No. 6 oil. Combustion air was preheated with a Ljungstrom
air heater. Probes were installed in three ports in the convection section

of the heater.
Baseline Emissions, Process Heater, Location 12/1--

Baseline emissions were measured firing both refinery gas and No. 6
oil. The Nox emissions were 163 ng/J (320 ppm) with the unit firing refinery

gas with 1.85% excess O, in the flue gas. Baseline NOx emissions for the unit

2
when firing No. 6 o0il were 113 ng/J (222 ppm) with the unit at 3.3% excess O2
in the flue gas. Particulate emissions were not measured in this unit due to
the excessively high temperature in the convection section where sampling was
being performed. Gas temperature at the sample point was approximately 1033 K
(1400 °F) which precluded particulate sampling due to probable probe failure.
Stack opacity and smoke were both zero for all tests. An attempt was made to
measure SOx emissions at this point but the pyrex probe melted and collapsed

preventing the drawing of a sample. Table 4-9 presents a summary of the

emissions data measured for this unit.

The analysis of the fuel burned during the tests at Location 12

is presented in Table 4-10.
Combustion Modifications, Process Heater, Location 12/1--

Combustion modification testing consisted of varying the excess air
level. The excess air was changed by changing the inlet dampers on the com-

bustion air fan. The effect of excess O2 on NOx emissions is shown in

Figure 4-10. Excess O2 in the flue gas varied from 1.3% to 3.1% for refinery

gas firing. The data shdw an increase in NQX of about 20.4 ng/J (40 ppm)

per % O_ increase for refinery gas. For No. 6 oil firing, the O, varied from

2 2
1.5% to 3.3% and little if any variation in NOx was measured. Little NOx

reduction was possible since this unit was normally operated at low 02.
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TABLE 4-9.

SUMMARY OF FIELD MEASUREMENTS
LOCATION 12/1 PROCESS HEATER WITH AIR PREHEAT

Stack
Tast Heat NO,* NO* HC* co* S0z Temp.
Run Date lgad Input 0, co, ng/J ng/J ng/J ng/J ng/J | Eff. +
No. 1976 {mi/a MW Fuell s | (ppm) {ppm) (ppm) (ppm) (ppm) (°F) [y Comments
12/1-1 | 10/12] 3291 27.7 RG*{1.85| 9.9 163 158 1 5 173 397 | 86.3 |Baseline test
(320) (311) (5) (17) (244) (254)
12/1-2 | 10/12] 3291 21.2 RG |2.0 [12.4 167 162 1 5 218 398 | 86.3 [0; variation
(327) (317) (q) (17) (335) (256)
12/1-3 | 10/12{ 3291 27.7 RG 2.8 [12.0 181 177 1 6 215 398 | 86.2 |0, variation
(356) (3a7) (s) (18) (303) (257)
12/1-4 | 10/12{3291 28.1 RG [3.1 |1iF.0 189 188 2 s 118 39 | B6.4 |0, variation
] (371) (269) 10) (16) (166) (253)
12/1-5 | 10/13{3291 28.5 RG (2.2 {10.2 151 150 - 2 S0 394 | 86.4 (0, variation
(296) {295) - (8) (70) (250)
12/1-6 }10/23]3291 33.2 RG 1.3 |11.3 - 163 - 14 82 400 | 86.2 [0, variation
-~ (320) - (44) (115) (261)
12/1-7 |10/13(329) 33.2% | re [2.2 [10.6 - 189 - 8 9 390 | 86.7 {0, variation
{371) - (27) (13) (243)
12/1-8 |10/14 (3291 33.2‘ 16 |3.3 2.8 -— 113 - 12 330 398 | 89.2 |Baseline test
. oil (222) (35) t422) {252)
12/1-9 |10/14f3201 | 33.2% [ [2.2 13.2 [13:2 132 - 9 340 403 | 89.6 [0, variation
oil (235) (235) - (27) (436) (266)
12/1-10{10/14 |3291 33.25 #6 (1.5 |14.0 |126 125 10 406 404 [ 89.8 |0, variation
0il ] (224) (222) - (31) (516) (267)
12/1-11} 10/14]3291 33.25 6 1.9 |13.6 |155 146 - 12 369 400 | 89.8 o, vartation
oil (276} (259) - (34) (472) (261)

*ppm reported on 38 02 dry basis.

+Stacx was clear during all tests.

i011 flow not measured, heat input estimated based on gas fuel tests.

RG - Refinery gas
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heater with air preheat.
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TABLE 4-10. FUEL ANALYSES, LOCATION 12

Test No.

Date

Carbon, §

Hydrogen, %

Nitrogen, $

Sulfur, s

Ash, %

Oxygen, 8 (by difference)

API Gravity at 60 °F

Heat of Combustion:
Gross kJ/kg

(Btu/1b)

Net kJ/kg
(Btu/1b)

Test No.
Date

CH4

CHe

C3fg
Cafo
CsHy o

Heat of Combustion:

MJ/m3

Btu/CF

6 Oil Fuel

12/1-8
10/14/76
87.37
10.30
0.27
1.16
0.044
0.86
12.7

42,900
(18,450)

40,700
(17,510)

Refinery Gas

12/1-1
10/12/76
4.3
24.0

7.4

1.5

51.1
(1373)

12/2-2
10/15/76
87.22
10.33
0.27
1.14
0.035
1.00
12.6

42,800
(18,380)

40,600
(17,440)

12/2-1
10/16/76
18.5
9.87
11.4
2.11
0.42
5.21
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Efficiency, Process Heater, Location 12/1--

The efficiency of the unit with air preheat averaged 86.4% firing
refinery gas and 89.6% firing No. 6 o0il. Variation in excess oxygen caused
a change in efficiency of 0.6% -- from 89.2% at 3.3% Oé to 89.8% at 1.5% 02.
When firing refinexry gas, the efficiency varied from a low of 86.2% at 2.8%

O, to a high of 86.7% at 2.2% O

2 2°

4,1.7 Process Heater, Location 12, Unit 2

Equipment Characteristics—--

The petroleum process heater tested at Location 12, Unit 2 was a
forced draft dehexanizer reboiler without combustion air preheat. The heater
was rated at 7362 m3/day (46,313 bbl/day). The unit was operating at
approximately 45% of capacity during the test period. The single burner,
capable of firing both gas and No. 6 0il fuel, was rated at 13.6 MW (46.5x106
Btu/hr) firing No. 6 oil with a LHV of 40,500 kJ/kg (17,400 Btu/hr). Sample
probes were installed in the stack above the convection section. A schematic

of heater showing the relatiwve location of the sample port is shown in

Figure 4-11.
Baseline Emissions--

Baseline NOx emissions for the non-preheated process heater (Unit 12/2)
were measured in the stack above the convection section. Emissions were mea-
sured with the unit firing both refinery gas and No. 6 oil. Baseline NOx
emissions were 109 ng/J (214 ppm) with the unit firing refinery gas and the
excess oxygen at 4.3%. When firing No. 6 oil (62% heat input) and gas, the

baseline NOx emissions were 97 ng/J (172 ppm) at 4.3% O Both baseline

measurements were made with the unit in the "as-found" iondition with the
burner set by the operator. Baseline particulate measurements were made
with the unit firing No. 6 oil and gas. Total particulate was 38.06 ng/J
(0.088 1b/10° Btu). Solid particulate was 34.38 ng/J (0.080 1b/10° Btu)

with 10% opacity.

The emissions measured from the process heater are summarized in
Table 4-11. When operating with No. 6 0il alone, smoking occurred. Opera-
tors required partial gas firing to maintain a clear stack (zero opacity).

Operators would not allow sufficient time when smoking to record opacity.
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Figure 4-11l. Schematic of dehexanizer reboiler (unit 12/2).
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TABLE 4-11. SUMMARY OF EMISSIONS DATA
LOCATION 12/2 - PROCESS HEATER WITHOUT AIR PREHEAT

. Total Solid Stack
L]
Test Heat wo* not e cot 50,* 50, 504 Particulates | Particulates | Temp.
Run Date Input Load 02 C02 ng/J ng/J ng/J ng/J ng/J ng/J ng/J nq/g ng/J K Eff.
No. 1976 MW m3/d | Fuel . Y (ppm) | pm) | tppm). | (ppm) | (ppm) | (ppm) | (ppm) | (1b/10”Btu} (1b/106Btuy | (°F) [y Comments
12/2-1 {10-1s | 10.2 5405 | RG 4.3 9.2 109 93 -- 0 91’ -- -- -~ -- 563 79.6 | Bascline
(214) (183) ©) (128) . (554)
§
12/2-2 |10-15 }10.2 5405 | No. 6 4.3 |11.3 97 94 -— 306 - - ~- -- 556 8l.2 | Baseline
0i1+RG (172) | (167) (22} (391) (541) 38% Gas
12/2-3 | 10-18 8.3 5405 | RG 3.85 | 9.4% 43 43 -- 3.1 43 -- - ~ 0 559 79.6 | SASS Test
(85} (85) (10) (60) (547)
12/2-4 |10-19 | 8.4 5405 | RG 3.4 9.2 66 64 - 4 86 122 20 -- -- 557 80.0 | Sso_ Test
(129) | (126) a3y a2 | aas) (29) (542) x
12/2-5 | 10-19 8-4s 5405 | No. 6 |5.0 8.9 88 82 -- 117 -- -- 38.055 34,384 568 79.4 | Par.Test; S5#4q
0i1+RG (157) | (146) (45) (150) (0.0885) (0.07995) (562) 43% Gas, 10 Opac
12/2-6 | 10-20 | 8.3 5405 | RrG 3.7 9.7 90 68 -- 1.2 51 -- -~ - 0 554 80.0 | SASS Test
(138y | (133) (4) (72) (537)
12/2-7 | 10-26 | 9.5 5405 | RG 4.8 9.6T 64 64 - s} 159 - -- ~-- § - 580 79.0 | 0, variation
(126) | (126) (0) (224) (585)
12/2-8 |10-26 | 9.6 5405 | RG 3,2 10.5* S0 49 -- 0 88 == -~ -- -- S74 79.0 |0, Variation
(98) (97) (0) (124) |(574)
12/2-9 jl0-26 | 9.3 5405 | RG 2.2 11.1* 36 36 11.7 o] 112 ~- - ~- -- 568 79.4 o, variation
(7)) (70} (66) (0) (158) (562)
12/2-10 | 10-26 | 9.5 5405 | rRG 4.9 9.5T 65 64 3.7 [} 203 -- -- -- -- 561 79.0 |0, Variation
(128) | (126) (21) (0) (285) (586)
§
12/2-11{ 10~26 | 9.5 5405 | No. 6 |5.0 12.0T 92 88 2.3 7.8 482 -- -- - -- 570 80.4 | 02 variation
0il+RG (164) | (156) (13) (23) | (617) (567} 437 Gas
. §
12/2-12{ 10-26 | 9.5 5405 | No. 6 4.3 12.7* a9 86 | 1.1 7.5 427 - -- -- - 567 B8l1.0 | 02 variation
Oi1+RG (158) (152) (6) (22) | (546) {561) 43% Gas
§
12/2-13 | 10-26 | 9.5 5405 | No. 6 |3.8 13.1T 82 81 0 10.6 429 -- -- - - 563 81.6 | O Variation
0il*RG aas) | s 0) (31) | (549) ( (553) 43v Gas ‘

*opm reported on 3% O, dry basis.

2

CO2 selector valve leaking - value corrected based on 02 value and theoretical COZ.

Vil flow not measuced, heat input estimated based on previous all gas data point.



Combustion Modifications, Process Heater, Location 12/2--

Combustion modifications to this unit were limited to varying the
excess air. The furnace excess air level was changed by adjusting the inlet
dampers on the combustion air fan. The effect of excess O2 variation on NOx
emissions is shown in Figure 4-12 for both refinery gas and No. 6 oil fuels.
Excess oxygen varied from 2.2% to 4.9% for refinery gas and from 3.8% to 5.0%

for No. 6 oil. NOx emissions increased 20 ppm/% O, increase for refinery gas

2

and 12 ppm/% O2 increase for No. 6 oil. A 67% reduction in NOx from the
baseline level was obtained while firing refinery gas. Little change was

obsexrved while firing No. 6 oil.
Efficiency, Process Heater, Location 12/2--

The unit averaged 79.5% efficiency on refinery gas and 81.0% on No. 6

0il. The efficiency varied from a low value of 80.4% at 5% O, to a high of

2
8l1.6% at 3.8% O2 when firing No. 6 o0il. Refinery gas firing showed an increase
in efficiency of 1% over the range of excess oxygen. The lowest efficiency
measured was 79.0% at 4.8% O, and the highest measured efficiency was 80.0%

2
at 3.1% 02.

Trace Species and Organics Test, Location 12/2-- .

Two trace species and organic tests were conducted on the petroleum>
process heater at Location 12/2. Sampling and analytical procedures are
described in Appendix C. The unit was firing refinery gas; Table 4-12 shows
the sampling conditions. This unit also fires No. 6 0il which would be
expected to have higher trace species and organic emissions. However, the
tests were run with refinery gas because most of the fuel burned in process
heaters in the U.S. is refinery gas. Samples of the refinery gas were taken
for trace species and organic analysis for use in establishing mass balances.
However, analysis by either atomic absorption (ADA) or spark source mass
spectrometry (SSMS) requires that samples be in either liquid or solid form.
Procedures could not be developed for reducing the gas fuel or any trace
components therein to a form suitable for analysis. As shown in the previous
table, no solid particulates were collected in the SASS train cyclones; all

material was in the gaseous phase.
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Figure 4-12.
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TABLE 4-12.

TRACE SPECIES AND ORGANICS SAMPLING CONDITIONS
PETROLEUM PROCESS HEATER- -~ LOCATION 12/2

TS&0 Run No. 1 2
Test No. 12/2-3 12/2-6
Date 10/17/76 10/20/76
Port: Location G, g
Velocity, m/s (f£/s) 3.39 (11.1) 3.42 (11.3)
Stack Temp., K (°F) 594 (609) 591 (604)
Oxygen Content, % dry 3.85 3.7
Moisture, % l16.8 13.0
Sample time, min. 300 300

Cyclone Flow, awcmm (awcfm)

Isokinetic Rate, %
Oven Temp., K (°F)

XAD-2 Temp., K (°F)

Meter Temp., K (°F)

Nozzle Size, mm (in.)

No.

Filters Used

Sample Flow, Dry, scmm (scfm)

Volume Collected, Dry, scm (scf)

.Particulate weight, g

Solid Particulates, ng/J (lb/lO6 Btu)

Stack Flow Rate, Nm3/s (scfm)

0.0895 (3.16)
229
477 (398)
293 (67)
286 (56)
12 (0.688)
1
0.046 (l.61)
13.67 (483)
0
0
2.9 (6145)

0.070 (2.46)
179
480 (403)
293 (68)
287 (57)
12 (0.688)
1
0.037 (1.32)
11.24 (397)
0
0
3.03 (6420)
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Table 4-13 shows the total emission concentrations determined by AA
analysis for the species of primary interest for two duplicate test runs in
the heater stack. Additional data tabulations are contained in Appendix F.

. Species that were present above the detection limits include cadmium, calcium,
chromium, cobalt, copper, iron, lead, manganese, nickel, titanium, vanadium,
zinc, chloride, fluoride, nitrates, sulfates, and POM. All other species
including PCB were not detected. The source of these emissions is believed

to be erosion of material deposited during operation of the unit on oil fuel.

In general, the same elements detected in the first test (12/2-3)
were also detected in the second test (12/2-6). Excepﬁions were cobalt
(detected in the first test, undetected in the second) barium, lead, and

vanadium (all three undetected in the first test, detected in the second).

Coﬁparing the AA results for the two tests as duplicate runs, the
emission concentrations (ug/m3) are within a factor of about three with two
notable exceptions. Cadmium emission for the first test was 74,000 ug/m3
compared with 7.7 toll ug/m3 for the second test. Conversely, calcium emis-
.sibn was much lower on the first test, 5 ug/m3, compared with 280,000 ug/m3
for the second test. Duplicate analyses performed indicated that these
differences were not due to the precision of analytical methods. Differences
between the tests may be due to possible intermittent flaking of materials

deposited during oil firing.

Total POM concentration was above the detection limit only for
test 12/2-6. Appendix F presents results of a detailed analysis by gas
chromatography-mass spectrometry (GC/MS) to identify specific POM compounds.
The compounds detected were anthracene, methyl anthracenes, fluoranthene,
pyrene, and chrysene. The majority of the POM was collected in the SASS

train organic module.
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TABLE 4-13. TRACE SPECIES AND ORGANIC EMISSIONS
PETROLEUM PROCESS HEATER, LOCATION 12/2

. 3
Species Concentration, uUg/Nm

Sampling Location Stack Exit Stack Exit
Test No. 12/2-3 12/2-6
Antimony < 700 < 850
Arsenic < 40 < 47
Barium < 40 140 < 150
Beryllium : < 10 < 10
Cadmium 74000 7.7 <11
Calcium 5 280000
Chromium ' 110 170
Cobalt 4 < 300 < 390
Copper 120 ' 29 < 33
Iron 1210 2500
Lead < 3 28 < 32
Manganese 190 330
Mercury < 30 < 10
Nickel 83 < 210 180
Selenium . < 60 < 73
Tellurium ’ < 2800 < 3100
‘Tin < 3400 < 4200
Titanium 600 < 1100 2700 < 3300
Vanadium < 110 112
Zinc 75 150
Chloride 6900 44 < 81
Fluoride 660 860 < 880
Nitrates ' 5.5 10.1
Sulfates 560000 1s000
Total POM < 13 0.6 <15
Total PCB < 12 < 15
For Additional Data, F-40 ‘F-43

See Tables Noted in to to
Appendix F F-42 r-49

See Table F-1 for explanation of table values.
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4.2 MINERAL KILNS

Three mineral kilns were tested at Locations 1, 3, and 2 during this
program. The following sections describe the equipment characteristics,

emissions measurement results, and conclusions.

4.2.1 Ceramic Kiln, Location 1

Equipment Characteristics--

The kiln tested at Location 1 was a linear ceramic tunnel kiln erected
in 1954. The kiln has a capacity for 46 product cars, each 3.0 m (10 ft) long.
The kiln is used for firing clay tile pipe and other clay tile products. The
unfired product is placed on a car which is slowly moved on a metal track
through the kiln. The kiln consists of threé zones—-—-a preheat zone, main
firing zone, and cooling zone as shown schematically in Figure 4-13. Tempera-
ture-time profile is the primary constraint in the process. The temperature
must steadily increase at a predetermined rate in the preheat zone and the
temperature in the main firing zone must be controlled within 3 K (5 °F).

Heat to the preheat zone is supplied from the cooling zone by means of fans
and exterior ducts. Same of the hot gas from the cooling zone is also directed

“to drying rooms where wet product is dried prior to entry into the kiln.

The kiln is heated with combination natural gas-oil burners located
along the side of the kiln. The kiln had 34 burners per side. Normal
operation is with natural gas; oil is used only when natural gas supplies
are curtailed. Combustion air is supplied to the burners by forced draft
fans. The rated heat input was 9.4 MW (32x106 Btu/hr) and tests were conducted

at 79% load.

The process control data collected for the tunnel kiln tests at
Location 1 consisted of temperature profile data, fuel flow rate, and process
rate. In addition to the normal instrumentation, a water cooled probe was
used to measure the O concentraﬁion at each burner along the main firing

2
zone.
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Baseline Emissions--

Baseline emissions data were taken at the tunnel kiln at a process
rate of 16 cars per day. The sampling location was in the stack upstream
from the louvres which control furnace pressure. The baseline NOx emission
level was 46.2 ng/J (90 ppm) with the measured stack O2 at 17%. Particulate
emissions were 12.5 ng/J (0.029 lb/lO6 Btu) when firing natural gas. All data
from the tunnel kiln tests are tabulated in Table 4-14. The composition of
natural gas fuel burned is given in Table 4-15. Only baseline testing was

conducted at this test location; planned combustion modifications were not

performed due to the likelihood of upsetting process temperatures.

The burners were sampled individually, at the tunnel kiln, using a

water-cooled probe, to determine the excess O, profile. Table 4-16 presents

the data taken while sampling the gas burner ;orts. Burners 1 through 4,
closest to the preheat zone, were out of service. The next five burners, 5
through 9, were burning at very reduced input. The excess oxygen at these
burners was considerably higher than the burners which were operating at full
capacity. Eight burners were not sampled because they are near the top of

the kiln wall and were not accessible. , The average O with all burners was

2
7.0% and 7.8% for the two tests. If the burners which were not at rated

capacity are not included, the average O, was 4.5% and 6.0%. A regquest was

2

made to reduce the air to burners which had high O, readings. The request

2
could not be accepted because the excess air is necessary to prevent the

burner tips from burning and to maintain process temperature.

The high degree of sensitivity of product quality to the combustion
process represents a major limitation on the feasibility of modifications in

mineral processing equipment.

An overall efficiency for the tunnel kiln was attempted but not
completed due to the complexity of the process. Several flow paths were
used for the extensive heat recovery system. Stack gas losses were calculated
based on the flue gas composition and temperature. The stack gas loss (total
of dry flue gas plus moisture in air plus moisture in flue gas due to com-
bustion of hydrogen in the fuel) was calculated to be 14.6% of the fuel input.

Stack gas temperature was measured at 330 K (134 °F).
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TABLE 4-14, SUMMARY OF EMISSIONS DATA
LOCATION 1 - LINEAR CERAMIC TUNNEL KILN

Rated Load = 9.39 MW (32x106 Btu/hr); Test Load = 7.42 MW (25.3x106 Btu/hr)

1L

Test | Date °, 0, NO* NO No; NO, co* Particulate

No. 1976 (%) (%) (ppm) (ng/3) (ppm) (ng/J) (ppm) 11b/106 Btu |(ng/J) Comments

1-1 4/6 17.0 | 2.3 90 46.2 90 46.2 248 - - Baseline test
1-2 4/7 16.7 { 2.7 50 25.7 52 26.7 314 0.0029 12.5 Particulate test
1-3 4/8 17.01 2.2 77 39.6 86 44,2 135 - - " Baseline

1-4 4/8 17.0 2.2 72 37.0 69 35.4 270 - - Baseline

*Dry, corrected to 3% 02.
Rated process rate, 16 cars/day = 116.4 Mg/d (128 pons/d).

Stack was clear during all tests.



TABLE 4-15. NATURAL GAS FUEL ANALYSIS,
LOCATION 1 CERAMIC KILN

Non-Combustible Gases

Carbon Dioxide 0.35 (% by volume)
Oxygen 0.12

Nitrogen’ 0.37

Water Vapor 0.050

Combustible Gases

Methane 94.52

Ethane 4.26 .
Propane : 0.20

i-Butane 0.025

n-Butane 0.037

Pentanes 0.032

Hexanes 0.032

Heating Value 38.82 MJ/m3

(1042 Btu dry/SCF)

Specific Gravity 0.575
(air = 1.00)

72



TABLE 4-16.

GAS BURNER OXYGEN MEASUREMENTS

IN A LINEAR CERAMIC TUNNEL KILN

02(%) 02(%)

Burner No. 4/7/76 4/8/76

*

5+ 16.5 15.0

6 14.6 14.3

7 14.0 14.2

8 15.8 14.2

9 14.5 13.7
10 8.0 6.5
11 (top) - -
12 4.0 5.0
13 5.0 6.5
14 (top) - -
15 3.9 1.5
16 0.8 0
17 (top) - --=
18 . 2.8 9.3
19 5.6 10.6
20 (top) - -
21 5.4 7.5
22 9.2 8.0
23(top) - -
24 7.7 0.5
25 8.7 9.0
26 (top) - ==
27 4.8 3.9
28 3.0 10.5
29 (top) - -
30 0.2 7.8
31 1.3 5.0
32 (top) - -
33 6.0 5.2
34 2.2 4.5

*
Burners 1 through 4 were out of service.

approximately 1/4 input.
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Little in the way of combustion modification is possible with the
tunnel kiln due to process constraints. The kiln tested achieved very high
efficieﬁcy By making extensive use of heat recovery techniques for cooling
. the fired product and drying and preheating the incoming product. The only
heat loss which appeared to be amenable to reduction was radiation loss from

the sidewalls and roof.
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4.2.2 Rotary Cement Kiln, Location 3

Equipment Characteristics--

The test unit at_location 3 was a rotary cement kiln fueled with
a combination of coke and natural gas with a rated heat input of 70.3 MW
(240 x lO6 Btu/hr). The dry-process kiln is shown schematically in Figure
4-14. The feed enters in the form of a finely divided powder, flowing
from a feed silo. Homogenization equipment is used to assure uniformity
of raw feed composition. A dust return system is used in conjunction with
the feed system. The feed encounters a chain system in the feed end of
the kiln to aid in heat exchange. After tﬁe chain section, the feed under-

goes preheating, calcining, additional heating, and clinker formation stages.

Particulate from the process stream was removed with a multi-
clone separator at the kiln exit and a baghouse downstream of the
multiclone. An induced draft fan at the stack provided motive power
for the combustion air and baghouse tempering air. Combustion air
. was preheated by passing through the clinker grate which cooled the

clinker.

Eiistihg sample ports were located at the kiln exit and in
the duct between the kiln and the baghouse. Particulate mass, par-
ticulate size distribution, and gaseous emissions data were measured
in the duct between the multiclone and the baghouse. Gaseous emissions

data only were taken at the kiln exit.

A complete set of control room data included process rate,
fuel flow, temperatures of the material, exit gases, incoming air,
etc. The particulate loading was so ﬁigh at the kiln that the standard
pitot probe plugged within 15 to 20 seconds of insertion, making a
velocity traverse impossible. A pitot with larger nozzles was borrowed
to make the velocity traverse. The probe for measuring gaseous emissions
had a sintered stainless steel filter on the end with a metal shield

around it as shown in Figure 4-15.
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Figure 4-15. Sintered sampling probe filter, Location 3.

The cement kiln burned about 2/3 coke and 1/3 natural gas, on a heat

input basis. The coke analysis is shown in Table 4-17.

TABLE 4-17. CEMENT KILN SOLID COKE FUEL ANALYSIS, LOCATION 3

% weight

Carbon . 82.68
Hydrogen 3.67
Nitrogen ’ 2.38
Sulfur 1.94
Ash 6.19
Moisture 2.01
Oxygen (by difference) 1.13
Heating value 32,360 kJ/kg

(13,980 Btu/lb)

This kiln had been previously tested by KVB when operatine entirely on natural
gas and also on oil fuel. Those tests had indicated lower NOx emissions on
01l compared with gas. The purpose of the current test was to evaluate the

effect of solid fuel on NOx as compared with the prior data.
Baseline Emissions--

Baseline testing at the rotary cement kiln was conducted at a process
rate of 43,000 kg/hr (47 tons/hr) of clinker. The measured NOx emissions
were 709 ng/J (1041 ppm) at a measured O2 concentration of 2%. Both total
particulate and particulate size distribution were taken with the kiln at
baseline conditions. Table 4-18 summarizes the emissions data taken. The

table alsc shows data previously acquired on this same kiln (Ref. 5) for
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TABLE 4-18. ROTARY CEMENT KILN EMISSION DATA SUMMARY*

Data from Current Test Program, Coke and Natural Gas Fuel Combined

Process|Heat t t
P
Test Load {Input | O co vo! No col 50, uct articulate »
NO. Date | Fuel kg/s M (\2) (sf {(ppm) (ng/3J}) (ppm) (ng/J} (ppm) {ppm) (ppm) (lbjlo6 Btu) {ng/J) Comments
3-1 5/5 Coke + 11.9 69.3 2.0 17.4 1014 691 1041 709 52 4 19 - - Baseline
1976 |Nat. gas
3-2 5/6 Coke + 11.1 68.9 2.05 17.1 950 647 961 655 38 11 26 - - Part, port kiln exit
1976 |[Nat. gas
14.1 69.4 [ 13.6 9.7 910 633 -- - 44 36 34 46.0 19800 Particulate port
baghouse inlet
3-3 S/7 |Coke + 1.65 | 17.4 994 617 1038 707 28 20 9 -- -— Particulate size
1976 {Nat. gas
Ref. 5| 1973 |nvac. gas - - 14 - 1460 903 - - - - - -- -- Baseline, natural gas
Ref. 5| 1973 [0il - - 14.5 -— 640 430 - -- - - -- - - Baseline, oil

* Gaseous measurements dre taken at kila exit except as noted.

T .
ppm data are corrected to 3% 0, dry basis. Coaversion from ppm to n9/J includes CO, flow from CaCOj in jthe
feed of 48.9x10°9 Nm”/J (1820 %Cl-‘/lo6 Btu}, in addition to flue gas trom fuel comhus{ion of 257.6x1077 Nm~/J
(9600 SCF/10% Btu) at stoichiometric air-fuel ratio.

Stack was clear during all tests.



natural gas operation and oil operation. Operation with fuel oil produced

NOx emissions about one-half that produced with gas. The current test indicates
that combined coke and natural gas operation produces NOX emissions that are
20-30% lower than with gas alone. The current trend for conversion of cement

kilns to solid fuel operation should result in significant reductions of NOX.

One test was conducted using the Brink cascade impéctor with the kiln
operating at baseline conditions. The impactor was inserted into the duct
between the multiclone separator and baghouse as with the total particulate
sampling train. The results of this test are presented in Figure 4-16 where
particle d;ameter as a function of cumulative proportion of impactor catch is
plotted. Approximately 15% of the particulate is below 3 um. A visual -
opacity reading taken during the particulate testing showed that the stack
was completely clear. The baghouse for the kiln is very large and apparently

very efficient.
Efficiency, Cement Kiln, Location 3--

Efficiency of the rotary cement kiln is conventionally expressed in
term; of heat input per unit mass of clinker. The rotary kiin at Location 3
under baseline conditions was operating at a heat input of 60 MW (206xlO6
Btu/hr); the process efficiency was 5093 kJ/kg (4.38xlO6 Btu/ton) of clinker.
This is below the national average of about 5230 kJ/kg (4.7xlO6 Btu/ton) of

clinker (Ref. 6).
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4.2.3 Rotary Cement Kiln, Location 9

Testing was conducted at Location 9 to determine the gaseous and
particulate emissions from a wet process rotary cement kiln. Testing for

trace elements was conducted with the SASS train.
Equipment Characteristics--

The test unit was a 137 m (450 ft) long by 3.67 m (12 ft) diameter
wet process rotary kiln rated at 9.44 kg/s (900 tons/day). In a wet process
kiln, the feed enters the kiln in the form of a slurry, having a moisture
content of approximately 30%. The wet process is preferred over the dry
type when the feed naturally exceeds about 18% moisture, but it is less
efficient because of heat required to vaporize the water. A heat exchanger
in the form of a chain section is used to remove this moisture from the

slurry. Figure 4-17 shows a schematic of the rotary kiln.

Sample point

Slurry feed

Front end
Back end Feed Advancement
i

e _Nose ring
:.0'00 : l‘
. o~ :;":— :L‘= =

—

Dehydration ! Calcination "Clinkeri-' Cooling I
zation

Drying zone Calcining zone Burning Cooling zone

Figure 4-17. Schematic of wet process rotary kiln.
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Emissions Sampling, Location 9--

The kiln is equipped with an electrostatic precipitator. However, all

sampling was conducted at the kiln exit upstream of the precipitator.

The kiln was firing natural gas at a rate of 59 MW (200x106 Btu/hr)
during the test period. An analysis of the natural gas is presented in

Table 4-~19. Analysis was by the gas chromatographic method.

TABLE 4-19. ANALYSIS OF FUEL GAS AT LOCATION 9

Component Concentration - Mol %
Methane 95.64
Ethane 2.04
Propane 0.70
Iso~-butane 0.15
N-butane 0.21
Iso-pentane 0.06
N-pentane 0.06
Hexanes + | 0.16
Carbon dioxide 0.10
Nitrogen 0.88
Higher heating value 32.1 MJ/m3

(999 Btu/CF)

Baseline Tests, Location 9--

The test series consisted of baseline measurement of particulate,
particulate size and gaseous emissions followed by a series where the combus-
tién air temperature was varied. An additional total particulate test and
cascade impactor test were then conducted. Baseline gaseous emissions were
conducted with the rotary kiln in the "as-found™ condition. NOx emissions

were 1408 ng/J (2400 ppm) corrected to 3% O dry basis, with the unit

2’

operating at 6.1% O Carbon monoxide which measured 30 ppm at baseline

5"
condition varied from 28 to 43 ppm for all conditions and HC emissions varied
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from 11 to 24 ppm with the baseline measurement being 24 ppm. The initial
particulate measurement was 9805 ng/J (22.8 lb/lO6 Btu) but calculations
showed sampling conditions to be 148% of isokinetic. This was the result of
a very high and variable moisture content of about 45%. A subsequent test
was conducted at low NOx conditions for which the sampling conditions were
122% of isokinetic. The particulate emissions for this test were 9000 ng/J
(21 1b/106 Btu). The results of emission measurements for all Location 9
tests are summarized in Table 4-20. Particulate size distributions were
determined using a Brink cascade impactor which aerodynamically separates
particle sizes. Two tests with the cascade impactor were made and the results
presented in Figures 4-18 and 4-19 where particle size as a function of
cumulative percentage smaller than a given diameter is plotted. These data
show that 17 to 25% of the particulates entering the cement kiln precipitator
are smaller than 3 um diamefer. Because of the extremely high particulate
loadings, test durations were only eight minutes and four minutes before the

cascade impacfor plugged and flow stopped.
Combustion Modifications--

Process constraints in the wet process rotaéy kiln limited the combus-
tion modifications testing. Combustion air temperature was varied in an effort
to evaluate the influence on NOx emissions. Unfortunately, combustion air
temperature, kiln temperature, and exit gas O2 concentration cannot be varied
independently and maintain product integrity. The effect of combustion air
temperature on NO emissions is shown in Figure 4-20. As combustion air tempera-
ture increases, NO emissions increase for nearly constant O2 concentration.

The points which do not follow this trend are tests in which the O2 was
lower than normal or kiln temperature was much lower than normal. The effect
of kiln temperature is shown in Figure 4-21 which shows increasing NO emis-

sions with increasing kiln temperature.

These data indicate that at a given kiln operating temperature--—
approximately 1755 K (2700 °F)--a reduction in NO emissions of 160 ng/J

(314 ppm) or 14%, was realized by reducing excess O, and increasing combustion

2
air temperature to maintain kiln temperature.
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TABLE 4-20. SUMMARY OF EMISSIONS FROM WET PROCESS ROTARY KILN, LOCATION 9
Rated Load 9.4 kg/s (900 tons/day)
rocess o | o so ‘;:;“C‘““e Comb. Mir

Test| Date | load | Input 2 2 x NO HC co 2 6 Temp. Kiln Tempy

No.| 1976 | xgq/s M %) (W | (ppm) Ung/J)}| {ppm) ¥nq/J)] (ppm)] (ppm) l(ppm}] 10 Btu] (ng/J)} (°P) | (K) | (°F}] (K) Comments

9~1A{ 8/11 9.4 53 6.0| 16.0 2400 {1408 2250 {1319 24 30 4] 22.8 9805 750 {672 {2700} 1756] Baseline - part. test, 5-25% opacity

9-18] 8/11 6.1] 16.0 2548 | 1494 2416 11417 12 34 0 - 810 | 706 | 2900| 1867| Baseline test

9~1c| 8/11 5.2118.0| 1729 [1014 1709 {1003 11 34 [} -- 720 | 656 | 2450[1617] Uupset kiln condition - cascade

impactor test

9-2a| 8/12 6.0 15.2 1409 826 1290 757 24 29 o] - 740 | 667 [2200] 1478 Low kiln temperature

9-28f 8/12 5.1115.6 1386 813 1443 846 2] 29 o] - 750 | 672 | 2450|1617 Low 02 condition

9-~2c| 8/12 4.5118.0 1858 {1090 1936 {1136 20 32 [} - 900 | 755 12750{1783| High combustion air temp, low 02

9-2p) 8/12 5.7} 16.8 2819 |} 1654 2588 |1518 21 36 o] - 900/] 755/ 2900} 1867] High combustion air temperature
830 |772

9-2E| 8/12 5.7117.9 2650 {1554 2265 | 1329 20 28 o] - 930 | 772 ]12840}1833| High cbmbust!on air temperature

9-2Fr| 8/13 4.2119.3 1824 |1070 1741 1021 17 143 20.9 9000 900/§755/]2450f1617| Particulate test, low NOx,
1000}811 <5% opacity

9-~-2G} a/13 ‘r + 5.6}17.6 2044 | 1199 1929 {1132 14 28 V] - 800/|700/]2650]1738] Cascade impactor test, low Nox
890 | 722

9-3 9/29 10.2 60.1 4.5]17.6 1230 720 1172 687 - 26 -- 1?7 7307 1095 1864 |2960[1900| SASS, ESP inlet

9-4 9/30 9.4 62.6 2.3]19.6 693 406 674 395 48 587 - 12.9 5548 1150 j894 12980[1911| SAss, ESP inlet

9-5 10/4 9.2 57.2 6.8 14.3 - - 1740 |1020 0] k} 0 0.053 22,7 1005 1814 |2763[1790| SASS, ESP outlet

9-6 10/5 10.6 58.5 6.6]16.8 -- - ;062 623 44 50 4] 0.069 29.5 928 |771 12612|1707| SASS, ESP outlet

NOTES: 1. ppm values for Nox, NO, HC, CO, and So2 are corrected to 3% O2 dry bhasis,

2. Al) emissions were measured upstream of an electrostatic precipitator.
3. Conversion from ppm to ng/J includes added CO) of 32.2 x 10"9 NnJ/J (1207 SCF/IO6 Btu) for COp released from

Cuco3 in kiln feed, in addition to gas from the fuel combustion of 231 x 1079 Nmd/J (8622 SC(-‘/IO6 Btu).
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Cement Kiln Trace Species Test, Location 9--

Trace species and organics tests were conducted on the natural

gas

fueled rotary cement kiln at Location 9. The slurry feed to the kiln under-

goes moisture evaporation, heating, calcining, burning, and cooling as
flows countercurrent to the combustion products, finally emerging as a
During the calcining process, a portion of the dry feed (approximately

by weight) is converted to CO_ gas which exits the kiln along with the

i 2
tion products and evaporated moisture.

The kiln tested was fitted with an electrostatic precipitator.
ports were located upstream of the ESP and between the ID fan and stack
shown in Figure 4-22. Samples of the feed slurry, clinker and precipit

catch were collected during each test.

Manual operation of this particular device is characterized by
moderate fluctuations in most process variables of interest, e.g., kiln

charge temperature, combustion air temperature (a function of kiln disc

it
clinker.
36%

combus=-

Sample
, as

ator

dis-

harge

temperature and production rate), and natural gas usage. Thus, long time

periods of relatively constant kiln operation are not possible. SASS t
tests were not performed during periods of obvious kiln upset, however,

were conducted during periods of normal fluctuations.

In the following discussion, mention will be made of several pr
variables - kiln discharge temperature, combustion air temperature, nat
gas rate, and control room excess oxygen. An explanation of these vari

as to their meaning and point of measurements is in order.

Kiln Discharge Temperature - This measurement is taken from the
product side of the kiln refractories by a single color pyro-
meter in the burning zone, approximately 9.2-18.4 m (30-60 ft)
prior to the kiln discharge and reflects, to some extent, the
temperature of the clinker just prior to dumping on the cooler
grate. Clinker discharge is normally between 1533 and 1644 K
(2300-2500 °F).

Combustion Alr Temperature - The main combustion air is pre-
heated by passing it through the hot clinker. The air preheat
level, therefore, increases with increasing clinker temperature
and vice versa.
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Natural Gas Rate - Strip charts on the main gas line to the
facility measure the total natural gas demand. Aside from
several space heaters, this demand represents the natural gas
flow to the kiln. (These space heaters were not in sexvice
during the test period.) The natural gas flow is manually
set by the operator based primarily on his visual observation
of clinker brightness and quality (e.g., size, adherence to
the kiln wall, etc.) in the burning zone. As such, the
operator is manually compensating for changes in feed rate,
feed moisture content, etc.

Table 4-21 presents the trace specie sample train data and process
weights. The following sections discuss each test. The total particulate
weight for Tests 9-3 and 9-4 (upstream) of 7307 and 5548 ng/J, respectively,
are somewhat lower than the Method 5 result of 9000-9800 ng/J.

Precipitator Inlet Test Conditions--

Test 9-3 was to be terminated when two filters had been plugged.
After 75 minutes elapsed time, the vacuum pump inlet pressure limit, 76 kPa
(22.5 in. HgVac) had been reached. Aan examination of the 1 um cyclone cup
revealed that it, and not the filter, had plugged the system. The test was
terminated based on this condition. The largest nozzle size available
(19.1 mm, 3/4 inch) was not large enough to produce the nominal cyclone flow

rate due to the relatively low gas velocity.

Control room data for this test are shown in Figure 4-23 and indicate
a 2.9% increase in kiln discharge temperature over the test period (75 min.).
Combustion air preheat is accomplished by passing the aif through the hot
clinker discharged from the kiln. Thus, combustion air temperature entering
the kiln will increase as the clinker temperature increases, and vice versa.
This is borne out by the observed 2.1% increase in combustion air

temperature.

Test 9-4, a repeat of Test 9-3, was also terminated at 75 minutes
elapsed time by a plugged 1 um cyclone. The gas moisture content for this
test was significantly higher than the previous day's test (44.7% versus
34.3%). This effect caused a more marked departure from isokinetic sampling

{(118.3% versus 96.8%).
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TABLE 4-21.

LOCATION 9 - ROTARY CEMENT KILN

TRACE SPECIES AND ORGANICS SAMPLING CONDITIONS

TS & O Run No.

Test Number

Date (1976)

Port Location

Velccity, m/s(£/s)

Stack Flow, dnm’/s (10° scrm)
Stack Temp. K (°F)

Oxygen Content, §

3

Sample Time, min.

Moisture ,

Cyclone Flow, awcmm (awcfm)
Isckinetic Rate, $

Oven Temp., X (°F)

XAD2 Temp., K (°F)

Meter Temp., K (°F)

Nozzle Size, mm (in.)

No. of Filters Used

Sample Flow, dry, scmm (scfm)
Volume Collected, dry, scm (scf)

Particulate Catch, g
Concentration, g/de3

Total Pa:ticula;es, ng/J (1b/MMB)
Unit Conditions:

Test Time, min. 3 3
Nat. Gas Burned, 10~ scm{l0~ scf
Dry Feed, 106 g (103 1b)

Slurry Feed, 10% g (103 1b)
Slurry Moisture, %Jweiqht
Clinker, 106 g (10° 1b)
Precipitator Catch 108g (1031b)

5
93
9/29
ESP inlet
5.17 (16.95)
20.1 (42.6)
415 (287)
4.5 ‘
34.31
75
0.102 (3.591)
96.8
478 (400)
303 (85)
311 (00)
19.05 (0.75)
1
0.0342(1.382)
2.937 (103.64)
63.7780
21.7
7307 (17.0)

75
7.241
76.64
119.0

35.6
45.75 (100.7)

2.131 (4.688)

(255.5)
(168.6)
(261.8)

6
9~4
9/30
ESP inlet
5.06 (16.60)
19.0 (40.3)
425 (305)
2.3
44.74
75
0.097 (3.435)
118.3
478 (400)
297 (75)
319 (115) °
19.05 (0.75)

1
0.0386 (1.3631)
2.897 (102.23)

54.17
18.88
5548 (12.9)

75

7.754 (273.6)
70.61 (155.4)
108.6 (239.0)
35.0
42.18 (92.69)
2.131 (4.688)

7
9-5
10/4
ESP outlet
17.48 (57.35)
21.1 (44.7)
411 (280)
6.8
37.55
300
0.087(3.067)
105.5
478 (400)
299 (77)
309 (937)
9.53 (0.375)

1
0.0351 (1.2384)
10.529 (371.53)
0.6122
0.0581
22.7 (0.053)

316.8
27.60
293.7
462.5
36.5

175.0

9.375

(973.7)
(646.0)
(1017.4)

(385.1)
(20.63)

8
9-6
10/5
ESP outlet
17.41 (57.10)
21.7 (46.0)
408 (274)
6.6
38.21
300
0.087 (3.078)
104.5
478 (400)
294 (69)
310 (99)
9.53 (0.375)

S
0.0345(1.2185)
10.359 (365.5S5)
0.7939
0.0766
29.47 (0.069)

313.2

(28.46 (1004.1)
334.2 (735.2)

517.3 (1138.0)
35.4

199.4 (438.6)

B.375 (20.63)
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Relatively stable kiln operating conditions were observed during this
test as shown in Figure 4-24. Kiln discharge temperature and combustion air
temperature’ increased by 9.7% and 9.3%, respectively, while natural gas usage

rate decreased by 4.7% as the operator attempted to maintain clinker gquality.
Precipitator Outlet Test Conditions--

Qutlet SASS Test 9-5 ran for a full five hours and used only one
filter. The 9.53 mm (3/8 in.) nozzle used was somewhat undersize, as the

cyclone flow rate was only 77% of the desired value.

Control room data for this test are shown in Figure 4-25. Kiln dis-
charge temperature first decreased by 8.2%, then increased by 13.8% before
reaching a steady value during the last 3.3 hours of the test. Combustion
air temperature followed the variations in kiln discharge temperature. Varia-
tions in natural gas rate were, for the most part, opposite in sense to the
kiln discharge temperature as the operator attempted to maintain appropriate
clinker conditions. That is, as the clinker brightness increases (increase
in burning temperature) above some subjective value, then the operator will

decrease the natural gas rate to reduce the brightness.

Test 9-6 was to be a repeat of Test 9-5, i.e., five-hour samél—
ing time. Kiln conditions, as shown in Figure 4-26, were more variable
than the previous test. It appears that the manual setting of natural gas
rate overcompensated for clinker "brightness" changes, for the kiln discharge
tempetature went through a relatively large amplitude (330 K, 549 °F) cycle.
(Several consecutive cycles of this type had been observed on other

occasions.)

In summary, device operating conditions encountered during the SASS

train tests were normal for this particular kiln.
Cement Kiln Process Mass Balance--

The kiln feed consists of a dry solid-water slurry of variable (but
measured) moisture content. Within the calcining zone approximately 36% (by
weight) of the dry solids are converted to carbon dioxide gas, which exits

the kiln along with the normal combustion products and evaporated water. The
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clinker (remaining solid material) exits the kiln at the discharge end. The
electrostatic precipitator catch represents the remaining element in the

system mass balance.
The following measurements are made:
1. The volume of slurry used is measured daily.

2. A slurry sample is taken daily to determine the moisture
content. The dry sample is then burned to verify the
-36% solid conversion to COZ.
3. Three times daily the ESP catch volume is measured as
-well as the catch density.
A precalculated chart is used to determine daily clinker production
as a function of slurry moisture content and slurry volume used. This chart

includes the solid conversion to CO2 but does not include the ESP catch.

Table 4-22 shows the emission concentrations measured with the SASS

" for the four tests. Every specie was detected, in at least one of the tests,
except for tellurium and PCB. Barium was not detected at the kiln exit but
was detected at the ESP outlet. Mercury and tin were detected at the kiln
exit but not the ESP outlet. Comparing duplicate tests, 9-3 versus 9-4,

and 9-5 versus 9-6, most detectable specie concentrations are within a
factor of two to three. As expected, concentrations for the precipitator

outlet are less than at the kiln exit.

Average flow and emission rates, mass balances, and ESP efficiency
are given in Table 4-23. Separate mass balances for the kiln, ESP, and
overall are given.  Mass balances were within + 20 for beryllium, calcium,
cobalt, copper, iron, nickel, vanadium, zinc, chloride, and fluoride. Mass
balances were low for arsenic and titanium but were high for cadmium, chromium,
manganese, and nitrates. Mass balances could not be obtained for antimony,

barium, lead, mercury, selenium, tellurium, and tin.

The precipitator collection efficiency varied from 82% (chromium) to

over 99% for several species.
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TABLE 4-22.

TRACE SPECIES AND ORGANIC EMISSIONS

CEMENT KILN, LOCATION 9

Species Concentration, Ug/Nm

Sampling . , ..

Location Kiln Exit Precipitator Outlet
Test No. 9-3 9-4 9-5 9-6
Antimony < 3700 100 < 3800 110 < 990 340 < 1200
Arsenic 48 < 92 23 <69 0.5 <23 0.3 <23
Barium < 1600 < 1600 530 < 620 55 < 470
Beryllium 61 < 72 34 < 45 0.16 <6 0.4 <5
Cadmium 146 < 153 83 < 110 18 < 25 11 <27
Calcium 8.8xlO6 6.6xlO6 420000 530000
Chromium 890 450 150 86
Cobalt 1500 660 300 47 <100
Copper 1100 480 76 80
Iron 220000 240000 4700 1000
Lead 83 < 14000 48 < 13000 24 < 3300 16 < 48
Manganese 2400 1400 120 35
Mercury A 5.1 < 26 29 < 38 < 9.1 < 39
Nickel 920 520 160 64
Selenium 1l < 370 < 350 < 1llo < 110
Tellurium < 7800 < 7200 < 29000 < 2800
Tin 1600 < 5800 < 5600 < 1900 < 1800
Titanium 51000 41000 23000 310 < 1700
Vanadium 890 < 1600 1100 < 1700 11 < 290 7.3 < 280
Zinc 950 760 98 48
Chloride 170000 66000 12000 18000
Fluoride 11000 5200 480 520
Nitrates 1200 330 < 480 ° 2100 1300
Sulfates 82000 55000 5800 < 3100
Total POM 85 < 180 NR NR Q.OO72
Total PCB 85 NR . NR NR
For Additional F-2 F-8 F-11 F-14
Data, See Tables to to to to
Noted in Appendix F F-7 F-10 F-13 F-19

See Table F-1 for explanation of table entries.
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TABLE 4-23.

TRACE

SPECIES AND ORGANICS OVERALL MASS BALANCE,

TESTS 9-3, 9-4, 9-5, and 9-6, CEMENT KILN

AVERAGES OF FOUR TESTS

Average Kila Electric 1 2 4 5
Average Kilu Discharge SASS Train Preciplrator SASS Train Kiln Mass Kiln Mass 3 ESP Overall
Feed Slurry, Clinker, at HBSP Inlet, | (ESP) Catch, |at ESP Outlet, Balance by Balance by ESP Mass Collection Mass
25600 g/s 9840 g9/s 20.3 m3/s 485 g/s 20.5 m3/s SASS Train ESP Catch Balance Efficiency Balance
units 1g/s ug/s Ug/s ng/s Vg/s - - -= - -
Species
Antimony < 510000 < 490000 1000 < 78000 < 24000 4700 < 23000 > 0.002 < DL 4.7 o > 0.009
Arscaic 46000 19000 740 < 1700 970 8.0 < 470 0.43 < 0.46 0.43 1.3 0.99 0.43
Barium < 360000 < 200000 < 35000 < 9700 $700 < 23000 < DL < DL < DL -— > 0.16
Beryllium 16000 113000 980 < 12000 730 5.3 <110 0.88 0.88 0.75 0.99 0.688
Cadmium 25000 44000 2300 < 2700 2000 310 < 530 1.8 < 1.9 1.8 1.0 0.86 1.8 < 1.9
calciun 3.3x10° 3.6x10° 160x10° 92x108 9800000 1.2 1.1 0.64 0.93 1.1
Chromiwn 200000 280000 14000<15000 9200 2500 1.5 1.5 0.84 0.82 1.5
Cobalt 380000 300000 23000<25000 15000 3500 < 4100 0.84 < 0.87 0.84 0.80 0.85 0.84
Copper 190000 150000 16900 4900 1600 0.89 0.79 0.41 0.90 0.79
1ron 240x106 230x106 4700000 5300000 59000 0.96 1.0 1.14 0.99 1.0
Lead <3100000 <2000000 100000<290000 < 97000 410 < 135000 < DL < DL < DL -- -
Manganese 1300000 13x106 33000 32000 1600 10 10 0.86 0.96 10
Mercury < 13300 < 2000 310 < 660 <97 < 490 > 0.094 < DL < 1.9 - -
Hickel 330000 250000 15000 < 16000 11000 2300 < 2700 0.82 0.79 0.89 0.85 0.79
Selenium < 100000 < 39000 120 < 7400 < 2000 0.031 < 2300 > 0,0012 < DL < DL -- -=
Tellurium < 770000 - < 490000 5300 < 150000 < 24000 < 660000 > 0.0069 < DL <129 - -
Tin < 770000 < 490000 18000 < 120000 < 24000 < 39000 > 0,023 <DL < 3.5 - -
Titanium 120x106 23x106 940000~980000 l.OxIO6 26000<45000 0,20 0.20 1.1 0.97 0.2
vanadium 590000 600000 21000 20000 190 < 5900 1.1 1.1 l.2 . 0.99 1.1
Zinc 310000 320000 18000 20000 1500 1.1 1.1 1.2 0.92 1.1
Chloride 2000000 180000 2500000 1400000 310000 < 330000 1.4 0.8 0.69 0.88 0.95
Fluoride 1300000 660000 170000 730000 10000 < 15000 0.49 1.1 4.4 0.94 1.1
Nitrates 26000<51000 < 13000 19000 < 21000 4000 35000 0.73<1.,3 0.15 < 0.65 2.1 4] 1.5
Sulfates 1200000 < 400000 1400000<1500000] 8800 < 23000 59000 < 110000 1.2 < 1.6 0.007 €0.35 0.05 < 0.1 0.93 0.06 < 0.5

1. Kiln Mass Balance by SASS =,
2. Kiln Mass Balance by ESP =

3. ESP Mass Balance

4. ESP Collecrion Efficivncy =
$. Overall Mass Balance

(Clinker Outpur + Kiln Outlet by SASS)/ (Feued Slurry Input)
(Clinker Output + ESP Catch)/(Feed Slurry Input)
(ESP Catch ¢ ESP Outlet by SASS)/(GSP Inlet by SASS)

(ESP Inlet by SASS - ESP Gutlet by SASS)/(ESP Intet by SASS)

e (Clinker Output + ESP Catch + ESP Outlet by SASS)/(Feed Slurry Input

Svce notes on Table F-1 for explanation of table values.



Data on the distribution of species by particle size is given in

Appendix F, Tables F-2, F-8, F-11, and F-14.

Twelve POM compounds wexre detected at the ESP outlet, Test 9-6.
Table F-20, Appendix F, shows that anthracene and fluoranthene were largest
in concentration and the amounts of these two were unchanged in passing
through the ESP (Tests 9-3 vs. 9-6). Methyl anthracenes, pyrene, and chrysene
were also detected at both locations and were relatively unchanged by the

ESP. The remaining several compounds (Table F~2) were detected at the ESP
outlet (5 hour sample) but undetected at the kiln exit {75 minute sample).
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4.3 METAL PROCESSING FURNACES

4.3.1 Open Hearth Furnace, Location 14

Equipment Characteristics--

The open hearth furnace at Location 14 is a balanced draft unit with
the furnace being slightly positive. The furnace incorporates eight burners -
six in the roof and one on each end. The furnace is rated at approximaﬁely
57 MW (l95x106 Btu/hr) and the average process rate is approximately 3.04x105
kg per heat (335 ton per heat) and the average cycle time per heat is 7 hours.
The charge for normal operation is 30% hot metal and 70% scrap metal. Roof
burners fire only natural gas and end burners normally fire 60% natural gas
and 40% No. 6 oil. A schematic of the open hearth furnace is shown in Figure
4-27. Table 4-24 gives the analysis of the No. 6 fuel oil.

TABLE 4~24. LOCATION 14 FUEL ANALYSES,
OPEN HEARTH FURNACE

Natural Gas No. 6 Fuel 0il
Test 14-1 (11/18/76) Test 14-1 (11/18/76)

% by Volume % by Weight
Nitrogen 35.2 Carbon 86.3
Oxygen 8.54 Hydrogen 11.28
CO2 0.42 Nitrogen 0.30
co <0.05 Sulfur 1.34
H2 <0.1 Ash 0.022
CH4 54.4 Oxygen (diff) -0.74
C2H6 1.22
C,H 0.15 API gravity l6.1

38 (60 °F)
C4 0.056
C5 0.034
CE 0.015
Heating wvalue Heating value
kJ/m3 21600 gross, kJ/kg 43310
(Btu/dry SCF) 580 (Btu/1b) (18620)
Net, kJ/kg 40910

(Btu/1b) (17590)
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Emissions Sampling--

Gaseous emissions measurements were made in the flue gas duct between
the waste heat recévery boiler and the electrostatic precipitator, sample
point A in the schematic. This sample point was also used to conduct total
particulate measurement, cascade impactor tests and trace species and organics
tests. Measurements of furnace oxygen were made at sample points B and C

shown in the schematic.

During testing the average process rate was 340 Mg per heat (376
tons per heat) and the average heat input was 30.3 MW (103 x lO6 Btu/hr).

Baseline Tests--

Gaseous emission measurements were taken at 30-minute intervals through-
out three entire 6 1/2 hour cycles. The first cycle tested was a baseline test.
The second cycle was also a baseline test conducted four months after the
first test. The third cycle test was conducted immediately ;fter the second

and involved reduction of excess air.

The emissions data for this test unit are presented in graphical form
as a function of time, rather than in the tabular form used for the test data
reported on other equipment. Because of the rapidly fluctuating nature of the

process, tabular data are not meaningful and could be misinterpreted.

Emissions of 502 fluctuated from 53 to 129 ppm {(corrected to 3% 02,

dry). Hydrocarbons ranged from 9 to 63 ppm (3% 02). Smoke spot and opacity

were both zero. Particulates emissions were 2157 ng/J (5.0 lb/lO6 Btu).

The NO emission as a function of time is shown in Figure 4-28 for the
first heat cycle. Major events during the cycle are indicated on this figure.
The CO and O2 concentrations as a function of time are shown in Figqre 4-29.
NO emissions vary widely throughout the cycle. Peak values of over 3000 ppm
were measured during the charging process while the minimum values measured
were less than 1000 ppm after completion of the hot metal charge. The NO
emission as a function of excess O2 is shown in Figure 4-30 for Test No. 14-1.
A least-squares linear regression was calculated for the data and the line
rlotted on the figure. The data show a very strong influence on NO emissions

by excess 0 The slope of the least-squares line is 548 ppm NO per percent O

2°
The calculated correlation coefficient for the data without the point where

2
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Figure 4-28. NO emissions as a function of time for an open
hearth furnace, Test No. 14-1.
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all charging doors were open)is 0.7089. While NO is a strong function of O2
level, the linear correlation is not particularly good indicating that there
are other significant variables or that there is a fairly high uncertainty in

O2 measurement due to duct stratifications, dilution or process fluctuations.

The relation between NO and O2 indicates NO drops to near zero at about
10% 02. The O2 readings were taken downstream of the air preheat checkers

in which there is a large amount of air leakage and O, measurements are not
representative of furnace exit 02. The NO data indicate that for a measured

O2 of about 10%, the furnace O2 is close to zero. The same trends previously

noted are evident in these curves and the linear regression is nearly the same.
If all data points are combined into a single scatter diagram and the least
squares curve calculated, the slope is 546.9 ppm NO per % O2 with a correlation
coefficient of 0.701 indicating a weak but significant correlation. Reduction
of excess air had been planned to follow the first baseline test. However,

the open hearth process proved to have a wide variation in excess air because
constant changes in fuel flow are made to control steel temperature. Several
discussions were held with the plant operators before and during the test to
examine possible means of excess air limitation. The operators insisted that
they need complete flexibility to make rapid changes to control steel tempera-
ture and any restriction on control might cause a loss of product. It was
therefore not possible to impose any restraints during the first test period

to attempt to limit peak NOx conditions.

The results of the tests were later discussed with the operators,
concentrating on the points during the cycle when NOx peaks, to more specifi-
cally define the reasons for occurrence of high excess air. The fact that NO
varied so strongly with excess air indicated the possibility that small changes
could be made that would still be acceptable to the operators, but result in
significant NO reduction. The test crew then returned to that plant to con-
duct a second test series. Between fhe first and second test periods, the
furnace was shut down for rebricking and refractory replacement to reduce

leakage. -

For the second test series a portable O2 instrument was used in con-
nection with a watercooled probe to obtain flue gas O2 and combustible readings

at the furnace bridge wall just below the end burner (sample point B). The
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portable instrument was also used to detect air leakage in the lower level
duct work near the cold pass in the checker system and the waste heat boiler

superheater (sample point C).

NOx emissions as a function of time for the second baseline test are
shown in Figure 4-31. The plot also includes the major work steps during
the cycle. The variations in NOx with time are similar to those observed
during the first baseline test, indicating little effect of the furnace over-
haul. The CO and O2 emissions as a function of time at sample point A are
shown in Figure 4-32. O2 and combustible readings taken at the furnace bridge
wall (sample point B) are shown as a function of time in Figure 4-33. This

sample point is most representative of conditions within the furnace and the

results indicate lower O, levels varying from near zero up to 9% 02.

O2 readings near the checkers and waste heat boiler superheater (sample

point C) varied between 10% and 13% O dry. These results indicate air leakage

2’
in the ductwork. During the furnace overhaul, the furnace was rebricked but

no repairs were made to the ductwork.
Combustion Modifications, Open Hearth Furnace, Location 14--

Variations in excess air flow were measured during a complete heat
cycle. A portable O2 and combustible instrument was used to monitor the

flue gas at the furnace exit. Whenever possible, the O_ readings were kept

2
near 1.5%. Combustible emissions and excess O2 are plotted as a function

of time in Figure 4-34.

CO and O2 values versus time as monitored in the mobile labotatory
are shown in Figure 4-35. NO emission data as a function of time at this

low O2 test is shown in Figure 4-36.

The low O2 test showed an overall reduction in NO emissions com-
pared to the baseline test. Baseline average NO emissions were 1094 ng/J
(2070 ppm at 3% 02, dry) as recorded every 30 minutes. The average NO readings

during the modified heat cycle were 660 ng/J (1249 ppm at 3% O dry) repre-

2’
senting a 40% reduction in average emission rate. There were still considerable
fluctuations in emissions and high peaks in Nox' but the test did verify that

excess air can be controlled and NOx average emissions can be reduced.
Location 14 - Open Hearth Furnace Trace Species Tests--

A test was conducted to sample for trace species and organics at the
open hearth furnace. Table 4~25 presents the sampling conditions for the

trace species and organics test. The test was planned to terminate when two
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filters were plugged or five hours sampling time elapsed, depending upon which
occurred first. This test was terminated after two filters plugged at an

elapsed sample time of 164.6 min.

TABLE 4-25. TRACE SPECIES AND ORGANICS SAMPLING CONDITIONS
OPEN HEARTH FURNACE - LOCATION 14

Test Number 14~-2

Date 11-18-76
Port Location ESP Inlet (sample point A)
Velocity, m/s (£/s) . 13.96 (45.8)
Stack Temp., K (°F) 522 (480)
Oxygen Content, % dry 13.9
Moisture, % . 6.9

Sample Time, min. l64.6
Cyclone Flow, awm /m (awcfm) 0.1226 (4.33)
Isokinetic Rate, % 106

Oven Temp., K (°F) 463 (373)
XAD-2 Temp., K (°F) 295 (71)
Meter Temp., K (°F) 294 (70)
Nozzle Size, mm (in.) 14.3 (0.562)
No. of Filters Used 2

Sample Flow, dry, DNm /m (scfm) 0.073 (2.56)
Volume Collected, dry, DNm3 (scf) 11.95 (421.9)
Particulate Collected, g 22.806

Solid Particulates, ng/J. (1b/MMBtu) 1372 (3.19)
Unit Conditions

Test Time, min. 230

Process Rate, tons/cycle 375

Hot Metal/Scrap, %/% 48/52

Fuel Natural gas and No. 6 oil
Fuel Flow Rate, g/s (lb/hr) 402 (3200)
Stack Flow Rate, Nm3/s (SCFM) 48.3 (102300)

A replicate trace species test was not performed because the high

degree of fluctuating conditions made it unlikely that a comparative repli-

cation could be obtained.

The solid particulate loading by the SASS train was 1221 ng/J (2.84
lb/lO6 Btu). This compares with 2157 ng/J (5.02 lb/lO6 Btu) for EPA Method 5.
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This difference is not unreasonable, even though the two samples were taken
at comparable points in the operating cycle, because of the inherent process

fluctuation.

FPigure 4-37 shows the NO emissions during the trace species test and

indicates the events that were occurring during the test period.

Specie emission concentrations from the open hearth are given in
Table 4-26. More detailed data are given in Appendix F. BAll species were
detected except for mercury and tin. The open hearth process is a batch pro-
cess. Once the steel charge is loaded there is no material input other than
the fuel. Mass balance based only on the fuel input produced overbalances
for all species (see Appendix F). The bath of molten steel is undoubtedly
the main source of the emissions measured. However, there was no way to

determine the process weight loss during the heat.

POM compounds detected were anthracene, phenanthrene, methyl anthra-
cenes, fluoranthene, pyrene, chrysene, and benzo fluoranthenes. Anthracene

and fluoranthene were most predominant as shown in Table F-g6, Appendix F.

Published data provide an interesting compariscn with six of the
trace metals measured by KVB with the SASS train (Ref.9). Six trace
metals were measured with an EPA Method 5 train and cascade impactors on the
open hearth furnace at Location 1l4. The previous test occurred about one

yvear prior to the KVB test.

Table 4-27 compares thé results for both total particulate and for
size ranges. During the previous tests several runs were made to develop
a standard deviation, which was about + 30% of the mean for all elements.
The KVB data for total emissions of each element agree very well with the pre-
vious results. For cadmium, copper and iron the KVB data are within one standard
deviation of the mean for the previous data. For lead and zinc the KVB data
are nearly within one standard deviation. For nickel the KVB data are 3.1
standard deviations above the previous results. In view of the highly
fluctuating nature of the open hearth process and the one~year time difference,

these results are remarkably close.
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TABLE 4-26. TRACE SPECIES AND ORGANIC EMISSIONS
OPEN HEARTH FURNACE, LCCATION 14

Species Concentration,

Hg/Nm>
Sampling EPS
Location Inlet
Test No. 14-2
Antimony 120 <1000
Arsenic 150< 190
Barium 38 < 92
Beryllium 0.4 < 10
Cadmium 570 < 580
Calcium 53000
Chromium 2400
Cobalt 120 < 430
Copper 2700
Iron 530000
Lead 44000
Manganese 3000
Mercury < 10
Nickel 21C0
Selenium 62 < 81
Tellurium 590 <3500
Tin <4400
Titanium 1300<1500
Vanadium 110 < 230
Zinc 200000
Chloride 3100
Fluoride 15000
Nitrates 1600
Sulfates 45000
Total POM 1.0
Total PCB 2.4
For additional F -60 to
data, see tables
noted in Appendix F-66
F.

See Table P-1 for explanation of table
values.



TABLE 4-27. COMPARISON OF KVB SASS TRAIN RESULTS
WITH PREVIOUS DATA FOR
THE OPEN HEARTH FURNACE AT LOCATION 14

TOTAL EMISSIONS

Previous Data, ESP Tnlet KVB Test 14-2

Mean, Stand. Dev. One Stand. Dev. at ESP Inlet
Element -kg/h kg/h Limit, kg/h kg/h
Cadmium 0.128 -+ 0.0379 0.020(~) ‘ 0.10
Lead 11.7 + 3.46 8.24 (-) 7.6
Zinc 51.9 +15.3 36.6  (-) 35.0
Copper 0.452 + 0.134 0.586(+) 0.47
Iron 120. +35.5 84.5 (-) 94.
Nickel 0.187 + 0.055 0.242(+) 0.36
Total
Particulate 277. +81.9 358.9 (+) 330.

EMISSIONS BY SIZE RANGE

KVB Test 14-2

Previous Data, ESP Inlet at ESP Inlet
<2 um 22um " <3um >3um

Element kg/h kg/h kg/h kg/h
Cadmium 0.0655 .0625 0.075 .025
Lead 8.89 2.81 5.7 1.86
Zinc 39.7 12.2 22. 13.0
Copper 0.319 0.133 0.31 0.165
Iron 94.2 25.8 , 53.0 41.0
Nickel 0.0595 0.128 0.31 0.049
Total
Particulate 198. 79. 170. 160.
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Direct comparison of the size range data is not possible because the
previous data axe given for less than and greater than 2 um, while the SASS
train separation is at 3 um. However, the results are similar (within a
factor of + 2) for all elements except nickel. The nickel emission rate by
the SASS train for < 3 um is higher by a factor of five compéred with the
previous emission for < 2 um. Most of the nickel collected by the SASS train

was present in the impingers and condensate (0.28 kg/h). -
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4.3.2 Steel Billet Reheat Furnace, Location 16/1

Equipment €haracteristics--

The reheat furnace tested at Location 16 is a continuous type fur-
nace with two-zone firing operating on natural gas fuel. The furnace is
divided into a heating and soaking zone as shown in Figure 4-38. About 80%
of the fuel is fired in the heating zone. The rated heat input was 35 MW

(ll7xlO6 Btu/hr).

There are 13 dual fuel burners installed in the top firing zone
(heating zone) and 14 burners in the bottom zone (socaking zone). The furnace

does not have an exhaust heat recuperator; ambient temperature air is used

for combustion.

The steel to be heated is charged from the end and moved through
the furnace by pushing the last billet charged with a pusher at the charg-
ing end. As each cold piece is pushed into the furnace against the continu-
ous line of material, a heated piece is removed. The heated piece is dis-

charged through a side door to the mill table.
Emissions Sampling--
Gaseous emissions measured were NO, NOx, co, SOZ' and 02. CO2 and

HC could not be measured due to problems with the instruments. CO2 values.

were calculated from the natural gas fuel analysis, Table 4-28.

TABLE 4-28. NATURAL GAS ANALYSIS - LOCATIdN 16/1

Oxygen, % 0.02
Nitrogen, % 1.27
Carbon Monoxide, % 0.38
Methane, % 93.36
Ethane, % 3.77
Propane, % 0.92
Butane, % 0.21
Pentane, % 0.204
Heating Value, kJ/Nm3_ 39082
Btu/scft 1049
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The measurements were made in the stack and a single heated sample
line was used to transport the flue gas to the instruments. EPA Method 5

particulate test and wet chemistry SOx were conducted at the same sample point.
Baseline Tests--

Baseline measurements were made with the furnace firing natural gas
with all burners in service. Furnace load changed during the test period
from about 90 billets per hour to about 175 billets per hour. All test data
are presented in Table 4-29. Total and solid particulates were obtained at
a load of about 140 billets per hour. The particulate measurements were
17.3 ng/J (0.0404 lb/lO6 Btu) total particulates and 14.1 ng/J (0.0328 lb/lO6

Btu) solid particulate.

Emissions of SO2 as measured with the continuous analyzer were con-

sistently very near zero. For natural gas in the area of Location 16, the

sulfur content is of the order of 5 ppm by volume of H S (0.31 grains of

2

HZS per 100 cu.ft.). Therefore, SO2 emissions should be approximately 0.5

ppm corrected to 3% 02, dry. This is consistent with the continuous analyzer.
However, the wet chemistry tests indicated much higher values. Two sampl-

ing runs were made resulting in SO_, values of 109.7 ppm and 110.4 ppm and SO3

2
values of 3.1 ppm and 1.4 ppm. The close agreement in the values and the
fact that SO3 is about 3% of total SOx indicates that the test was properly
conducted. However at very low values of SOx, the Shell wet chemistxy method

is subject to very large uncertainties. Therefore the wet chemistry data
presented are not considered to be valid and emissions of SO, and SO_ for

2 3
this device should be considered as essentially zero.

Figure 4-39 shows NOx emissions and O2 as a function of load at base-

line configuration. There is a consistent variation in o2 with load but no

consistency in the NOx data.

The NOx emissions as a function of 02 at a heat input of 15 MW
(SlxlO6 Btu/h) and 25-30 MW (85-100x106 Btu/h) are presented in Figure 4-40.
Fluctuations in pr and O2 occurred at each load level but there was no

apparent trend in NOx as a function of 02.
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TABLE 4- 29.

SUMMARY OF TESTS FOR 10" REHEAT FURNACE
AT LOCATION 16/1 - NATURAL GAS FUEL

Wet Chemistry

Heat . . L. s Total Solid
Input o co + Nox no* ne® co’ So2 b02 So] Partic. Partic,
Date {Load Load 2 2 ng/J ng/J ng/J ng/J ng/J ng/J ng/Jd ng/J ng/i Opacity
Test No. | 1977 Y ma/ny MW 3 1 (ppm) | {tppm) | {ppm) | (ppm) (ppin) | (ppm) | (ppm) [(1/106 Btu) [(1b/10° Btu) (%) Comments
16/1-1 5/3 16 14.5 [16.1} 2.8} 40.8 | 37.2.} --- 9 Y 0 Baseline - 60 billets per hour
(80} (73) (29) (261 kg/billet)
16/1-2 5/3 16 13.7 1s.5 | 3.1 | 43.4 39.8 | --~ 10.2 0 0
(85) (718) 33)
16/1-3 5/3 16 16.1 16,2 | 2.7 | 45.9 | 41.8 | --- 14 [o] 0
(90) (82) (4S)
16/1-4 5/3 16 14.6 15.6 3.1 43.9 40.8 - 12.4 [¢] 0
(86) (80) {40)
16/1-5 5/3 16 13.9 (15.7 | 3.0 43.4 | 41.8 | --- 8.4 0 0
(85) (82) (27)
16/1-6 5/4 — 15.8 |15.8 | 2.9 37.2 | 315.2 | -—- 4.3 0 78t 2t o
(73) (69) (14) 110) (2)
16/1-7 5/4 25 14.9 15,8} 2.9 ( 37.2 33.7 - 8.7 0 0
{(713) (66) (28)
l6/1-8 5/4 32 15.7 15.6 3.1 39.8 35.7 - 8.4 0 )
(78) (70) (27)
16/1-9 5/4 21 19.1 13.91 4.0} 41.3 8.8 | --- 6.2 [1] 0
(81) (76) (20)
16/1-10 5/4 21 16.4 114.5] 3.7 | 39.8 8.3 | --- 5.9 (4] 0
{718) (75) (19}
16/1-11 5/4 - 14.8 [15.0] 3.4} 42.8 | 41.3 | ~-- 5.6 0 0
(84) (81) (18)
16/1-12 5/S 46 25.6 14.2 3.8 ] 43.4 41.8 - 28.8 .0 0 Baseline - 175 billetLs per hour
(85) (82) (93)
16/1-13 5/5 - 24.6 |14.0)} 4.0} 42.8 | 41.8 | --- 23.9 [o] 0 Low air setting
(84) 82) (77}
16/1-14 5/5 - 28.3 ({13.5} 4.2 35.7 33.2 | ~--- 29.8 0 o #6 and #8 BOOS
(70} (65) (96)
16/1-15 5/ .- 28.0 13.7 4.1 32.6 1.6 --- 32.2 0 1) #5, 7, and 9 BOOS
(64) (62) (104)
16/1-16 8/5 - 28.7 |13.5| 4.2 32.1 29.6 | --- 29.8 0 0 ¥4, 7, 10 BOOS
(63) (58} ~(36)
16/1-17 5/5 31 24.6 (4.5 3.7 56.1 52 - 25.7 1] 0 Baseline
(110) | {102) (83)
le/1-18 5/6 319 26.4 14.3 1 3.8 | 46.9 { 43.9 | --- 30.1 o] - 12.3 14.1 4] Baseline partic - 150 billets/hr
{92) (86) {97) (0.0404) (0.0328)
16/1-18 5/6 39 28.6 {13.2 | 4.4 | 36.7 34.2 § --~ 23.6 [o] 0
(72) (67) (76)
l6/1-18 5/6 19 30.6 J13.0 ) 4.5 ] 36.2 ] 34.7 | --- 34.7 0 )
{71) (68) (112)
§ 6

‘ppm corrected to 3% O, dry

*Calculated from fuel analysis

2

107 Btu/h = 3.413 x MW

*These data arc not considored valid.
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Combustion Modifications, Reheat Furnace, Location 16/1--

One test was run to obtain the effect of low excess oxygen on NOx
emissions. At a load of 24.6 MW (84x106 Btu/h), excess oxygen was reduced
from 14.5% O2 to 14% 02. This data point shows a NOx reduction of 23%
(Test 16/1-13 and 16/1-17). The excess oxygen at the sampling point was
believed to be much higher than in the furnace, so that the change in NOx

when O2 was reduced from 14.5% to 14% the change in furnace oxygen was a much

higher percentage change.

. Several tests with burners out of service at the top burner row (in

the heating zone) were conducted. The following burner patterns were

implemented:

No. Out ‘ NOx

of Service 1 2 3 4 5 6 7 8 9 10 11 12 13 ng/J

0 0 o] 0] o] o] o] 0 o] 0 o] o] o] O 43.4

1 0 0 o] o] o] o] X o] 0 o] o] o] o -

2 o] o] o] o] 0 X 0 X 0] 0 o] o] 0 35.7
3 0 0 0 o] X o] X o] X (o] o] o] O 32.6
3 0 o] 0 X 0 0 X 0 0 X 0 0 _O 32.1

Burners firing

Burner with fuel off; air on.

No emission reduction was obtained with the No. 7 burner out of
service. ' The data point was not recorded. The lowest Nox emission was

obtained with No. 4, 7, and 10 burners out of service, Test 16/1-16.

Stack temperature on this unit was 730 K (855 °F) at 13.5% O2 during
Test 16/1-18. The resultant efficiency is 46%. Because of this very low

efficiency no analysis was warranted by the effect of combustion modifications.
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Conclusions~--

The low 02 test and the tests with burners out of service show a
maximum reduction of 43% in NOx emissions compared to the baseline test
(Test 16/1-17). No problems were experienced with nonuniform heating of
the billets as a result of removing burners from service. Reheat furnace
oxygen level at the billets is critical. Too much oxygen will oxidize the
steel surface and excessively fuel-rich gas will cause billet sticking.
Apparently there was sufficient mixing between the burners and billets so

that these problems did not occur.
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4.3.3 Steel Ingot Soaking Pit, Location 16/2

Equipment Characteristics--

The soaking pit at Location 16 is installed in a row of pits under
cover of a building adjacent to the entering side of the blooming mill.
Figure 4~-41 shows a schematic cross-section through a soaking pit furnace

building.

The soaking pit is of the one-way fired design without a recuperator
as shown in Figure 4-42. It is equipped with one variable heat pattern natural
gas burner. The burner has the capability for changing air and gas direction
thus allowing an adjustment for flame width as well as flame length. The

test unit was rated at a heat input of 2.9 MW (lelO6 Btu/hr) .

. The quantity of fuel, the desired fuel/air ratio, and the furnace
draft in the pit is controlled automatically. The rate of fuel is con-
trolled by temperature measurement to maintain a preset level. The air is
proportioned to the amount of fuel fired at a ratio that will give a slight
excess of air. The furnace draft is controlled by automatically raising or

lowering the stack damper to maintain the desired positive furnace pressure.
Emissions Sampling--

Gaseous emissions measured were NO, Nox, Co, SO HC, and 02. Cco

2l
values were calculated from the fuel analysis, Table 4-30.

2

TABLE 4-30. NATURAL GAS ANALYSIS - LOCATION 16/2

Oxygen, % 0.02
Nitrogen, % 1.27
Carbon Monoxide, % 0.38
Methane, % . 93.36
Ethane, % 3.77
Propane, % 0.92
Butane, % 0.21
Péntane, % 0.204
Heating Value, kJ/Nm3_ 39082
Btu/scf 1049
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Figure 4*41. Schematic cross-section through a steel ingot
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The measurements were made at the pit outlet just below the burner.
The high flue gas temperature of about 1690 K (2400 °F) prevented Method 5
particulate or SOx wet chemistry tests due to probe material limitation.

All test results are presented in Table 4-31l.
c. Baseline Tests--

All measurements were made with the furnace firing natural gas. To
maintain the preset pit temperature, heat input load varied during the tests
‘ from 1.57 MW (5.36 lO6 Btu/hr) to 2.77 MW (9.45 lO6 Btu/hr). Figure 4-43
shows NOx emissions and O2 as a function of load at baseline conditions.
Oxygen and NOx are lowest at high load and increase at lower load.

Baseline conditions on each test day were set by different operators.
Each operator uses his own discretion to set excess oxygen levels according
to flame appearance and heating requirements. There was therefore some

fluctuation in baseline emissions.

The high stack temperature (1589 K, 2400 °F) results in a baseline
efficiency by ASME heat loss method of less than 10%. At this low level,
the effect of combustion modifications on efficiency is not meaningful and

no analysis was made.
D. Combustion Modifications--

Several tests with excess oxygen variations were conducted. Reduction
of excess air produced a significant NOx reduction.. The effect of excess
oxygen on NOx emissions at v 2 MW load is presented in Figure 4-44, indicating

a 69% reduction in Nox by reducing excess O, to about 3% from the baseline

level of 7%. i
Three tests were conducted with an adjustment of flame length. The
operator was concerned about uneven heating of the ingots in the pit during
tests with a shortened flame. Localized overheating of the ingots close to
the burner end could occur and therefore these tests were run faster without
giving the furnace sufficient time to stabilize. No significant change in
emissions were observed during the flame adjustment tests, as indicated for

Tests 1G/2-13 to 16/2-16.
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TABLE 4~31. SUMMARY OF TEST DATA AT LOCATION 16/2
STEEL SOAKING PIT ~ NATURAL GAS FUEL

Rated Load 91 Mg/batch (100 tons/batch); Test Load 77 Mg/batch (85 tons/batch)+

§
Heat * *
Input co.* No, NO* HC* cor 59
Date Load o. (%) 2 ng/3 ng/J3 ng/J ng/J ng/J
Test No. 1977 MW 2 (%) (ppm)  (ppm) (pom) (ppm) (ppm) Comments
16/2-1 5/9 2.35 7.0 7.9 51.5 51 15.2 1.6 0 Baseline
(101) (100) (86) (5)
l6/2-2 5/9 1.89 6.5 8.2 51.5 50.5 -— 1.9 o]
(10l) (99) (6)
16/2-3 5/9 2.07 7.0 7.9 53 52.5 - o]
(104) (103)
l6/2-4 5/9 2.07 6.7 8.1 50.5 49 55.4 .9 0
(99) (96) (313) 6)
16/2-5 5/9 1.94 7.1 7.9 52.5 52 15.4 2.8 (o]
(103) (l02) (87) (9)
16/2-6 5/10 2.77 5.2 8.9 27 26.5 1.2 2.5 o]
(53) (52) (7) (8)
16/2-7 5/10 2.67 5.4 8.8 29.6 28.6 1.1 2.8 (o] y
(58) (56) (6) (9)
l6/2-8 5/10 2.49 6.2 8.4 36.2 35.2 1.2 3.1 0 High o,
(71) (69) (7) (10)
16/2-9 5/11  2.07 4.4 9.4 28.6 27.5 4.2 3.1 0 Baseline
(56) (54) (24) (10)
16/2-10 5/11 1.98 5.3 8.9 28.6 28.6 4.6 3.4 o] High 02
(56) (56) (26) (11)
16/2-11 5/11 1.89 3.8 9.7 24 23.5 6.5 3.7 0 Low O2
(47) (46) (37 (12)
16/2-12  5/11  1.57 2.7 10.3 16.3 16.3 6.0 5.0 0 ow o,
(32) (32) (34) (19)
l6/2-13 S/11 1.94 3.6 9.8 28.1 27.6 4.1 3.7 0 Basaline
(55) (54) 23y 12)
16/2-14 5/11 1.94 3.9 9.7 32.1 30.1 4.4 4.0 (o} Short Flame
(63) (59) (25) (13)
16/2-15 5/11 1.94 4.0 9.6 33.2 32.6 4.2 1.9 o] Short Flame
(65) (64) (24) (6)
16/2~16 5/11 1.94 4.9 9.1 29.1 28.6 2.3 1.2 0 Long Flame
(57) (56) (13) (4)
16/2-17 5/11 1.89 5.0 9.0 31.6 31.1 2.1 2.8 0 Baseline
(62) (61) (12) ~ (9}
*ppm corrected to 3% 02, dry
*Calculated from fuel analysis.
50° Bru/h = 3.4130m
+Batch time averages 15 hours.
tests.

Stack opacity was zero for all
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4.3.4 Aluminum Melting Furnace, Location 6

Equipment Characteristics—-

One metal furnace was tested at Location 6. This furnace was used
for scrap aluminum melting and while the process is primarily a batch-type

process, it is typical of a large number of installations.

The furnace was a 39 Mg aluminum melting furnace with two combina-
tion gas-oil burners located on opposing sides of the furnace. The furnace
normally fires natural gas, with No. 2 oil used for standby. The rated
total heat input was 10.6 MW (38x106 Btu/hr). Each burner had a fuel valve
and air damper linked together mechanically. Each burner could be adjusted
independently of the other by changing mechanical linkages. The furnace
shown schematically in Figure 4-45 was 5 m wide x 7.3 m long x 4.6 m high
(16.5 ft x 24 ft x 15 ft) and lined with refractory brick. Charging scrap
and ingot was accomplished through a door at one end of the furnace while the
molten aluminum was withdrawn at the opposite end of the furnace by siphoning.
The exhaust stack was located at the metal discharge end of the furnace. The
stack éontained a damper and a tempering air entrance above the damper. A
sample port was installed in the stack upstream of the damper. Normal instru-
mentation for the furnace consisted of fuel flow rate, furnace temperature,

and gas supply pressure.

The temperature in the stack where the emission sampling was performed
was 1200 K (1700 °F) which required a different probe than normally used. Ceramic
probes were made from mullite tubing which has a maximum service temperature
of 1922 to 2033 K (3000 to 3200 °F) and excellent thermal shock resistance.

No problems were encountered with the probes.

Baseline Emission Results--

Baseline tests were conducted with the furnace operating in the "as-
found" condition. Baseline NOx measurements were 48 ng/J (296 ppm) with the

furnace operating at 4.6% O Hydrocarbon, CO, and SO, emissions were

2° 2

negligible.
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The baseline condition when firing No. 2 oil was 104 ng/J (185 ppm)

NOx with the furnace operating at 7.2% excess O The fuel oil analysis is

5°
given in Table 4-32, HC and CO emissions were negligible on oil firing but
502 measured 136 ng/J (174 ppm) for No. 2 o0il firing. ©No particulate measure-

ments were possible on this furnace because of sample port limitations.
Combustion Modifications, Aluminum Furnace, Location 6--

Combustion modification testing at this location consisted of lower-
ing the excess 02. Since there are only two burners located on opposite sides
of the furnace, staged or off-stoichiometric firing is not possible. When

firing natural gas, the excess 0, was lowered from the baseline value of 4.6%

2
to 3.5%. The NOx emissions increased to 57 ng/J (112 ppm), or about 17%.

On oil firing, the excess 0O, was reduced from the baseline wvalue of 7.2% to

2
5.1% which resulted in an increase in NOx emissions to 108 ng/J (193 ppm) or
a 4% increase. Table 4-33 is a summary of the emission measurements for this

location. The increase in NOx with reduced O, is characteristic of premixed

2
flames. However, there was no particular reason for this furnace to perform

as a premixed system.
Efficiency--

The stack gaé losses for the aluminum furnace were calculated to be
54% of fuel input for natural gas and 60% for No. 2 oil. Since the process
is a batch-type process, the fuel input and stack flow conditions are

intermittent and the stack losses are not constant over the heating cycle.
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TABLE 4-32. PUEL ANALYSIS, LOCATION 6

Test No.
Date
Fuel Type

Carbon, % wt.
Hydrogen, %
Nitrogen, %
Sulfur, %
Ash, %

Oxygen (by difference), %
API Gravity at 60 °F

Heat of Combustion
Gross, kJ/kg
(Btu/1b)

Net, kJ/kg
(Btu/1b)

6
6/30/76
No. 2 Distillate

86.40
13.12

© 0.040

0.25
0.062
0.13

34.5

45,330
(19,490)

42,540
(18,290)
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TABLE 4-33.
LOCATION 6 -~ ALUMINUM MELTING FURNACE

SUMMARY OF GASEOUS EMISSIONS DATA

> [3
Test | Date | °2t Batch, O | 2 wo+ | mo NO | MO« nc* cor | 5%
No. | 1976 “‘; - /b:tch () (%) | (pom) ling/3) | (ppm) |(ng/3) | (ppm) | (ppm) | (ppm) Comments

6-1 6/28 |9.75 104.5 4.6 | 1lo.8 94 48 96 49 1 7 ( 2 Nat. gas baseline

6-2 6/29 19.75 165.0 3.5 ]11.4| 110 56 112 57 0 10 1 Nat. gas - low
excess air

6~3A | 6/30 |8.1l6 82.5 7.2 {1l.6 | 184 103 185 104 0 8 174 No. 2 oil - baseline

6-3B | 6/30 |8.16 82.5 5.1 [1l2.6] 192 108 193 108 o] 8 180 No. 2 oil - low
excess air

*Dry, corrected to 3% 02.

+'rhree hours por batch.

Stack opacity was zero for all tests.



4.4 BOILERS

Four boilers were tested: two wood/bark boilers (Location 13 and 10/1),
a black liquor recovery boiler (Location 10/2) and a petroleum refinery carbon

monoxide boiler (lLocation 11).

4.4.1 Location 13 Tests - Wood/Bark Boiler

Equipment Characteristics-—-

The wood/bark boiler at Location 13 was rated at 45,360 kg/hr (100,000
1lb/hr) steam flow firing coal. The boiler was built in 1966 by Wickes Boiler
Company and is equipped with an overfeed traveling grate stoker which feeds
bark and coal continuously. The wood/bark was injected into the furnace
pneumatically thrqugh a port located above the overfire air ports. The boiler

is equippred with a multiclone dust collector.

The boiler operators were directed to maintain bark flow rate constant
during the tests but flow was occasionally interrupted for periods of up to 30
minutes due to bark duct plugging. This occurs from time to time and is con-
sidered normal operation. There were no coal or bark scales installed at this
unit so no fuel flow rates could be recorded. The percentaée-of bark heat
_input was estimated from the steam chart when bark flow is interrupted. The
test boiler was encountering high superheater metal temperature when burning
wood/bark. The.boiler burned bark until the superheater metal temperature
reached 706 K (810 °F). The design temperature is 672 K (750 °F). This tempera-

ture can be maintained when burning cocal only.

Combustion modifications which were evaluated include excess air
adjustments and overfire air variation. Total particulate, particulate size
distribution, wet chemical SOx and trace element tests were conducted on this
unit.

Emissions Sampling--

Gaseous emissions measurements were made in the stack downstream of a

multiclone dust collector. The heated sample line was used to sample all
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gaseous emissions. A single sample port downstream of the multiclone was
used to sample for particulate, sox, and trace species and organics. No access

was available for measurements upstream of the dust collector.
Baseline Tests--

Baseline emission measurements were made with the boiler in the "as
found" condition firing about 20% wood/bark and 80% Kentucky coal. Results of
all tests are presented in Table 4-34. Fuel analyses are given in Table 4-35.
Boiler load at baseline conditions was 41,300 kg/hr steam flow {approximately 90%
of rated capacity). Boiler load was relatively constant (+ 6-1/2%) throughout
the entire test series. Boiler NOx emissions at as-found baseline conditions

were 168 ng/J (0.39 lb/lo6 Btu), 266 ppm at 3% O Nox emissions increased from

g~
168 to 232 ng/J as wood/bark flow decreased. Highest NOx emissions occurred when
only coal was burned.

Solid particulate emissions were 105 ng/J (0.244 lb/lO6 Btu) at 8.5%

) O2 with the boiler at approximately 87% of rated capacity. Particulate size
distribution was also measured using a cascade impactor. Data on the size
distribution are shown in Figure 4-46 for test number 13-8, where particle.
diameter as a function of cumulative proportion of impactor catch is plotted.

Bpproximately 40% of the particulate is below 3 um aerodynamic diameter.
Combustion Modifications--

Combustion modification testing included variation of excess air and
variation in overfire air. Load variations were not possible as the boiler
output was committed to the process and there was no reserve capacity avail-
able. Load variations indicated in the summary data table are the result of

normal fluctuations in locad for a boiler in this type process.

A test series (Tests 13-9 through 13-14) was conducted to evaluate
the effect of excess oxygen on emissions. The overfire air was left constant -
100% open (normal position) for these tests. Excess o2 was controlled by
adjusting the damper on the forced draft fan. The baseline condition for the .

O2 variation tests was 7.75% O2 and the NOx emissions were 196 ng/J. The
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TABLE 4-34 .

SUMMARY OF

EMISSIONS FROM LOCATION 13 WOOD/BARK BOILER
Nominal Wet Chemical Total Soliad Stack
Test Steam | Heat o co NO“ NO* HC* CQ* S0O2* 50, SO3 Part. Part. Temp.
Run Date | Load Input. 2 2 ng/J ng/J ng/J ng/J ng/J ng/J ng/J ng/J ng/J K Eff.
No. 1976 | {(Mg/h) M (%) H {%) | (ppm) {(ppm) (ppm) _{ppm) (ppm} (ppm} (ppm} _K10%1t/Beuf10© Livisty) (°F) (%) Commenta
13-1 11-2 | 42.2 33.4 | 7.7 ]10.4 168 163 ? ~= 994 - - -—= --- 483 81.1 “As found boiler test ap-
(266) {258) (33) {1130) (410) parent high bark flow
13-2 11-2 41.3 32.7 6.9 177 166 4 15 1504 ~— ——— - -—- 482 8l.6 Boiler “as found" -
(280) (263) {16) (38) (1710) {408) lower bark flow
13-3 11-2 40.8 32.3 | 8.5 232 232 3 ~ 1800 ~—— —-—— -——— _——- 478 80.8 No bark flow - Kentucky
(367) (367) Y (9) | (2047) (400) coal anly
13-4 11-2 40.4 31.9 7.8 176 183 12 1159 875 34 —-——- - 486 80.9 S0x test - baseline
{278) {290) 0 {30) (1318) {995) (39) (415) conditions
13-5 11-2 42.5 33.7 7.5 187 184 12 1186 1008 26 ——- ~—- 482 8l1.4 SOx test - baseline
{296) (291) 0 (32) {1349) {1146) {30) (408} conditions
13-6 11-3 39.4 31.2 8.5 209 209 53 1165 ——- - 166 105 479 80.8 Baseline particulate -~
{331) {331) 0 (138) {1325) (.387) {.244) {402} 3I5% opacity
13-7 11-3 40.8 32.3 8.4 172 170 2 26 1055 ~—— ——— -—- —— 489 80.2
(272) (269) {11) (69) (1200} (420)
13-8 11-3 40.8 32.3| 7.9 o 189 177 25 1151 -—— - -—= ~—- 489 80.6 Cascade jimpactor -
o (299} {280) 0 {66) $1309) {420) baseline condition
13-9 11-4 41.3 32.7 7.8 z 196 193 2 16 1161 -—— - -— - 484 81.1 Baseline for O
3 (310} {306) (10) {43) (1320) (411) varfation tests
13-10 11-4 41.3 32.7 9.6 - 250 257 1 319 1460 -—- —-—- - - 480 79.9 0p variation ~ high
o (395} (407} (6) {101) (1661} (405} 02
13-11 11-4 39.9 J1.6 { 8.8 g 214 214 L2 25 1329 - -—— - - 483 80.2 02 variation
o | (330) (338) (11) 65) | (1309) (409)
13-12 11-4 44.0 34.8 | S.3 : 170 169 1 5 1546 -—- —-——— -— ——— 486 82.3 03 variation ~ low
(269) (267) 41 (12} (1758) {415) 03
13-13 11-4 38.5 30.9% 6.8 é 160 160 1 6 1441 - -— -—- —-— —— 404 8l1.5 07 variation
It {254) (254) (5) (15) (1639) (412)
13-14 11-4 38.5 30.5 { 7.9 g 204 204 21 1614 -— —— -— —— 483 80.9 Baseline check &
{ (321) (323) {0} (55} (1836} (410) overfire air baseline
13-15 11-4 40.4 32.7 { 7.4 167 167 0 1453 —-— -— -— - 484 81.3 Overfire air reduced
{265) {265) 0 0 (1652) 412) to 30% of capacity
13-16 11-8 38.5 30.5 8.0 198 190 53 1243 —_——— — - —— 483 80.9 Baseline - 19% bark
{314) (300) 0 {138) (1414) {410) |}, flow
13-17 i1-8 39.0 30.9 6.8 122 122 37 853 ——- —-——— 170 144 489 81.4 Low O - particulate; 19%
{193) (193) 0 {96) (970) (.396) (.335) {420) bark flow, 43\ opacity
13-18 11-9 41.3 32.7 8.4 170 167 1 102 788 -——- -——- - 127 491 80.0 TS&O0 Test
(270} (265) (5) (265) {896) {.296) {424)
13-19 | 11-10} 39.4 31.2 [ 8.3 150 150 0 82 1218 - —--- - ——- 489 80.4 | Erratic wood bark flow-hard
{237) (237 (1) {212) {1401) (420) wood changing to soft wood
13-20 11-10} 39.0 30.9 | 7.4 133 130 0 51 1249 —-— ——— -——- -—— 503 80.0 | Cascade impactor test
{210) (205) (1) (132) (1420) (446)
13-2) 11-101 42.6 33.7 7.3 145 145 53 1368 —— —_— -——— - 494 80.6 Optimization test
{230) {230) 0 {)38) {1487) (430) softwood bark
13-22 11-10} 41.7 33,0 { 7.3 160 160 45 1144 - — ——— -——— 492 80.8 low 0 ~ reduced
{253) (253) 0 (118) (1301) (425) overfire air
13-23 11-10| 41.3 32.7 | 8.6 182 179 95 1218 - -—- -—- -—- 493 79.7 | TS8O0 baseline test
{288) (283) ] {246) (11385) {428)
13-24 11-111} 40.1 1.7 8.5 v 176 176 86 981 —-— —-——- -— 136, 494 79.7 TS0 test - bark flow
{278) (278) 0 (225) (1116) (.316) (429) A 21% of load

*ppm corrected to 3\ 02 dry




TABLE 4-35. LOCATION 13 FUEL ANALYSES

Test No. 13-18 13-24 13-18 13~24
Date 11/9/76 11i/11/76 11/9/76 11/11/76
Fuel Type Coal Coal Wood Wood

Ultimate Analysis

Moisture, % weight 7.35 7.50 60.91 51.71
Carbon, % 66.93 64.42 18.71 24.40
Hydrogen, % 4.93 4.88 2.20 2.94
”Nitrogen, % 1.49 1.33 0.21 . 0.18
Sulfur, % 2.47 2.80 0.08 0.03
Ash, % 7.66 8.32 3.05 1.85
Oxygen (diff) % 16.52 18.25 14.84 18.89
Proximate Analysis
Moisture, % weight 7.35° 7.50 60.91 51.71
Ash, % : 7.66 8.32 3.05 1.85
Volatile Matter, % 46.15 46.26 27.79 36.66
Fixed Carbon, % 38.84 37.92 8.25 9.78

Heat of Combustion

Gross, kJ/kg 27840 27280 7487 9454

(Btu/1b) (11970) (11730) (3219) (4065)
Net, kJ/kg 26770 26240 7012 8822

(Btu/1b) (11510) (11280) (3015) (3793)
Boiler Dust Collector Ash Analysis ‘

Carbon, % 6.04 2.08

Heat of Combustion,
kJ/kg (Btu/lb) 79 (34) 28 (12)
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Figure 4-46. Particle size distribution for a wood bark boiler,
Test No. 13-8.
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excess 02 for these tests varied from a high value of 9.6% to a low value of

5.3%. The effect of excess 02 on NOx emissions is shown in Figure 4-47 which
includes all the test data measured. Lowering the excess 02 resulted in a

decrease in NOx from 250 ng/J at 9.6% O2 to 170 ng/J at 5.3% O_,. A measurement

2
of 160 ng/J Nox at 6.8% O2 was obtained during this series of tests but load
had dropped and grate speed was reduced to maintain the proper bed thickness.

During the O, variation tests, the grate temperature indicators did not change

2
and it was later verified that the indicators were inoperative. Combustion

at the low O2 (5.3%) condition appeared good and the CO measurement was 5 ng/J.

Following the O_ variations, the unit was returned to the initial con-

dition for a baseline iheck~and to provide a baseline for the overfire air test.
The overfire air damper was normally 100% open for all conditions and all pre-
vious tests had been conducted with the overfire air 100% open. The overfire
air was changed to 50% open with normal bark flow. No change in NO emissions
was observed. The overfire air damper was moved to 30% open. The NOx

emissions were reduced from 204 ng/J at 7.9% O
to 167 ng/J NOx at 7.4% O

13-15).

5 at the baseline condition

5 with the overfire air reduced to 30% open (Test

The bark is injected above the overfire air ports. With overfire air
ports in the fully open position, much of the bark is burned in suspension and
only larger particles fall to the grate. This can lead to incomplete combustion
if the smaller particles are carried over to the dust collector before complete
combustion. When the overfire air ports are 30% open, all or most of the bark
falls on the grate and the moisture in the additional bark on the grate cools
the flame which leads to reduced NOx emissions. For reduced NOx and CO emis-
sions, the boiler should be operated with only 30% overfire air when both wood

bark and coal are being fired.

During the test series, it was observed that the 502 measurements were

varying. The variation in 502 concentration is due to fluctuations in wood
bark flow. Since the load is fairly stable, when bark flow decreases, more
coal is automatically injected to hold the load. This is indicated by an

increase in Soz‘concentration.
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NO, emissions as a function of excess

oxygen for a wood bark boiler.
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Total particulate concentration was measured at the low excess 02

condition. Wood/bark was accounting for 19% of the load at the low O2 condition.
Solid particulate concentration was 144 ng/J (0.335 lO6 Btu) with the boiler

operating at 6.75% excess 02. NOx emission was 122 ng/J at the condition.

A cascade impactor test (Test No. 13-20) was attempted at low O2 con-
dition. Due to erratic wood/bark flow and wood/bark composition changing, the
low O2 cascade impactor test was conducted at 7.4% 02. The O2 could not be
lowered because of surges in bark flow and smoke conditions. During the cas-
cade impactor test, the wood/bark flow accounted for approximately 20% of the
load. The results of the low O2 cascade impactor test are presented in Figure
4-48 where particle diameter as a function of cumulative proportion of impac-
tor catch is plotted. Approximately 30% of the particulate is bélow 3 um

aercdynamic diameter.

Following the cascade impactor test, a test was conducted (Test 13-21)

to try to lower O, and reduce superheater tube metal temperature with soft

wood/bark accounting for approximately 20% of the load. The overfire air was
then adjusted. The rear overfire air ports were reduced to 10% open which
resulted in the boiler smoking. No data were taken at this condition. The
front avérfiie air ports were reduced to 10% open with the rear ports fully
open and under grate air at 30% open. The conclusions from these tests are
that reduced excess air firing can lower NOx emissions and improve superheater
metal temperature conditions without adversely affecting efficiency or other

operating conditions.
Efficiency--

Efficiency of the wood/bark boiler was calculated using the heat loss
method outlined in ASME Power Test Code PTC 4.1-b. The fuel was assumed to be
20% yellow pine wood/bark and 80% Kentucky coal. Stack gas losses were cal-
culated from the flue gés analyses and radiation loss was estimated from the
ABMA sStandard Radiation Loss Chart. Combustible loss in the ash was estimated
from previous test data on similar units. The estimated efficiency for each
test condition is presented in the previous table. Efficiency varied from

82.3% at 5.2% O2 during Test No. 13-12 to 79.7% at 8.6% O_, during Test No. 13-23.

2
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Location 13 - Wood Bark Boiler Trace Species Test--

Two trace species and organics tests were conducted on the wood/bark
boiler at Location 13. The boiler is fitted with a multiclone dust collector
at the outlet. Sampling was conducted only at the dust collector outlet

because the inlet to the dust collector was inaccessible.

Table 4-36 presents the sampling conditions for the trace species and
organics tests. The tests were planned to terminate when two filters were
plugged or five hours of sampling elapsed, depending upon which occurred first.
Both tests were terminated after five hours sampling and only a sing{e filter
was used for each test.

TABLE 4-36. TRACE SPECIES AND ORGANICS SAMPLING CONDITIONS

LOCATION 13 - WOOD/BARK BOILER

TS&O Run No. 1 2
Test No. 13-18 13-24

Date . 11-9-76 11-11-76
Port Location Dust Coll. Outlet Dust  Coll. Outlet
Stack Velocity, m/s (£/s) - 4.42 (l4.5) 4.39 (14.4)
Stack Temp., K (°F) 495 (431) 496 (433)
Oxygen Content, % dry 8.4 8.5
Moisture, % 9.6 7.8

Sample Time, min. 300 300

Cyclone Flow, awm /m (awcfm) 0.065 (2.31) 0.065 (2.31)
Isokinetic Rate, % 93.5 80.3

Oven Temperature, K (°F) 429 (403) 477 (398)
XAD-2 Temp., K (°F) 291 (64) 292 (65)
Meter Temp., K (°F) 285 (54) 278 (41)
Nozzle Size, mm (in.) 19 (3/4) 19 (3/4)

No. Filters Used 1 1

Sample Flow, dry, D§m3/m (scfm)
Volume Collected, dry, D§p3(scf)

Particulate Weight, g

Solid Particulates, ng/J (lb/MMBtu)

0.372 (1.31)
11.25 (397.2)
3.0969

127 (0.296)

0.0371 (1.31)
11.17 (394.3)
3.2690

136 (0.316)
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Solid particulate levels of 127 to 136 ng/J measured with the SASS
sampling train are comparable to the EPA Method 5 data of 105 to 144 ng/J.

Results of trace species and organic analysis for the two tests are
summarized in Table 4-~37. Detailed data are contained in Appendix F, Tables
F-50 to F-59. All species were detected except for cobalt, tellurium, tin,
and PCB. For most detected species the results for the two tests were in
reasonable agreement. However, several speciles were much higher in the second
test (13-24), including manganese, titanium and zinc. Mass balance data,
Appendix F, indicate that the value for titanium from the first test is more
appropriate. The very high value for the second test was from the condensate
and impinger collection and may be due to contamination. For manganese and

zinc, the values for the second test géve a better mass balance.

POM compounds were detected in most of the samples collectad on these
tests. The first test yielded about 44 times as much total POM. Anthracene,
fluoranthene and chrysene were detected in the cyclone wash and organic
module rinse. These three were also in the XAD~2 resin but the resin also
trapped phenanthrene, methylanthracene, pyrene, benzo fluoranthenes, benz (a)
pyrene and benz (e) pyrene. This test unit was the only one for which the .
cyclone wash was analyzed for specific POM by GC/MS because GC analyses indi-
cated a higher total POM concentration in this wash compared with the o;ganic
module. However, the concentration of specific POM by GC/MS was higher in

the organic module.
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TABLE 4-37. TRACE SPECIES AND ORGANIC EMISSIONS
WOOD/BARK BOILER, LOCATION 13

Species Concentration, ug/§m3

Sampling Stack Stack
Location Exit Exit
Test No. 13-18 13-24
Antimony 140<180 130<980
Arsenic 370<420 58<110
Barium 31<55 130<200
Beryllium <8.6 2.7<13
Cadmium l1.9<9.8 19<26
Calcium 24000 23000
Chromium 270 270
Cobalt <55 <420
Copper 59 150
Iron 2600 9800
Lead 9.8<28 1600
Manganese 250 1500
Mercury 0.11<52 0.17<11
Nickel 260 230
Selenium <67 6.2<87
Tellurium . <2700 IR <3100
Tin <3600 <4500
Titanium 470 250000
Vanadium <110 46<180
Zinc 110 1200
Chloride 1200 1100
Fluoride 2700 3000
Nitrates 190 310
Sulfates 21000 22000
Total POM 350 7.9
Total PCB <14 <l.1
For additional data, F-50 to F~57 to
see tables noted in F-~56 F~59
Appendix F

See Tablé F-1 for explanation of table values.
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4.4.2 Location 10/1 Tests - Wood/Bark Boiler

Equipment Characteristics~-

The B&W wood/bark boiler at Location 10 was rated 200,000 lb steam

per hour firing gas alone. It was designed to fire wood/bark on an overfed

traveling grate and natural gas through four burners, and was equipped with

an air preheater.

The design characteristics are given in Table 4-38.

TABLE 4-38. DESIGN CHARACTERISTICS
OF LOCATION 1C/1 WOOD/BARK BOILER

Maximum Continuous High Pressure Steam Output:
Firing bark and natural gas or natural gas alone:
90 700 kg/h (200,000 1b/h)

Firing bark only: 68 000 kg/h (150,000 lb/h)

Steam Conditions at Superheater Outlet:
Temperature - 714 K (825 °F)

Pressure - 6133 kPa abs (875 psig)

Design Pressure: 7168 kPa abs (1025 psig)

Heating Surface:

Boiler
Furnace

- 1504 m? (16,187 £t2)

- 292 m) (3138 ££2)

Superheater - 338 m“ (3640 ft2)

The unit was equipped with an electrostatic precipitator.

Combustion modifications included burners out of service, air heater

adjustments and air register adjustments. - Total particulate and particulate

size distribution tests were conducted with the unit firing wood/bark and

rratural gas.

Emissions Sampling--

Gaseous emissions measurements were made at the air heater inlet and

outlet. The heated sample line, used for measuring SOZ' NOx, and HC was con-

nected to the air heater outlet.

Particulates were sampled upstream of the precipitator.
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Baseline Tests=~-

Baseline emission measurements were made with the boiler firing wood/
bark and natural gas. The boiler load could not be held constant because of
fluctuating wood flow and swings in load of from 9 to 16 Mg steam per hour
were recorded. The nominal load also varied considerably with time. Boiler
NOx emission at baseline with high wood flow was 124 ng/J (229 ppm corrected
to 3% 02). With low wood flow NOx dropped to 75 ng/J (138 ppm). Test results
are presented in Table 4-39 and the wood fuel analysis is given in Table 4-40.

Solid particulate emissions were 500 to 1334 ng/J (1.2 to 3 lb/lO6
Btu), varying Jdependent on the amount of woud flcw to the bociler. A cascade
impactor test was conducted with all burners in service to detemine particle
size distribution. Figure 4-49 presents particle size as a function of percent
cumulative catch for the bark boiler at baseline conditions. These data indi-

cate that only 5% of the particulate leaving the bark boiler are smaller than

3 um diameter. Opacity was 5%. The wide variation in percentage of particu-

late below 3 um which is emitted from wood bark boilers at locations 13 and
10 is due to the removal of larger particulate by the multiclone which pre-

ceeded the sample port at location 13.

Combustion Modifications~-

Combustion modification testing included air preheat adjustments and
burner-out-of-service tests; Difficulty in maintaining a steady load con-
dition was encountered on all tests. The bark flow to the boiler is not
constant or stable. The steam flow fluctuated with bark flow to the boiler
with natural gas fuel flow adjusted to attemp* to stabilize the steam flow.
The NOx emissions as a function of flue gas excess oxygen are presented in

Figure 4-50.

Tests 5 to 8 consisted of air preheater adjustment. On the day of
these tests, boiler wood flow was high resulting in high levels of HC, CO, and
802 in spite of O2
air preheat temperature from 550 K to.344 K (530 to 160 °F) did not result

levels that were higher than for baseline. Reduction of

in any change in Nox emissions but HC, CO, and SO, were significantly increased.

2
Tests 9 to 14 consisted of burner shut-off tests. The unit normally

operates with the No. 4 burner out of service. Restoring that burner so that
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TABLE 4-39,

SUMMARY OF EMISSIONS FROM LOCATION 10/1 WOOD/BARK BOILER FIELD TESTS

Nomi- Temp~
nal Air ering Gas

Test Steam solid + Preheat Air Fuel

Run Date | Load | O, C NOy* NO* HC* Co* | s0p¢ Particulates Sample Temp. Damper | Heat

No. 1976 | Mg/h | (%) (8) [(ppm) | (ng/J) | (ppm) {(ng/J3)| (ppm) | (ppm) | (ppm) (1b/106 Btu)f (ng/J)| Position|BOOS | K/ (°R)| ¥ Open | MW Comments

10/1-1 8/17 67 110.25]1 8.0} 229 124 193 105 54 1993 [4] - - (o] 14 547 0 9.7 Baseline ~ high wood flow
9.3 19.9| -- 172 | 9 -- | 1600 - 1 (525)

10/1-2 8/18 91 6.5 9.2 138 75 130 70 118 1069 0 - - [s] 14 549 0 61.7 Baseline ~ low wood flow
7.5 | 8.7} -- 127 69 - 373 - I (529}

10/1-3 8/18 85 9.0 9.2 188 102 187 101 0 375 9 1.16 499 (o] #4 544 1] 61.7 Baseline ~ part. test, 5%
9.0 {7.4] -- 175 95 -~ 240 - 1 (519) opacity; low wood flow

10/1~-4 8/18 82 9.5 7.7 208 113 196 106 0 376 7 - - o] 14 544 0 61.7 Baseline ~ low wood flow
8.4 8.0 -~ 150 81 il 300 - I (520)

10/1-5 { 8/19 74 {10.25} 7.8 207 112 [ 194 105 32 | 1859 0 - -- [o] 2] 550 [ 13.9 | Baseline ~ high wood flow
9.5 8.0 - 188 102 - 1393 - - I (530)

10/1-6 { 8/19 45 {13.25} 5.3 207 112 | 193 |} 105 805 |>2000{ 322 ~-- -- Q 14 344 100 13.9 | Air heater 100V bypassed
13.0 5.9 L 236 128 -- 1>2000 - I {160)

10/1-7 { 8/19 47 (14.00| 4.4 | 258 140 | 249 | 135 693 [>2000] 249 - -- 4] #H 408 50 27.8 | Air heater S0% bypassed
14.25] 4.1 | -~ 200 108 -- |>2000 - I (275)

10/1-8 | 8/19 45 113.5 | 4.5] 235 127 | 221 120 414 |>2000{ 138 - -- [o] 14 528 [ 21.7 | Air heater 50% bypassed
13,25} 5.5 ~-- 214 116 ~=- }>2000 - I (490)

10/1-9 | 8/23 57 [12.5 5.9{ 204 11 180 98 48 2626 - - o Nane 529 (] 34.4 } Baseline - all burners in service
11.0 8.0 - 180 98 - - 1800 - Y (492)

10/1-10] 8/23 61 9.75| 8.0 176 95 176 95 37 1600 74 - - [s] §1 536 0 36.1 | No. 1 BOOS
10.0 8.2 - 192 104 - 544 - I (505)

10/1-11} 8/23 7”7 8.0 9.9 209 113 190 103 20 554 40 - - [o] §2 543 4} 35.3 | No., 2 BOOS
11.25] 8.0 - 185 100 - 1145 - I {518}

10/1-12] 8/23 66 110.25] 7.4} 205 111 193 105 68 1674 5 - - o 1 539 [4] 34.4 No. 3 BOOS
11.75]| 7.1 - 204 111 b 7178 - I (510}

10/1-13 78 8.5 9.2} 175 95 166 90 18 576 37 i - o £4 546 o 34.7 { No. 4 BOOS
10.0 | 7.0} -- 176 95 - 544 - 1 (522)

10/1-14} 8/23 86 | 7.4 |10.3( 242 131 | 225 122 13 688 16 - -- o None 550 [] 25.0 | All burners in service
7.8 |10.5 - 225 122 - 682 - 1 {530) - air reg. adj.

10/1-15} 8/24 99 7.0 [l11.0} 262 142 251 136 8 746 34 3.108 1334 o None 560 o 26.1 Particulate test
3.6 |l2.0 - 209 113 - 595 - I (548)

10/1-16) 8/24 107 4.0 {14.4) 234 127 | 228 124 53 1271 29 - - o] None 557 0o 25.8 | Brink impactor test
4.0 |14.8] -- -- 1212 115 847 I (542)

*ppm measurements reported

Sample position, I = inlet, O = outlet of air preheater

on 3% 02, dry basis



TABLE 4-40. FUEL ANALYSIS, WOOD FUEL, LOCATION 10/1

Basis
Proximate Analysis As Received Dry
Moisture, % ' ’ 50.69 -——
Volatile Matter, T 36.54 74.10
Ash, % 2.27 4.60
Fixed Carbon, $% 10.50 78.70
Ultimate Analysis
Moisture, % 50.69 —
Carbon, % 25.32 51.34
Hydrogen, % 2.73 5.54
Nitrogen, $% 0.15 0.31
Sulfur, % 0.05 0.11
Ash, % ) 2.27 4.60
Oxygen, % (by diff.) ) 18.79 38.10
Heat of Combustion
Gross, Btu/lb 4362 8845
Net, Btu/lb 4108 8331
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all four burners were operating yielded NOx emissions 12% lower than base-
line. However, since wood flow and steam output were fluctuating, compari-
son been test runs is not valid. -The main objective in burner tests was

to attempt to reduce high CO and HC levels and that was accomplished pri-
marily by air register adjustments. This, together with Burner No. 4 out

of service, yielded the lowest overall emissions.

The conclusion is that reduction of excess air together with burner

air register adjustments is the most effective Nox control method.
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4.4.3 Location 10/2 Tests - Black Liquor Recovery Boiler

Equipment Characteristics—-

The black liquor recovery boiler at Location 10 was manufactured by
Combustion Engineering in 1965. The design performance of the unit is given
in Table 4-41. A unit schematic is shown in Figure 4-51. The schematic shows
the major components of interest and also indicates the gaseous and liquor
flow paths. Weak liquor from the multiple effect evaporator system flows
through wet bottom electrostatic precipitators where moisture is removed by
the flue gas. In addition, the liquor picks up the solid ESP catch before
entering contact evaporators where further moisture is removed. Salt cake
(Nazso4) make-up chemical is added to the strong liquor before the liquor is
burned in the furnace. Molten smelt, drawn off from the bottom of the furnace,
is mixed with recirculating green liquor in the smelt tank and is then removed

for further processing.

Combustion air temperature is raised in a steam preheater and intro-
~ duced into the furnaée as both a primary and secondary stream (to control
the relative oxidizing/reducing atmosphere within the furnace. The com-
bustion products are then passed through contact evaporators and wet bottom
precipitators where they pick up moisture from the liguor. The I.D. faA

and stack complete the gaseous flow path.

Data analysis is complicated by the unusual composition of the black
liquor fuel shown in Table 4-42. Complete elemental balances on carbon, hydro-
gen, sulfur, and sodium are necessary to arrive at expected flue gas compo-
sition and heat input necessary for expression of emissions on a heat input

basis (ng/J).
Table 4-43 shows a calculation of the elemental distribution for

combustiop of black liquor. Combustion products include 502, Na2804, Na2CO3,
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TABLE 4-41. DESIGN CHARACTERISTICS
OF LOCATION 10/2 BLACK LIQUOR BOILER

Dry Solids of Black Liquor kg/day (1b/day) 680 400 (1,500,000)
Steam Flow kg/h (1lb/h) 97 500 (215,000)
Temperature Steam from Superheater K (F) 714 (825)
Pressure Steam from Superheater kPa (psig) 6032 (875)
Feedwater Temp. to Recovery Unit K (F) 417 (290)
Steam Drum Pressure kPa (psig) 6349 (921)
Superheater Pressure Drop kPa (psi) 317 (46)
Gas Temperature from Boiler K (F) 694 (789)
Gas Temperature from Economizer K (F) 610 (638)
Gas Temperature from Cascade K (F) 436 (325)
Air Temperature from Air Heater K (F) 422 (300)
Draft Loss, Furnace to Econ. Outlet Pa (in.wg) 374 (1.50)
Draft Loss, Cascade Evaporator Pa (in.wg) 558 (2.24)
Excess Air from Economizer % 13

02 at Economizer Outlet % 2.80
Secondary Air Windbox Pressure Pa (in.wgqg) 1245 (5)
Primary Air Belt Duct Pressure Pa (in.wg) 747 (3)
Liguor Solids to Cascade % 50
Liguor Solids from Cascade % 68
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TABLE 4-42. BLACK LIQUOR RECOVERY BOILER,
LIQUOR AND SMELT ANALYSIS,
LOCATION 10/2

Test 10/2-2 10/2-10 10/2-10 10/2~16 10/2-16
Material Liquor © Liquor Smelt Liquoxr Smelt

Organically Combined Elements

Carxbon 21.07 23.65 ~-—- 23.80 -

Hydrogen 2.38 2.36 -— 2.55 -

Sulfur 0.19  2.44 —- 1.84 ———

Nitrogen : 0.04 0.06 - 0.06 —_——

Sodium 7.13 11.56 -— 8.56 —-—-

Oxygen (diff) - 1l6.16 _8.43 == 15.49 ———
Total, Organic 46.97 48.50 52.30

Inorganic Constituents

Sodium Carbonate (NapCO3) 5.62 14.9 67.68 13.6 88.40
Sodium Sulfate (Na3SO4) 10.66 4.26 1.68 4.36 0.98"
Sodium Chloride (NacCl) 1.25 1.01 2.55 1.09 2.57
Sodium Hydroxide (NaOH) —— -——— 21.44 -—— ——

Sodium Sulfide (NajS) ——— - —— -— -

Sodium Mercaptan (NaSH) —-——— —— 1.13 - 8.05
Moisture 35.5 31.33 5.52 28.65 —
Total, Inorganic 53.03 51.50 100.0 47.70 100.0
% Total Sodium 13.52 19.81 43.72 16.31 42.89-
% Total Sulfur 2.59 3.40 1.02 2.82 4.82

Gross Heat of Combustion
"‘kJ/kg 9576 9097 —— 9613 —
(Btu/1b) (4117) (3911) —— (4133) ~——-

lel



TABLE 4-43. COMBUSTION OF BLACK LIQUOR,

TEST 10/2-10

Elements, % Weight

Liquor Composition A Weight c H s N Na o Si
Organic )
c 23.65 23.65
B 2.36 2.36
s 2.44 2.44
N .06 * .06
Na 11.56 11.56
o] 8.43 *8.43
48.50
Inorganic
N32C03 14.9 1.69 6.47 6.75
Nazso4 4.26 0.96 1.38 1.92
NacCl 1.01 0.40 g.6l1
Moisture 31.33 3.48 27.85
51.5
100.0 25.34 '5.84 3.40 .06 19.81 44.95 0.6l
Combustion Products
1/2 Org.+S SO, Gas 1.62 *0.81 0.81
2/3 Org.+5 NajySO4 Ash 7.21 1.63 *2.33 3.25
Bal. Org. Na+NazCO3 Ash 21.27 2.41 *9.23 9.63
Bal. Org. C*CO; Gas 77.88  *21.24 56.64
H*H20 Gas 21.24 *2.36 18.88
Mois. + Hy0 Gas 3.48 27.85
117.06 (Total
03 Reqd)
Gaseous Products
so2 . 1.62 0.81 0.81
co 77.88 21.24 56.64
325 52.57 5.84 46.73
R 132.07
Total Ash (Smelt)
Nach3 (74.4%) 36.17 4.10 15.70 l6.38
NajyS04 (23.6%) 11.47 2.59 3.71 5.17
NacCl (2.1%) 1.01 0.40 0.61
48.65
*Values to be used in Fe equation, Table 4-44.
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C02, and HZO' Based on information from Combustion Engineering, about one-

third of the organic S forms SOZ; the balance forms Na2504 dust which is col-

lected in the dust collector or drops out in the smelt. Part of the C and .the

balance of the organic Na form NéZCO3 which drops out in the smelt (furnace

ash). The balance of the organic carbon forms COZ'

Development of the theoretical flue gas composition is shown in Table 4-44,

based on the elemental analysis from the previous table. The final result is
the dry stack flow per unit heat input, dng/J (DSCF/lO6 Btu). EPA New Source
Performance Standards provide a relationship, called Fg, that allows calcu-
lation of d§m3/J (DSCF/lO6 Btu) for fossil fuels. The form of this factor,
expanded to include the effect of Na forming NaZSO4 and Na2C03, is given at
the bottom of the table. Note that in using the equation for F,, the values

of 3C, %S, and %Na cannot be taken directly from the fuel analysis as is the
procedure for fossil fuels. The distribution of C between CO_ and Na,CO_,

2 2773

S between 502 and NaZSO4, and Na between Na2CO3 and NaZSO4 must be deter-

mined. Values to be used in the Fe equation, as developed for test 10/2-10,

are indicated with an asterisk in Table 4-43.

Concentrations, in ppm corrected to 3% O dry, are converted to ng/J as

2! i
follows. From Table 4-44, stack flow at zero excess O, is 3.065x10—7 m3/J

2
(11420 DSCF/lO6 Btu). Therefore:

ng _ -6 -7 20.9 g-mol
T ppm x 10 X 3.065 x 10 X 53.0-3 ¥ 41.42 —5———-x MW
for NOZ' MW = 46
%§-= ppm x 0.6819

Baseline Emissions--

The black liguor recovery boiler was tested while firing black ligquor
alone and while firing black liquor and natural gas. Emissions data are pre-
sented in Table 4-45. Baseline NOX was relatively low, 35 ng/J (52 ppm cor-
rected to 3% 02, dry), but HC emission was high, 900 to 2700 ppm, and CO emis-
sion was very high, up to 30000 ppm. Particulate emission was 3481 ng/J

(8.1 lb/lO6 Btu). Opacity readings were not taken due to the absence of the

observer.
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TABLE 4-44. FLUE GAS COMPOSITION BASED
ON BLACK LIQUOR ANALYSIS,
TEST 10/2-10

Dry Flue Gas = SO, + CO, + N_ from Comb. Air

2 2 2
O2 Required = 117.06 kg/100 kg liquor
—O2 in Liquor = -8.43 "
-O2 in Moisture =  27.85 "
Net O2 Reqgd. 80.78 "

N, from Air

5 80.78 - 80.78 = 267.4 kg Nz/lOO kg liquor

.232

Dry Flue Gas

SO2 = 1.62 kg/100 kg liquor
CO2 = 77.88
N2 = 267.4
346.9 kg dry gas/100 kg liquor

HHV = 9097 kJ/kg (3911 Btu/lb)
3.469 6

= 381.3 8 b
5057 1l Hg/J (887 1b/10  Btu)

Molec. Wt = 30.6

(381.3x10™% g/7) x (.0246 m>/g-mole) /30.6 =
3.056x10"7 m°>/J (11420 DSCF/10° Btu)

Equivalent Form of F, Factor:

Fgo ={1.53 (3C) + 3.61 (3H) + .57 (%S) + .14 (%N) - .46 (30) +
.72 (% Na as Nazso4) + .56 (% Na as Na2C03)l/(HHV)

for Fe in units of DSCF/lOG‘Btu, HHV in Btu/lb
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TABLE 4-45.

SUMMARY OF EMISSIONS FROM LOCATION 10/2 BLACK LIQUOR RECOVERY BOILER

Sec.
Test Heat . R . . N Solid Alr Black
Run Date Load |Input 0, { CO NO NO HC CO {_SO2 | Particulates Damper | Liquor Sample
No. {1976) | (Mg/h) ] W (i} (%§ ppm) [{ng/J) | {ppm) | (ng/J} (E;;T (ppm) | (ppm) {1b/10° Btu —73573) Fuel |% open | solids, ® |position Comments
10/2~1 } 8/26 81 146 4.4] 14.4] — - -~ -~ -- p2000) -- - -= BL 70 65 ESP Problems with sample system
Inlet condensation in sample line

10/2~2 8/21 a8 140 3.8] 14.4] 52 35 48 33 907 p2000| 447 8.1 3480 BL 60 &5 Baseline - particulate, furn.outlet
10/2-3 8/30 88 147 3.7 15.4) 35 24 32 22 2695 p2000| 571 -- - BL 55 65 Baseline
10/2~-4 8/31 91 144 3.4 14.4( 35 24 32 22 2417 p2000| 268 - - BL 80 65 Baseline
10/2~5 8/31 a8 146 4.7] 14.6§ 39 26 38 26 1398 p2000| 280 - -~ BL 100 64 Sec. air damper adjust
10/2~6 8/31 79 155 3.5} 15.1) 36 25 33 23 2425 p2000) 646 -- - BL 46 63 Sec. alr damper adjust
10/2~7 9/1 84 166 3.3 13.3] 23 16 21 14 7119 p2000| 392 - -- { BL&NG| 100 63 Baseline - black liq. & gas
10/2-8 9/1 91 155 3.7) 14.0] 26 18 26 18 4208 p2000| 331 -- ~- | BL&NG] 100 60 Baseline -~ low solids black liquor
10/2~9 9/1 88 155 4.1 14.4; 33 23 31 21 6344 2000} 681 - -- | BLENG 79 60 Baseline ~ low solids black liquor
10/2~-101} 9/15 95 140 4.7} 14.0} 40 27 36 25 2592 30000 795 9.99 4294 8L 50 65 SASS test, furn. outlet
10/2~-11 | 9/16 - - 4.1 {2.4] 33 23 33 23 - L0000 | -~ - -~ | BL&NG - - Baseline, black lig. & gas
10/2~1214 9/16 87 93 8.6 ) 11.8; 84 57 84 57 10 102 q 7.23 3108 BL 50 69 SASS test, furn. outlet
10/2-14 | 9/23 95 137 4.5| 14.4§ 41 28 38 26 2160 [22000| 622 - - BL 60 63 " Furn. outlet ({(for SASS test)

7.2} 11.4] -- ~- 38 26 -~ | 9400 - 0.039 16.8 -- - —- Outlet SASS test ESP outlet
10/2~15} 9724 97 - 1 130 4.4] 15.0] 36 25 35 24 1400 18000 - - -~ BL 60 67 Inlet Furn. outlet

7.1} 13.2| -~ -~ | a7 32 -~ 2000} -~ - -1 - -- - Outlet |ESP outlet
10/2-16 { 9/27 102 124 4.6 14.4] 40 27 37 25 1900 18000 - - - BL 65 65 Inlet Furn. outlet (for SASS test)

7.4] k1.7| -- had 41 28 - ’17000 - 0.034 14.5 -- - -~ Outlet SASS test, ESP outlet

*ppm measurements reported on 3\ O, dry basis.



Modifications included secondary air damper adjustments and reduc-
tion of black liquor solids content. Air damper adjustment reduced NOx
by 33% but increased HC by 200%. Reduction of black liquor solids content

(increased moisture) had little effect on emissions.
Location 10 - Black Liquor Recovery Boiler Trace Species Test--

Four SASS tests were conducted on the black liquor recovery boiler

(BLRB). Figure 4-51 shows the sampling points.

The SASS train sampling points were at the entrance to one of the
contact evaporators (which passed approximately 80% of the flue gas flow) and
in the duct between the I.D. fan and the stack. Samples were taken of the
weak liquor, salt cake, strong liquor and solidified smelt. The BLRB is
designed to operate on supplemental natural gas fuel during periods of low
liquor flow from the pulp digesters, liguor spray nozzle plugging, etc.
However, all SASS tests (except a portion of 10/2-14) were conducted with

black liquor as the only fuel.

Table 4-46 summarizes the sampling data and Table 4-47 contains the

process flow rates. Each test is discussed separately below.
Test 10/2-10 - Furnace Outlet-~

Test 10/2-10 was conducted with the train positioned at the furnace
outlet (inlet to the contact evaporator). The required sampling time to plug

two filters was 38.6 minutes.

The significant unit operating parameters (from the control room
instruments) for this test are shown in Figure 4-~52 and indicate a fairly

stable period of operation during the test period.
Test 10/2-12 - Furnace Outlet--

Test 10/2-12, a repeat of the previous inlet test, was conducted for
25.8 mins. sampling time when the second filter was plugged. Data analysis
indicated that the cyclone flow rate was only 1.6% higher than the desired
value and that the sampling was also being conducted at 91.9% of isokinetic
conditions. The unit was operating in a somewhat upset condition with large
decreases in both steam rate and liquor flow, i.e., -19.1% and -14.9%, res-

pectively. These decreases were due to an agitator gear box failure in one
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LOT

TABLE 4-46.

TRACE SPECIES AND ORGANICS SAMPLING CONDITIONS
LOCATION 10 - BLACK LIQUOR RECOVERY BOILER

TS & O Run No, 1 2 3 4

Test Number 10/2~10 10/2-12 10/2-14 10/2-16

Date 9/15/76 9/16/76 9/22~-23/76 9/27/76

Port Location Furn. outlet Furn. outlet ESP outlet ESP outlet
Velocity, m/s (f/s) 5.49 (18.00) 7.70 (25.249) 24.10 (79.086) 22.87 (75.00)
Stack Temp., K (°F) 555 (539) 546 (523) 411 (279) 407 (273)
Oxygen Content, % dry 4.7 7.8 7.5 7.45
Moisture, % 25.11 20.99 34,79 31.15
Sample Time, min. 38.6 - 25.8 300 301
Cyclone Flow, awcmm (awcfm) 0.081 (2.852) 0.115 (4.064) 0.120 (4.224) 0.115 (4.049)
Isokinetic Rate, % 113.6 91.9 97.4 97.7

Oven Temperature, K (°F) 478 (400) 478 (400) 478 (400) 478 (400)
XAD2 Temperature, K (°F) 306 (91) 307 (93) 321 (119) 296 (73)
Meter Temperature, K (°F) 308 (95) 313 (104) 307 (92) 305 (89)
Nozzle Size, mm (in.) 19 (0.75) 19 (0.75) 9.53 (0.375) 9.53 (0.325)
No. Filters Used 2 2 1 1

Sample Flow, dry, scmm (scfm)

Volume Collacted, dry, scm(scf)

Particulate Catch, g

Solid Particulate, ng/J

(1b/10% Btu)

0.0424(1.497)

1.636(57.74)
17.7646

4294 (9.99)

0.0516(1.819)

1.330(46,92)
8.4520

3180 (7.2)

0.0466(1.644)

13.977(493.2)
0.4928

16.8 (0.039)

0.0472(1.666)

14.213(501.5)
0.4334

14.5 (0.034)




TABLE 4-47. BLACK LIQUOR RECOVERY BOILER PROCESS FLOW RATES FOR SASS TESTS

Test 10/2-10 10/2-12 10/2-14 10/2-16
Sample Position Furn. outlet Furn. outlet ESP outlet ESP outlet
Liquor Vol. Flow,

m3/s 0.0129 0.00852 0.0124 0.0114

(GPM) 204 135 197 180
Liquor Spec. Gravity 1.18 1.17 1.169 1.168
Liquor Mass Flow, g/s 15,185 9,964 14,528 13,263
Sodium in Ligquor, % 19.8 19.8 16.3 16.3
Sodium Input, g/s 3,007 1,973 2,368 2,162
95% Smelt Na Output,

g/s 2,856 1,874 2,250 2,054
Sodium in Smelt, % 43.7 43.7 42.9 42.9
Smelt Mass Flow, g/s 6,536 4,289 5,244 4,787
Liquor Heat Input, MW 138 90.5 140 127

(106 Btu/hr) (471) (309) (477) (435)
Excess 02, % 4.7 7.8 7.5 7.45
Stack Flow, Nm /s, dry*  54.6 44.3 66.8 60.7

(dscfm) 115,700 93,831 128,700

141,600

*stack flow based on 3.065xlO-7 de3/J (11420 DSCF/lO6 Btu) at zero excess

oxygen
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of the wet bottom precipitators which restricted the liquor flow. Boiler
operation prior to the test was nominal but at a slightly lower liquor flow
compared with the first test and with only six of eight liquor nozzles in
service. Figure 4-53 indicates that a éignificant upset occurred during the
test which was a result of a restriction in the liquor feed to the wet bottom
Precipitators. As a consequence, the steam rate sharply decayed. Device

operation was continued with only four liquor nozzles in service.
Test 10/2-14 -~ Precipitator OCutlet--

Test 10/2~14 was performed between the I.D. fan and stack. A full
five~-hour sampling duration was obtained with one filter. After accumulating
220 min. elapsed time, a problem arose within the oven; the oven heater
electrical breaker kept opening. Upon partial disassembly of the oven box,
it was found that the insulation on the wires to the circulating fan had
failed allowing the wires to weld together. This problem was corrected and

the test was concluded the following day.

Unit operation and duct conditions were steady for the split test
periods and the sampling rate was within 5.6% of nominal and 2.6% of being
isokinetic. During the conclusion of the first hour of the test, the boiler
was operating partially on supplemental natural gas due to salt cake plugging
of the liquor spray nozzles. The black liquor flow rate had dropped to
0.4547 m3/min (120 gpm) during the time of natural gas usage. Figure 4-54
shows the process variables required for a system mass and energy balance.
Figure 4-55 is a plot of significant process variables for the second part
of test 10/2-14. Aside from a modest drop in steam and liquor flow, all other

conditions were steady. Seven liquor nozzles were in serviée.
Test 10/2-16 - Precipitator Outlet-~-

The second BLRB outlet SASS test (10/2-16) was also performed for five
hours of sampling time. A procedural change was incorporated for this and
subsequent tests and involved forming an ice bath within the XAD2 module
top closure. This change reduced the adsorbent temperature. Also as a
result of this change, the XAD2 module condensaté volume increased with a

corresponding decrease in impinger condensable capture. Of note is the
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marked increase in flue gas moisture content between the inlet to the contact
evaporators (23%) and the exit from the wet bottom precipitators (33%). This
increase is due to the moisture evaporated from the liquor by the flue gas
within these two direct contact devices. The cyclone flow rate was within
1.2% of the nominal value and was sampling at 97.7% of isokinetic conditions.
Unit operation, in terms of steam rate and liquor flow to the burners, was
nominal during the course of the test as shown in Figure 4-56. However, the
unit had been operating without salt cake addition to the liquor as the supply

had been exhausted.

Results of the four trace species and organics tests are summarized
in Table 4-48. Detailed data are presented in Appendix F, Tables F-21 to
F-39. All species were detected except for mercury, tellurium, tin and PCB.
Results for duplicate tests at the ESP inlet and at the outlet show good
repeatability for cadmium, calcium, chromium, copper, iron, lead, manganese,
nickel, selenium, and titanium. At the precipitator inlet, the second test
(10/2-12) was conducted with the unié—somewhat upset and operating at higher
O2 {(7.8%) than for the first test (10/2-10). The increased O2 appeared to
affect two species. For the second test the chloride emissions are much .
higher but total POM is much lower. Total hydrocarbons were also much lower

for the second test (Table 4-45).

The concentrations were reduced by the precipitator for all detected
species. Precipitator collection varied from about 65% to over 99% for the

data that shows comparable duplicate test results.

As can be seen in Aﬁbendix F the mass balances for this unit were
consistently high (order of 2 x input) due to species concentrations in tﬂe
smelt exceeding that of the fuel input. Calculated smelt flow rate may
have been too high. Smelt flow could not be measured but was determined
from a sodium balance, which should be as accurate a method as practical.

The hot smelt sample was removed from the furnace bottom with a steel ladle
which could have contaminated the sample. Smelt drops from the furnace floor
into a dissolving tank and therefore is not cooled to a temperature for

normal ash sampling procedures.

Specific POM compound emissions were highest for anthracene, fluoranthene,
chrysene, and benzo fluorantheses (Table F-39). Many other specific POM com-

pounds were present. 174
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TABLE 4-48.

?

TRACE SPECIES AND ORGANIC EMISSIONS
BLACK LIQUOR RECOVERY BOILER LOCATION 10/2

Species Concentrationif}gg/Nm3
Sampling _
Location Furnace Outlet ESP Outlet
Test No. 10/2-10 10/2-12 10/2~14 10/2-16
Antimony 3700 < 4600 | < 3400 < 490 < 160
Arsenic 42 < 200 < 200 < 15 < 15
Barium 15600 1400 < 1600 120 < 190 150
Beryllium 0.43 <19 < 23 0.008 < 3 5.1 < 8.4
Cadmium 130 < 240 130 < 250 30 < 33 18 < 19
Calcium 7300 2000 1200 440
Chromium 750 1700 220 150
Cobalt 500 < 610 160 < 290 48 < 68 300 < 320
Copper 100 71 < 75 7.9 <10 3.3 <7
Iron 5200 5600 1400 1700
Lead 180 < 390 170 < 390 2.1 <69 63 < 130
Manganese 1200 430 51 32
Mercury < 80 <80 i <9.3 <9.9
Nickel 540 500 < 530 ; 93 <120 69 < 91
Selenium < 560 1100 < 1600 E 1.9 < 72 1.9 <110
Tellurium < 11000 < 1900 < 2600 < 2700
Tin < 13000 < 16000 < 2900 < 2800
Titanium 61 < 3900 23 < 4%°00 7.5 <930 1900 < 2600
Vanadium 6.7 < 610 < 620 0.09 <110 < 130
Zinc 1200 560 ; 2.4 84
Chloride 79000 4.lx106 i 160000 13000
Fluoride 13000<14000 6500 <8300 { 2400 330 < 460
Nitrates 200 < 290 7100 < 7300% 4600 9.1 <931
Sulfates 7.9xlO6 4.2xlO6 E 14000<39000 46000
Total POM 79000 5800 | 56000 5000
Total PCB < 7300 < 3300 E < 290 < 130
For Additional F=-21 F=-27 ‘ F-30 F-33
Data, see Tables to to to to
Noted in Appendix F F-26 F-29 F-32 F-39

See Table F-1 for explanation of table values.
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4.4.4 Location 11 Tests - Car

bon Monoxide Boiler

Equipment Characteristi

cs=~

The CO boiler at LocatiPn 11 was designed by B&W to recover the heat

discharged from the fluid catalytlc cracking unit (FCCU) regenerator that

processes 4770 m /d (30,000 bbl/d) in an o0il refinery. The boiler was rated at

136,054 kg/hr (300,000 lb/hr) sFeam flow firing CO rich gases from the regenera-

tor and refinery gas at 135 MW I(46lx106 Btu/hr) heat input.

Analysis of the gas composition of the CO gas from the regenerator

and of the refinery gas were pr

ovided by the refinery. The total heat input

to the boiler was divided approkimately 50% to the refinery gas and 50% to the

CO gas. The CO rich gas has a
tively high temperature is cons

in Table 4-49,

umed.

ow heating value but a large volume at rela-

Analyses of the two gases are presented

TABLE 4-49. CO BOILER FUEL COMPOSITION
Composition, % Volume
Component Refinery Gas ’ CO Gas
. .8 -—
CH, | 94
co . 1.5 9.8
N, L1.2 80.0%
i 0.6 _—
H, 5
HZO ! 1.3 -
ole} i 0.6 9.4
2 I
O2 i - 0.8
TOTAL | 100.0 100.0
Heating value
|
MJ/m3 | 35.35 1.15
(Btu/cf) | 949 30.9

*By difference

The unit was fired with four B&W spud type gas burners and had NO ports on

the right and left sides for 1ntroduc1ng air into the furnace away from the

primary combustion zone.
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Sampling was done in the duct connecting the boiler with the stack.
Four sample probes were installed in the duct with the heated line connected
to one probe. Particulate measurements were also made at this sample port.

A schematic of the FCCU and CO boiler is presented in Figure 4-57.

Baseline Emissions--

Baseline emissions were measured with the unit at 136,961 kg/hr (302,000
1b/hr) steam flow firing CO gas and refinery gas. The measured NO emissions

at this firing condition were 147 ng/J (126 ppm corrected to 3% O_, dry basis).

2’
Total particulate emissions at baseline conditions were measured at 129.3 ng/J

(0.301 lb/lO6 Btu) using the EPA Method 5 procedure for determining particulate

loading. An observer for opacity readings was not available.
Combustion Modifications--

Combustion modifications testing included excess air variation, air
register adjustments, burner out of service and NOx port adjustment. Test
results are presented in Table 4-50. Due to fan limitation, large variations
in excess air were not possible at full load conditions. The effect of excess
air on NOx emissions is shown in Figure 4-58 for the CO boiler. The lowest
measured NOx emissions was with all burners in service, NOx ports closed, and
air regis;ers adjusted. With the boiler in the baseline configuration, NOx
varied from 147 ng/J (126 ppm) to 168 ng/J (l44 ppm). An air-register adjust-
ment lowered the Nox to 130 ng/J (112 ppm). All of these tests were with the
NOx ports closed.

NOx port adjustment (Tests No. 11-6, 7, and 8) showed little influence
in NOx emissions. Opening the left side NOx ports 100% resulted in a reduction
in Nox from 168 ng/J (144 ppm) to 162 ng/J (132 ppm) or less than 2%. The
right side NOx ports and combination right and left sides showed even less

influence.

Carbon monoxide measurements were much more sensitive to combustion
modifications than were NOx emissions. The effect of excess oxygen on CO
emissions is shown in Figure 4-59 for all tests on the CO boiler. These data
show large increases in CO as the excess oxygen is lowered below about 2%.

Nox port adjustments led to higher CO values. Opening the left side NOx ports
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TABLE 4-50.

SUMMARY OF FIELD MEASUREMENTS
LOCATION 11 - CO BOILER

Wet Chemistry Total Solid Stack B

Test Load Heat NO,* NO® HCe co* S02* S0, * S03¢ Part. Part. Tewp.

Run Date 9/h Input} o, | co, n97J ng/J ng/J ng/J ng/J ng/J ng/J ng/J ng/J X Eff.

No. 1976 [ @0° 1b/h) Mo [} [ (ppm) {ppm) {ppm) {ppm) (ppwm) {ppm) {ppm) (1b/MMB) 1{1b/MMB) (°F) LY Comments

11-1 | 977 | 136.96 93 2.0 | 13.8] 147 147 4 19 1i65 - -- - -- 739 | 64.9 |Baseline;all BIS, NO, ports
(302) (126) (126) 9 27) (720) (870) closed, A/R Config. #1

11-2 9/17 140.59 93 1.8 14.4) -~ 142 - 88 -~ -- .- - - 744 64.1 |Low 0y, all BIS, NOx ports
(310) --) (122) - (124) - - - - - (880) closed, A/R Config. #1

11-3 9/8 126.08 a8 2.0 13.6] 162 161 S 30 1365 - - - - 750 63.8 |paseline; all BIS, NOx ports
{278) (139) (138} 12) (42) (843) -~ - -- - (890) closed, AR Config. #1

11-4 9/8 124.26 a9 2.1 13.8] 161 161 5 21 1355 2488 66 129.3 107.3 754 63.4 |Baseline; partic. & SOy, NOy
(274) (138) (138) (12) (30) (837) 1512) (41) (.301) (.250) (898) ports closed, A/R Config. #1

11-5 9/9 129.70 90 1.9 13.6| 168 165 2 44 1496 - - - -- 736 65.0 |Baseline; all BIS, NO, ports
(286) (144) (142) (6) (62) (924) -- == == == (865) closed, A/R Config. #1

11-6 | 9/9 |} 126.08 90 (2.3 [13.8] 162 162 s 23 1360 - -- - - 728 | 65.4 |NOy port adjust., left side 100%
(278) (139) (139) (12) (32) (840) - -- - - (850) open, A/R Config. #1

11-7 9/9 127.89 90 1.6 12.0} 164 164 2 104 1337 - - - - 730 65.4 INO, port adjust., right side
(282) (141) (141) 6) . (147) (826) .- -- - - (855) 1008 open, all BIS, A/R Con. #1

11-8 9/9 126.98 a9 2.0 14.3] 165 165 S 107 1357 - -- - - 733 65.0 NO, port adj., rt. & left sides,
(280) (142) (142) (13) (151) (838) - - - - (860) 50¢ open, all BIS, A/R Con. #1

11-9 9/9 126.98 89 |1.8 13.9] 172 172 4 11 1498 - - - - 736 64.8 |Air reg. adj., A/R Config. #2,
(280) (148) (148) (11) (15) (925) - - - - (865) all BIS, NO, ports closed

11-10 | 9/10. | 128.80 92 2.3 11.7] 130 - - 11 795 - - - - 72% 65.8 |Baseline test, NO, ports closed,
(284) (112) (112) (=) (16) (491) - -- - - (845) all BIS, A/R Config. #2

11-11 9/10 126.98 92 2.0 14.4} 157 157 2 47 1480 - - - - 722 €5.7 |#2 BOOS, NO, ports closed, A/R
{280) (13%5) {135) (6) {66) {914) - - -- - {840) Configuration #2

11-12 9/10 128.80 92 2.5 13.6| 178 178 2 6 1389 - -- - - 728 65.4 | #4 BOOS, NO_ ports closed, A/R
(284) (153) (153) (5) (8) (858) -~ - -- .- (850) Conﬁgnratign 22

11-13 | 9710 ] 126.08 92 2.6 113.6| 170 170 2 3 1525 - - - -— 725 65.6 |Baseline, all BIS, A/R Con. #2,
(278) (146) (146) (5) ) (942) - - - - (845) NOy ports closed

\

NOTE: *NO, Nox, HC, CO and so2 ppm reported on 3% 02. dry basis.

AMr Register Configuration
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reduced CO from 44 ng/J (62 ppm) to 23 ng/J (32 ppm), which was opposite the
effect exhibited by opening the right NOx ports or a combination of right and
left ports. Opening the right NOx ports resulted in an increase in CO to

104 ng/J (147 ppm) and opening right and left ports 50% resulted in an increase
to 107 ng/J (151 ppm). This effect is attributed to flame pattern variations
in the furnace. Air register adjustment, however, allowed the excess oxygen to
be lowered without significantly increasing the CO emission. By adjusting the

air registers, the O, was lowered to 1.8% with the CO measured at 11 ng/J

2
(15 ppm).

Two tests with one burner out of service showed little effect on NOX.
Efficiency--

CO boiler efficiency was calculated using the heat loss method and
the analysis of CO gas and refinery gas as furnished by the refinery. High
stack temperatures resulted in high dry gas losses for the boiler. Efﬁiciency
for the unit ranged from a low of 63.4% to a high of 65.8%. The average
efficiency for the unit with the air registers in a modified configuration
was about 1.2% higher than in the normal or "as-found" configuration--65.5%

versus 64.3%.
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4.5 INTERNAL COMBUSTION ENGINES

‘ Two internal combustion engines were tested: a natural gas compressor
and a diesel electric generator. The following sections describe the equip-

ment and emissions measurements.

4.5.1 Natural Gas Engine, Location 2

Equipment Characteristics--

The test unit was a natural-gas fueled, spark ignited, two-stroke
cycle internal combustion engine located in a natural gas processing plant.
The eight cylinder engine was a natural aspirated engine made by Clark in 1943,
and is rated at 880 hp. Air supply to the engine was controlled by butter-
fly valves located in each intake manifold. Fuel flow to each cylinder was
adjusted with the fuel intake valve. Limited speed control was achieved by
means of a governor on the engine. Load changes were made by varying the
suction pressure on the compressor which the engine was driving. A schematic

of the engine is shown in Figure 4-60.

Engine and compressor instrumentation consisted of eight cylin-
der exhaust temperature thermocouples, engine tachometer, first stage
compressor inlet pressure and temperature, second stage discharge pres-
sure, manifold vacuum, and fuel pressure. These readings were recorded

at each engine setting.

An analysis of the natural gas which was fired was obtained

from the operating company. The gas analysis is presented in Table 4-51.

TABLE 4-51. NATURAL GAS COMPOSITIONM, LOCATION 2

Component Mole percentage
Methane,(CH4) 89.66
Ethane (C2H6) . 3.30
Propane (C3H8) 3.05
Iso-butane (C4H10) 0.87
n-butane (C4Hlo) 1.52
P i o

entane & higher (CSle) 1.60
100.00%
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Figure 4-60. Schematic of the natural gas engine at Location 2.
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special Instrumentation Requirements--

No special instrumentation was required for the testing at this loca-
tion. The engine tested was instrumented to give most operating parameters.
Pressure and temperature gages were installed at the compressor inlet and a
compressor discharge pressure was installed to give load characteristics.
However, fuel flow, air flow and power were not measurable. Sufficient data

were taken to estimate relative power as a percent of baseline.
Gaseous and Particulate Emission Results--

Easeline tests were conducted on the engine operating in the "as-found"
condition. NOx emissions were measured at 976 to 1104 ng/J (1900 to 2150 ppm

corrected to 3% 02, dry) with the engine operating at 12.5% to 12.7% O2
Emissions data are presented in Table 4-52. The high volume cascade impactor
(eight-stage Andersen) was also run at this engine setting but no measurable

particulate was collected so no further particulate tests were scheduled with

this unit.
Visual opacity readings were made and the stack was absolutely clear.
Combustion Modifications--

Combustion modification testing on this unit consisted of load reduc-

tion, speed variation, and engine air and fuel flow variation.

1. Load Variation--Gaseous emissions data were taken and a stack gas

velocity traverse was conducted at each load condition as the engine load ‘was
reduced. The load was varied by reducing the inlet pressure by closing the
valve on the compressor inlet. Normal inlet pressure was 13 psig and the load
was reduced in 1 psig decrements to 10 psig, the lowervlimit. Below 10 psig,
the engine began to pulsate, After the lower load condition, the engine was
reset to the normal operating condition. The effect of load is shown graphical-
ly in Figure 4-6l. The NOx shows a peak, then drops off sharply as load is

increased.
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TABLE 4-52. SUMMARY OF TEST RESULTS
LOCATION 2 - INTERNAL COMBUSTION ENGINE

al
(o]
=1
o
=z
o

Héat - 0

LB

Test | Date | pnpue 2 2 x No* NO co* uc*

No. 1976 | vy (%) (%) {(ppm) | (ng/J) (ppm) | (ng/J) (ppm) (ppm) RPM Comments
2-1A 4/20 3.14 13.8 4.0 - - 1670 858 1075 -- 260 Baseline + impactor
2-1B 4720 3.14 12.7 4.5 | 1988 1021 1626 835 1149 - 260 " "
2-1C 47201 3.14 12.5 4.9 | 1908 980 1906 979 995 - 260 " "
2-1D 4720} 3.14 12.5 4.9 | 1896 974 1800 924 1059 - 260 " "
2-1E 4720 3.14 12.7 4.8 | 2118 1088 1746 897 { 759 - 260 “ “
2-1F 4720 )] 3.14 12.8 4.7 | 2154 1106 1724 885 785 - 260 v "
2-2a 4721 3.11 13.0 4.7 | 2222 1141 1940 996 619 13,500 270 Load variation
2-28 47211 3.28 13.3 4.6 | 2331 1197 1974 1014 639 |14,630 270 “ "
2-2¢C 4721 | 3.19 13.3 4.4 | 2283 1172 1917 984 643 |14,727 275 " .
2-2D 4721 | 3.50 13.3 4.4 | 2180 1120 1800 924 592 }15,330 275 " o
2-2E 4/21 3.17 13.3 4.6 | 2283 1172 1870 960 608 [15,195 275 . "
2-3A 4/22 3.03 13.2 4.8 | 1941 997 1628 836 654 8,025 270 Speed variation
2-3B 4722 3.25% 12.9 5.0 | 1785 917 1480 760 685 5,963 300 . .
2-3C 4722 3.00 13.5 4.6 | 1927 990 1608 826 576 |10,200 250 * »
2-4A 4/22 3.42 13.0 4.7 | 1783 916 1474 757 675 6,750 295 Air adjustment
2-4B 4/22 3.17 13.2 4.4 | 1890 971 1500 770 600 8,769 275 " "

2-5 4/23 3.11 13.3 4.7 | 1572 807 1180 606 725 [11,688 260 Fuel adjustment
2-5B 4/23 | 2.89 13.3 4,7 | 1598 821 1309 672 643 9,818 265 " "
2-5C 4/23 3.25 13.3 4.8 | 1534 788 1216 624 666 8,416 280 " »

*Dry, corrected to 3% 02.
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E% 3

2. Speed Variation--Tests were conducted to evaluate the effect of engine

speed on emissions by adjusting a governor located on the engine. The initial test
of this series was at the "as-found" enginé speed, approximately 270 RPM. The
speed was then increased to 300 RPM and finally decreased to 250 RPM. Gaseous
emissions measurements were made and a velocity traverse by the exhaust stack

was conducted at each setting. No appreciable effect on NO emissions was

observed but HC emissions exhibited strong dependence on engine speed as shown

in Figure 4-62. This is understandable since the major source of unburned
hydrocarbons is due to short circuiting during the scavenging process; and the

amount of short circuiting should be inversely related to the engine speed.

3. Engine Air and Fuel Adjustment--Tests were conducted to determine the

effect of air/fuel ratio on emissions from the engine. For two-cycle engines,
the stack level of oxygen is not an indication of the air/fuel ratio in the
engine cylinders during the combustion process. In this type of engine the
induction and exhaust process occurs in one crankshaft revolution. During a
portion of the cycle, both the intake and exhaust ports are open simultaneously
and fresh charge scavenges out the remaining combustion products from the
cylinder. This short circuiting of fresh mixture during the scavenging process

in effect dilutes the combustion products.

A baseline test (2-4A) was conducted with the engine in the "as-found"
condition. Bair flow to the engine is controlled by eight butterfly valves on
each intake manifold. At the baseline condition, six of these eight valves
were open. The remaining two valves were then opened completely and measure-
ments were made. This resulted (2-4B) in little change in the gaseous emis-
sions and stack velocity, indicating that there must have been little pressure
drop across the valves. Closing the valves to reduce air flow to the engine
and decrease the air/fuel ratio from the baseline condition was not attempted

because it results in overheating the engine cylinder.

The fuel flow to the engine was then decreased in an attempt to
achieve a higher air/fuel ratio. The fuel valve on each cylinder was adjusted
until the engine was just ablé to carry the load. Due to the short circuiting,
it is difficult to assess the resulting change in the air/fuel ratio in the

cylinders since the stack excess oxygen level is not a direct measure of this
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HYDROCARBON EMISSIONS (1000 ppm)

CORRECTED TO 3% 02, DRY

16

o

o Load Variation Tests
14'— e

o
12 —

O
100 o _
O L
‘\\ggi?d Variation Tests
o
O

sl— o —
6 f——— (o) —

0 | [
240 250 260 270 280 290 300 310
ENGINE SPEED, RPM
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parameter. Since the carbon monoxide and nitric oxide emissions remained
essentially constant, it appears that the air/fuel ratio was not greatly
altered (see test 2-5B). The fuel valves were then returned to their normal
position and an attempt was made to reduce the fuel flow by reducing the gas
manifold pressure from the normal setting of 269 kPa (39 psig) to 221 kPa

(32 psig). The carbon monoxide and nitric oxide emissions indicated that the
air/fuel ratio did not change (test 2-5C). The changes in the unburned hydro-
carbon emissions (tests 2-5B and C) appeared to be due to changes in mixture

short circuiting with engine speed as opposed to changes in air/fuel ratio.

It is also worth noting that this particular engine is operating
with a fairly lean air/fuel ratio in the cylinders. The hydrocarbon
emissions originate from two sources (1) unburned hydrocarbons remaining
after the combustion process, and (2) "short circuiting” during the
scavenging process, with the latter being predominant. The major source
of carbon monoxide is'the combustion process and thus can be used as an
indication of the air/fuel ratio in the chamber. The low carbon mono-
xide emission leveis for this engine indicate that the engine is operat-

ing with a fairly high air/fuel ratio relative to stoichiometric.
Efficiency--

The efficiency of the internal combustion engine under baseline and
modified operating conditions was calculated. No instruments werevavailable
for recording fuel and air input flow rates, or compressor power. A velocity
and temperature traverse was made across the engine exhaust duct to determine

exhaust gas flow rate.

The power delivered by the compressor was taken as f pdv. This
can be written as MEP * AV where MEP is the compressor mean effective
pressure and AV is the piston displacement. The time rate of AV, in
turn, is directly proportional to the compressor (and engine) RPM.
Reference 7 indicates that the value of MEP is a function of the com-
pressor inlet and discharge pressures, both of which were measured. If
it is assumed that the compressor efficiency is constant, then the pro-

duct MEP * RPM is a measure of the engine output (load).
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Figure 4-63 is the resulting reduced data depicting the variation in
engine efficiency (with respect to the baseline) as a function of RPM for a
constant load. It is noted that the design RPM (260) yields the highest

efficiency for this load.

Figure 4-64 presents engine efficiency as a function of load for
constant values of RPM. The trend noted will probably be reversed at larger
Qalues of load; i.e., the efficiency will peak and then decrease as the load

continues to increase.
Conclusions=--

NOx concentrations for the IC engine tend to be quite high relative
to other combustion devices except cement kilns. Fuel adjustment, air
adjustment, and speed variation had little effect on the Nox emissions from
near 2000 ppm for baseline tests to about 1600 ppm for the final fuel adjust-
ment tests. This would appear to be a 20% reduction of NOx. However, there
appeared to be a day-to-day shift in emissions that could not be attributed
to any specific variable, indicating some possible influence other than the

parameters measured.

Retarding the spark firing point has been indicated as a means by
which NOx can be reduced in reciprocating engines. The engine ﬁested at
Location 2 had the spark set at 3 to 4 degrees before top dead center. The
operators would not allow any adjustment because the engine had two magnetos,
one for each four cylinders. Each magneto would have to be adjusted separately.
A ﬁismatch in the setting could cause engine operation or maintenance problems

not warranted for a temporary test.
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4.5.2 Diesel Engine, Location 15

Equipment Characteristics--

The diesel engine tested at Location 15 was a 4-stroke cycle caterpillar

turbocharged-aftercooled engine. The engine specifications are:

Number of cylinders v-12
Bore and stroke, mm 159 x 203

inches 6.25 x 8.00
Piston displacement, liters 48.3

cu.in. 2946

Compression ratio 15.5:1
Full load speed 60 Hz, 1200 RPM
Fuel type No. 2 diesel

The diesel engine drives a generator to supply power to an educational

facility. The generator ratings are:
Y g g 60 Hz at 1200 RPM

kW at 0.8 P.F. (w/o fan) 600

Kva 750

Voltages available : 125/216
230-460
2400

Phase 3 '

Wire and Connection 10, Wye

Emissions Sampling--~

Figure 4-65 is a block diagram of the engine inlet air-to-stack flow
path. Gaseous emissions measured were NO, NOX, Co, HC, 502, and 02. The
samples were taken in the stack and a single heated sample line was used to
transport the sample to the mobile laboratory. Method 5 particulate, cascade
impactor, wet chemistry SOX, and trace species and organics sampling were
conducted at the same point. A summary of the test data is presented in

Table 4~53, and Table 4-54 shows the fuel analysis.
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TABLE 4-53. SUMMARY OF TEST DATA AT LOCATION 15 - DIESEL ENGINE
Elec. sot w:; (;h.:m;(s)t_xr'y Total Solid Stack
Heat {[Output N not net co* 2 2 3 Partic. Partic.| Temp.
Date Input Load 02 002 ng/J ng/J ng/J ng/J ng/J ng/J ng/J ng/J X Eff. | Smoke
Test No, | 1977 My sy 1(3) (R)_{(ppm) | (ppm) {ppm}) (ppm) | (ppm) ! (ppm) | (1b/MMB)] (1b/MMB)| (°R}) (%) Spot Comments
15-1 4a/7 1.2 0.38 [10.5 {7.9 | 904 10 33 93 - - - - 32.8 As-found - med. load
(1611) {54) (96) (119)
15-2 4/8 0.2 0.1 {15.8 |4.2 | 660 220 269 226 - - - - 26.3 5 Low load
(1177) } (1127) (789) (290)
15-3 4/8 0.6 0.19 {13.3 |5.6 | 813 54 89 118 - - - - 30.2 4.5 | Load variation -
(1445)1 (276) (262) (151)
15-4 4/8 0.9 0.30-{11.3 [7.3 | 817 8 40 97 -- -- - - 32.8 3.0 | Load variation
1456) (41) (119) (124)
15-5 4/8 1.2 0.39 {10.6 (7.8 | 838 6 38 86 - - - - 33,1 3.0 | Load variation
1494) (31) (111) (110)
15-6S 4/12 1.5 0.5 9.6 [8.6 | 797 13 29 130 97 9 -— - 664 33.4 - SO_ test
a2y} 6n) 65 | nen| a2 faz (736) x
15-6P1 4/13 1.5 0.5 9.4 |8.7 | 805 15 29 87 - - 32.1 12.3 642 33.4 2.5 | Particulate and impactor
1434) (75) (86) (111) (0.0746) (0.029) (695)
15-7 4/14 1.5 0.5 9.6 (8.6 | 762 11 33 130 -~ - - - 620 33.4 Maximum aftercooling
1358) (56) (98) (167) (657)
15-8 4/14 1.2 0.4 }10.1 {8.2 ] 732 12 30 125 -- -- - - 618 33,0 Maximum aftercooling
(1304) (59) (88) (160) (652)
15-9p 4/1S 1.2 0.4 110.0 |8.3 ] 735 9 13 126 ~— - 48.9 12.4 616 33.0 2.5 | Baseline particulate
1311) 47) {96) (161) 0.114) (0.029) (648)
15~91,8 § 4/15 1.2 0.4 {10.1 8.2} 746 11 30 128 124 12 -— - 640 | 33.0 2.0 | paseline SO , cascade
(1330) (58) (89) (164){ (159) | {(16) (692) impactor
15-10 4/19 1.2 0.4 {10.1 |B.2 ] 768 12 10 137 - .- - 6.4 646 33,0 TS&O Test No. 1
(1369) (64) (88) (175) (0.015) (702)
15-11 4721 1.2 0.4 {10.3 [8.1 | 789 8 30 137 - -- - 6.4 650 | 33,0 TS&0 Test No. 2
(1407) (44) (88) (176) (0.015) {(710)
*Calculated based on fuel analysis
1.ppm values reported as dry, corrected to 3% O



TABLE 4-54. LOCATION 15 FUEL ANALYSIS

Test No. 15-10 15-11
Date 4/19/77 4/21/717
Fuel Type No. 2 0Oil No. 2 0il
Carbon, % 86.95 '85.70
Hydrogen, % 12.79 12.65
Nitrogen, % 0.008 0.008
Sulfur, % 0.28 0.24
Ash, % < 0.001 < 0.001
Oxygen (by difference), % 0.0 0.40

API Gravity at 60 °F 37.4 37.3

Heat of Combustion

Gross, kJ/kg 45 400 45 120
(Btu/1b) (19,520) (19,400)

Net, kJ/kg 42 680 42 450
(Btu/1b) (18,350) (18,250)

Baseline Tests--~

Baseline gaseous emissions were measured with the engine in the "as-
found” condition. The baseline load was approxiﬁately 0.4 MW. Tests were con-
ducted at up to 0.5 MW but the electrical demand at the facility did not allow
steady operation at power outputs in excess of 0.4 MW. Therefore 0.4 MW was
selected as baseline. Baseline &o emissions were 905.4 ng/J (161l ppm). Baseline
NO emissions were calculated to be 6.6 g/HP-hr (8.8 g/kW-~h) based on engine
specifications and actual operating conditions. Data from the engine manufac-
turer listed NO emissions at 3.7 g/HP-hr (5.0 g/kW-h) at the baseline load

condition.
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Combustion Modifications--

The effect of engine load and inlet air temperature were evaluated
and the test results are presented in Table 4-53. The effect of engine load
on-ﬁo emissions is shown in Figure 4~66. Engine load was reduced from the
baseline load of 0.4 MW to 0.1 MW in 0.1 MW increments. At the low load
condition (0.1 MW), the NO showed a 27% reduction from the "as-found" con-

dition.

The effect of reduced inlet air temperature on NO emissions is also
shown in Figure 4-66 but is shown more clearly in Figure 4-67. NOx was found
to decrease with reduced inlet air temperature. The decrease in NOx was about
8 ppm per K (4.4 ppm per °F) reduction in inlet air temperature with a total

7% reduction over the temperature range tested.
Particulate Size Distribution and SOx Testing--

Two tests were conducted to measure the total particulate from the
diesel engine firing No. 2 diesel fuel at two load conditions. Both tests

were performed using the EPA Method 5 to measure total particulate.

At a load of 0.5 MW, the total particulate measured was 32.1 ng/J
(0.0746 lb/lO6 Btu) and solid particulate was 12.3 ng/J (0.029 lb/lO6 Btu) .
When the load was lowered to 0.4 MW, the total particulate measured increased
to 48.9 ng/J (O.114 lb/lo6 Btu) and solid particulate was unchanged--12.4 ng/J
(0.029 lb/lO6 Btu).

Wet chemistry SOx tests were conducted at loads of 0.5 and 0.4 MW

using the Shell-Emeryville method. At 0.5 MW, the SO, measured was 97 ng/J

2

(124 ppm) and SO3 was 9 ng/J (12 ppm). The measured SO, at 0.4 MW was

2

124 ng/J (159 ppm) and the SO3 was 12 ng/J (16 ppm). 502 measured with the

DuPont Model 400 502 analyzer was 130 ng/J (167 ppm) and 128 ng/J (164 ppm)
for 0.5 and 0.4 MW, respectively.

Particulate size distribution was measured at both 0.5 and 0.4 MW
loads. An Anderson 2000 high~temperature cascade impactor was used to collect
the particulate sample. The particulate size distribution for each load is
presented in Fiqure 4-68. At 0.5 MW load, approximately 53% of the impactor
catch was 3 um diameter or smaller. At 0.4 MW, approximately 82% of the

impactor catch was 3 um or smaller.
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Trace Species and Organics Tests--

Two trace species and organics (TS&0) tests were conducted on the
diesel engine at Location 15. The two tests were replicated at the low NOx
load condition. The TSs&O sampling point was in the engine exhaust stack on
the centerline. The sampling conditions for the two tests are summarized

in Table 4-55.

Results of the sample analysis are summarized in Table 4-56, Detailed
data are contained in Appendix F, Tables F~67 to F-76. Of the 26 species to
be identified all but antimony, lead and mercury were detected in the exhaust.
Only six species could be detected in the diesel fuel: calcium, manganese,
zinc, fluoride, nitrates and sulfates. Table 4-57 shows the fuel input and
stack output flow rates. The mass balances were less than unity except for
nitrates in the first test (15-10). Mass balances were within a factor of
two only for calcium (test 15-10) and manganese (both tests). Manganese
emissions were higher during the first test; apparent from both the fuel input
and SASS measurements. Emissions of zinc were nearly the same for both tests

but zinc was below detection in the fuel for the second test.

No solid particulate was collected in the cyclones during the two

tests; all material was in the filter, organic module or impingers.

Specific POM's identified (Table F-76) in the XAD-2 resin included
anthracene, phenanthrene, methyl anthracene, fluoranthene, benzo (c)phenanthrene,
chrysene, benz(a)anthracene, methyl chrysenes, benzo fluoranthenes, benzo(a)-
pyrene, and benz(e)pyrene. AaAnthracene and methyl anthracenes were the
predominant compounds. Only four.compounds were detected in the organic
module wash: anthracene, fluoranthene, chrysene, and benzo fluoranthenes.

Of these,chrysene was highest.
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TABLE 4-55.

TRACE SPECIES AND ORGANICS

SAMPLING CONDITIONS - LOCATION 15 DIESEL ENGINE

TS&0 Run No. 1 2
Test No. 15-10 15-11
Date 4/19/77 4/21/77
Port Location G (6") G (&™)
Velocity, m/s (£/s) 11.9 (39) 12.8 (42)
Stack Temp., K (°F) 485 (414) 486 (415)
Oxygen Content, % dry 10.1 10.3
Moisture, % 5.6 5.9
Sample time, min. 300 300

Cyclone Flow, awcmm {(awcfm)
Isokinetic Rate, %

Oven Temp., K (°F)'

XAD-2 Temp., K (°F)

Meter Temp., K (°F)

Nozzle sSize, mm (in.)

No. Filters Used

Sample Flow, Dry,

scmm (scfm)

leume Collected, Dry, scm (scf)

Particulate weight, g

Solid Particulates, ng/J (lb/MMBtu)

0.103 (3.64)
114
479 (403)

291 (64)

298 (77)

12.7 (0.5)

1

0.059 (2.08)
17.55 (624.1)
0.2367

6.43 (0.0149)

0.105 (3.72)
108
482 (408)
290 (61)

302 (83)
12.7 (0.5)

1

0.060 (2.12)
18.00 (635.8)
0.2364

6.39 (0.0149)
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TABLE 4~56. TRACE SPECIES AND ORGANIC EMISSIONS
DIESEL ENGINE, LOCATION 15

. . 3
Species Concentration, Hg/Nm

Sampling Stack Exit Stack Exit
Location

Test No. 15-10 15-11
Antimony <‘36O < 360
Arsenic 4.1 47 < 49
Barium < 34 830 < 890
Beryllium 3.9 < 5.6 < 5.6
Cadmium 3.6 <4.1 2.6 <3
Calcium 1000 160 < 780
Chromium 140 46
Cobalt 0.43 < 68 6.1 < 72
Copper 9.7 <11 19 < 24
Iron 510 140 < 150
Lead < 32 . <12
Manganese 30 6.7 < 7.2
Mercury <1.8 <1.8
Nickel 120 3.7 < 56
Selenium 22 < 23 5.4 < 14
Tellurium < 300 < 290
Tin < 740 < 720
Titanium < 1500 < 1500
Vanadium < 110 < 110
Zinc 74 89
Chloride 1100 1200
Fluoride 68 < 74 47 < 56
Nitrates 480 13
Sulfates 1300 270 < 670
Total POM < 0.9 < 0.92
Total PCB <9 <9
For Additional F-67 F-73
Data, see Tables to to
Noted in Appendix F F=-72 F=-76

See Table F~1 for explanation of table values.
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TABLE 4-57.

DIESEL ENGINE, LOCATION 15

TRACE SPECIES MASS BALANCES,

Tast 15-10 Test 15-11

Fuel Stack Mass Fuel Stack Mass

Input Output, Balance, Input Output, Balance,

ug/s ug/s out/in ug/s ug/s out/in
Calcium 790 580 0.73 790 93 < 450 0.12
Manganese 26 17 0.65 7.9 3.9 < 4.2 0.49
Zinc 260 43 0.17 < 13 52 > 4
Fluoride 330 39 0.12 360 27 < 33 0.075
Nitrates 52 280 5.4 210 7.6 0.036
Sulfates 1200 450 0.38 1300 160 < 390 0.12
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4.6 GAS TURBINES

Two gas turbine combined cycle systems were tested. A combined cycle
consists of a gas turbine and a steam boiler. The gas turbine exhaust is used
as the combustion air for the boiler. The boiler therefore recovers waste

heat from the gas turbine exhaust.

4.6.1 Combined Cycle Gas Turbine, Location 7/3

Equipment Characteristics—-

The combined cycle unit at Location 7 includes a General Electric
12.5 MW gas turbine supplying combustion air to the windbox of a fired boiler.
The boiler is a 150 MW (233,300 kg steam flow/hr or 515,000 lb/hr) B&W unit
which is capable of using either gas turbine exhaust or forced draft fans for
combustion air. BAll tests conducted during this program were with combined
cycle operation and firing gas fuel. The boiler has eight burners, 2 rows of

4 burners each, which fire refinery gas under normal operating conditions.

Emissions Sampling--

Measurements were made in the gas turbine exhaust (boiler combustion
air) and in the boiler exhaust duct. The instrumentation laboratory was set
dp so that simultaneous measurements were taken of the gas turbine exhaust
and the boiler flue gas. Gas turbine exhaust measurements were made in the
duct connecting the gas turbine with the boiler windbox and boiler flue gas
was measured in the duct between the boiler and stack. The heated sample

line was connected to the boiler flue gas duct so that HC, SO and NOX are

51
measured only at the boiler exit. The initial traverse of the GT exhaust duct
showed no gradients in gas composition across the duct, so a single probe with
an unheated sample line was used to sample the GT exhaust. The boiler exhaust,
however, showed significant variations in composition across the duct due to
windbox design, so six probes were installed (one with heated sample line) to

assure a representative sample. Some difficulty was encountered in obtaining

stable load conditions due to turbine generator problems.
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Baseline Emissions-—-

Table 4-58 summarizes the results of emissions tests on this unit.
The fuel analysis is presented in Table 4-59. Baseline NOx emissions from
the gas turbine at 10 MW were 96.9 ng/J (190 ppm, 3% 02) and from the boiler
at 91% of rated steam flow were 59.2 ng/J (118 ppm, 3% 02). The heat input
for "Joules" in ng/J is based only on the gas turbine fuel for gas turbine
emissions but is based on the total fuel to both gas turbine and boiler for
the boiler exit emissions. The gas turbine fuel heat release was 20.7% of the
total fuel heat input. Therefore, the NOx mass flow from the gas turbine was
increased by 200% in the boiler. Total particulate emissions from the boiler

stack were 20.8 ng/J (0.0048 lb/lO6 Btu).
Combustion Modifications—-

In the as-found condition, all boiler burner registers were 60% open;
appreciable amounts of CO were measured. Combustion modifications performed
on the boiler consisted of air register adjustments and removal of one of the
eight burners from service. Air register adjustment reduced boiler stack CO
from 401 ppm at baseline to 12 ppm but increased NOx by 8%. Removal of the
burner (No. 5) from service decreased boiler stack NOx by 14%. These NOx
changes correspond to a 156% increase in NOx mass flow in the boiler. Com-
pared to the baseline test, there was a 22% decrease in NOx formed in the
boiler.

The combined cycle unit exhibited large gradients in O2 concentration
and high CO levels in the "as-found" condition due to the windbox design. The
tests showed that air register adjustment can improve the CO problem at higher

loads and eliminate CO at lower loads.
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TABLE 4-58.

SUMMARY OF GASEQUS EMISSIONS DATA - LOCATION 7

PETROLEUM REFINERY COMBINED CYCLE GAS TURBINE

Heat Elec. Heat Steam . - -
Date Input Output 2 COZ NO co Input Qutput 2 ('02 Nox NO» HCY co~ 502
Test No. 1977 Mo el (%) () (ppm) (ng/J) (ppm) Md Mg/h (8) (W) (ppm)  (ng/d)  (ppm) (ng/J) (ppm)  (ppm) | (ppm) Comments
Turbine Exhaust Measurements Boiler Outlet Measurements
1/3-1 1/26 43.1 10 17.% 1.9 190 96.9 82 159.0 213 5.9 8.5 118 59,2 119 59.7 12 401 0 Baseline-particulate
test
7/3-2A 7/27 44.3 10 17.7 1.9 475 242 87 {169.9 216 4.9 9.9 122 61.2 118 59.2 4 783 2 Basellne-registers
60% open
7/3-28 /27 44.3 10 17.5 2.0 208 106 51 172.7 218 5.0 9.5 106 53.1 104 52.1 0 3le 2 Register 5 100% open
All others 60% open
7/3-2C 1/27 46.9 11 17.2 1.9 190 96.9 129 178.3 229 4.3 10.1 106 53.1 106 53.1 17 334 2 Registers 1, 5 & 6} o
100% open ]
Registers 2, 3 & 4 R
60% open 3
7/3-2D 7/28 49.6 13 17.0 2.1 220 112 22 150.8 204 5.5 8.2 128 64.2 127 63.7 14 12 0 Reyisters 1, 5 & 6
100% open
Registers 2, 3 & 4
60% open
7/3-2E 7/28 52.8 14.5 16.8 2.1 216 110 21 153.2 205 5.4 .9 121 60.9 119 59.7 1 115 0 Registers 60% open
7/3-3A 7/29 48.5 12.5 17.0 2.0 207 106 45 169.9 224 4.2 9.2 110 55.0 106 53.1 22 >2000 6 Baseline- registers
60% open
7/3-38 7/29 50,1 12.2 17.5 1.9 226 116 26 169.9 222 4.5 9.2 135 67.5 129 64.7 6 >2000 No. S register 80%
open; All others
60% open
7/3-3C 1/29 48.9 12.0 17.0 1.9 202 103 45 158.8 213 4.8 8.6 102 51.0 103 51.6 2 >2000 0 No. 5 BOOS, register
No. 5 80% open
All others 60% open
7/3-3D 7/29 54.8 12.2 17.0 2.0 193 98.5 45 167.1 224 4.2 9.5 110 55.2 109 54.6 2 300 4 Registers 1, 2 & 5

80% open; 3, 4 & ©
60% open; all burners
in secrvice

*All ppm values reported on dry, corrected to 3% 02 basis.
Particulate: 0.048 1b/106 Btu, 20.78 ng/J test 7/3-1 only, 0% opacity.




TABLE 4-59. SUMMARY OF FUEL GAS CHROMATOGRAPHIC ANALYSES
FOR COMBINED CYCLE AT LOCATION 7

Test No. 7/3-1 7/3=2

Date 7/26/76 1/27/76
H, 39.5 38.4
N, 1.8 2.3
co, 0.7 0.7
c; 38.9 41.0
c, 6.4 6.7
c,= 1.0 1.7
c, 7.5 5.2
c,= 1.7 1.9
ic,. 1.0 0.8
nC, 0.9 0.8
ic,= 0.1 0.2
icg 0.1 -
nCS - -
C= 0.4 0.3
Ce" - o
Heating MJ/m3 35.4 34.2
Value (Btu/cf) (953) (912)

Note: All values reported on a volume percent basis.
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4.6.2 Combined Cycle Gas Turbine, Location 8

Equipment Characteristics--

The test unit at Location 8 was a combined cycle gas turbine unit used
for plant power generation. The gas turbine was a refinery gas fueled unit
made by General Electric and rated at 35.46 MW. The gas turbine exhaust was
used for combustion air for the supplementary fired boiler. The boiler was a
Babcock & Wilcox unit rated at 200 MW (1,538,000 lb/hr or 697 505 kg/hr). Engi-

neering data for the boiler are presented-as follows:

Steam capacity 697 500 kg/hr (1,538,000 1lb/hr)
Design pressure 120.6 MPa (1,750 lb/inz)
Operating pressure 105.1 MPa (1,525 lb/in2)
Furnace volume 1753 m3 (61,900 cu ft
Furnace width 12 m (39'-0")

Furnace depth 7.3 m (24'-0")

—

The boiler has 16 burners, 4 rows of 4 burners each. Combustion air can be
supplied by the gas turbine exhaust, forced draft fan or a combination of the
two. A schematic of the unit is presented in Figure 4-69.

Emissions Sampling--~

Measurements were made in the gas turbine exhaust (boiler combustion
air) and in the boiler exhaust duct. The instrumentation laboratory was set
up so that simultaneous measurements were taken of the turbine exhaust and the
boiler flue gas. Gas turbine exhaust measurements were made in the duct
connecting the gas turbine with the boiler windbox and boiler flue gas was
measured in the boiler stack. The heated sample line was connected to the

boiler stack so that HC, SO and NOx are measured only at the boiler exit.

27
The initial traverse of the GT exhaust duct showed no gradients in gas composi-
tion across the duct, so a single probe with an unheated sample line was used
to sample the GT exhaust. Six sample probes were installed in the boiler

stack to assure a representative sample. These lines were unheated.
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Particulate tests werxe cbnducted at the baseline condition with the
boiler firing refinery gas and also with 10 of 16 burners firing No. 2 oil.
" Smoke spot and opacity readings were made when the unit was firing oil.
Plume opacity readings indicated a clear stack on oil. Table 4-60 summarizes
the results of the emission tests on this unit. Fuel gas samples were taken

during the testing and an analysis of the composition is given in Table 4-61.
Baseline Tests--

Baseline conditions for the gas turbine at 27 MW, 17.0% O2 were
83.8 ng/J (166 ppm NO corrected to 3% 02, dry basis). Boiler emissions at
baseline conditions of 4-9X105 kg/hr (1-08x106 1b/hr) steam flow, 1.9% 02,
were 52.0 ng/J (103 ppm, NOx corrected to 3% 02, dry basis). On a mass flow
basis the NOX mass flow increased by 195% in the boiler. These levels are
nearly identical to the petroleum refinery combined cycle system discussed
above. When the boller was switched to No. 2 oil the total NOx emissions
increased to 64 ng/J (114 ppm, 3% 02) or a 213% addition to ﬁox mass flow over
the gas turbine emission rate. Particulate emissions were 4.68 ng/J (0.0109
lb/lO6 Btu) when firing gas and 10.7 ng/J (0.0249 lb/lO6 Btu) when firing

0il in the boiler.

Combustion Modifications--

The combustion modification tests on the combined cycle unit consisted
of air register adjustments and burner out-of-service tests while firing gas
fuel. Air register adjustment did not result in lower NOx emissions. Several
burner patterns were tried with burners out of service. A 12% reduction in
NOx resulted from two burners out of service with the registers in the normal
position. With four burners out of service (no load change) and the fresh

air damper closed, the NOx was reduced approximately 38%.

The design of gas turbine engines does not allow for field combustion
modifications. However, where the gas turbine exhausts through a fired waste
heat boiler, the opportunity exists to reduce total emissions through combus-
tion adjustments of the boiler. For this test, the gas turbine generated NO,
was about 33 kg/h (73 lb/hr). Total baseline NOX emission was about 98 kg/h
(216 1lb/hr) or an additional 65 kg/h (143 1lb/hr) added by the boiler. At the
low NOx condition, gas turbine NOX was still 33 kg/h, but total NOX was reduced
to 61 kg/h (134 lb/hr). While the total NOX was reduced by 37%, the boiler-

enerated NO w d d 56%.
g < as reduced by 56 513
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TABLE 4-60. SUMMARY OF EMISSIONS FOR LOCATION 8 COMBINED CYCLE GAS TURBINE
Boiler E__.l
Heat G2 Tuebine Heat tack [Bacharach
Test Date Input Load o, | co NO co 021 €O NOy NO HC co 502 Particulate® Input load } Temp Smoke
No. La9r6) ! wmw wi | ofl of [Gem [ maza| tepm) | (0| _(0) [pm] (ng731 1 tppm | (ngza) |(ppmi § (ppnd (ppmi F1n710%0ed Ing/1] i | (Ma/b)] (k) | Spot Comments
8-1 8/2 114 27 17.0] 2.0 166 | 83.8 9 1.9]10.2] 103 | 52.0 ] 102 | 51.5 1 5 0 0.0109 4.68 406 490 492 - Baseline ~ particulate
8-2 8/3 118 28 17.011.9]166 | 83.8 | S8 3.3} 9.8} 108 | S54.5 105 | s3.0 1 8 [0} - 391 470 494 - AMr register adjustment
8-3 8/3 117 27.8 J17.0] 2.1 | 157 § 79.3 36 2.7{10.7| 91 | 45.9 92 | 46.4 3 4 2 - 391 470 492 - BOOS (1 & 4)
M Air registers normal

8-4 8/3 114 27.1 J17.0}§ 2.0 162 { 81.8 36 3.0|10.1} 96 | 48.5 95 | 48.0 3 S 1} - 406 490 493 -- BOOS (6 & 7)

Air registers normal
8-5 8/3 113 26.9 117.0] 2.01171 ] 86.3 | 22 6.3 8.0] 116 | 58.6 112 | S€.5 [o] 4 [} - 383 460 512 - BOOS (1,4,6 &7)

Fresh air damper S0% open
8-6 8/3 117 27.8 |17.04 2.1 1166 | 83.8 | 54 2.2]10.9] 108 | 54.5 | 106 | S$3.5 [o] ? [} - 406 490 493 [ Baseline
8-7 8/4 122 28.9 [17.0]2.0]166 | 83.8 | 49 2.4110.4] 104 | 52.5 10} | s2.0 3 6 [} - 414 500 493 -- Baseline
8-8 8/4 117 27.9 [17.0j2.0]166 | 83.8 | 27 3.5]10.2| 104 | 52.5 102 | S1.5 2 7 [} - 391 470 492 - BOOS (2 & 3)
8-9 8/5 105 25.0 [17.0] 1.8 ] 144 2.7 36 6.8]11.2] 114 | 64.0 95 | 51.3 4 6 7 0.0249 [10.7 kL:1:) 470 507 2.5 Baseline -~ Cold line only

Turbine on gas; boiler on
8-10 | 8/6 118 28.0 16.9]12.1}130 | 65.6 | 22 2.0]10.8} 101 { 51.0 | 100 | S0.5 6 8 [ - 406 490 493 -~ Baseline oil
8-11 | 8/6 117 27.9 17.0¢§2.1] 157 79.3 | 36 2.1|10.6| 64 32.3 63 | 31.8 6 - 406 490 493 BOOs (1,4,6,7)

Fresh air damper closed

NOTES: 1. zil‘testzlvere with refinery gas fuel except Test 8-9 for which the turbine was still firing refinery gas but the boller was
ring oil. .
2. ppm values for NOx, NO, CO, HC, and SO2 are corrected to 3% 02, dry basis.
3. Burner pattern:

O&0OR Qe O=
O50=0~0w
Cz050e 0~
0z00On O~

*Opacity was zero during particulate tests.



TABLE 4-61. FUEL GAS ANALYSIS - LOCATION 8

Component Concentration - Mole %
Methane 77.65
Ethane . 1.89
Propane 0.76
Iso-butane 0.16
N-butane 0.24
Pentanes 0.03

C6+, 0.09
Ethane 0.67
Propene 0.11
Nitrogen 0.28
Carbon dioxide 0.81
Hydrogen ' 17.31
Higher heating value 33.9.MJ/H13

* 910 Btu/CF

Analysis performed by mass spectrometry method.
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SECTION 5.0

RECOMMENDATIONS

The combustion modification and emission measurement tests conducted
in this program have provided a basis for recommendations for the purposes
of planning future research. These recommendations concern areas of investi-
gation that were outside of the scope of the current program, but are con-
sidered essential to the objective of reduced emissions from industrial com=-
bustion equipment. Most of the suggestions are logical extensions of the
completed work and are concerned with combustion modifications that require
more extensive hardware alterations than were possible in the existing

contract.'
5.1 AREAS REQUIRING ADDITIONAL WORK

The survey of emissions data and literature (Appendix A) indicates
that the major industries with high emissions are petroleum refining, wood
products, cement, chemicals, and metals. Not all of these industries are
desirable candidates for additional combustion modification work since the
total emissions may be fragmented among many individual devices of different
design. This is particularly true in the chemicals industry. Thé most cost
effective approach is to concentrate on devices that make up a large segment
of their industry's emissions and are somewhat adaptable to combustion con-
trol. Consideration should be given to process heaters, wood/bark boilers,
cement kilns, and metals producing furnaces. The major emphasis should
also be on devices where existing technology is not totally adequate; i.e.,
where combustion modifications were of limited effectiveness in the current

program and where new approaches and technology development are required.

Process heaters were estimated to be highest in annual Nox emissions
from the sources considered. Cement kilns are high in Nox, Sox, and parti-

culates although the latter two emissions are process or fuel related and

difficult to control with combustion modifications. Wood boilers are also
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high in Nox emissions and there is reason to believe that current NOX control
technology for boilers will be difficult to apply tc these devices. The
metals producing industry has more fragmented emissions among several devices
such as furnaces, smelters, heat treat ovens, etc. However, soaking pits

and reheat furnaces are estimated to contribute a major portion of the NOx

emissions from steel making operations.

The industrial combustion devices requiring the most attention
initially are process heaters. Their energy use is large and their emissions,
particularly NOx, on an annual basis are significant. Most important, the
natural draft refinery heaters do not lend themselves readily to conventional
combustion modifications where significant emissions reduction can usually —
be achieved by operational changes that modify the firing practice. Hard-
ware configuration and process constraints have prevented the successful
application of fuel-rich firing modes with burners out-of-service or over-
fire air ports. Low excess air firing has met with limited success and more
sophisticated methods such as flue gas recirculation were not possible since
units were not available with these provisions and hardware modifications
were outside of the scope of the current study. Natural draft units pose
specific contraints in terms of air control mixing and draft requirements
that inhibit the application of low-NOx modes.  However, based on American
and Japanese development efforts, significant emissions reductions may be

possible in many cases by relatively minor burner hardware modifications.

The success of these low NOx and low excess air designs suggests
that significant NOx reductions may also be possible on a retrofit basis
' for existing units. Although process heaters are of primary concern,
similar conditions exist with kilns and furnaces where minor hardware
modifications may well be the most cost-effective approach to emissions

control through combustion modification.
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5.2 RECOMMENDED PROGRAM OBJECTIVES

A Phase II effort is recommended to follow the current indus-

trial combustion devices program with these additional objectives:

1. Define and evaluate combustion modification concepts
requiring relatively minor hardware modifications to
control emissions on four major combustion device
categories.

2. . Examine the process constraints that may inhibit the
application of these concepts and select the approaches
showing the most promise.

3. Demonstrate the feasibility of the concept for retrofit
applications by conducting subscale reduced emissions
demonstration tests.

4. Establish the cost/benefit factors of candidate combus-
tion modification concepts from an emissions, fuel -effi-
ciency, and operations impact standpoint.

5. . Conduct full-scale combustion modification demonstration
tests in the field on units made available by cooperating
industries.

6. Evaluate emissions and operational performance data in

combination with cost/benefit analyses to recommend an
approach (or priority of approaches) for a given combus-
tion device.

7. Prepare a final engineering report that documents the
engineering development of the recommended combustion
concepts in a manner that will maximize technology
transfer to the relevant burner and process equipment
manufacturers.

5.3 PROPOSED PROGRAM SCOPE

The recommended Phase II program differs from the completed program
by involving hardware modifications that would require more time and funds
than are currently available. This is not a fundamental combustion or hard-.
ware development program since a majority of the concepts to be examined will
fall in the category of retrofit burner modifications. The most complex task

proposed is that of instituting flue gas recirculation on a process heater
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which admittedly will require some extensive duct modifications. In most
cases, the modifications considered will concern optimization of existing
design parameters to minimize NOx and can be implemented in most cases with

relatively minor equipment substitutions.

The first major element of the recommended program is the feasibility
demonstrations at the subscale level which could best be performed in coopera-
tion with a major burner manufacturer. The purpose for these demonstration
tests is two-fold. It provides a proving ground for a combustion modification
concept prior to its use on a full-scale field unit which is committed to a
process. It also allows the engineering persénnel and -the burner manufacturer
to optimize the approach so that they can speak with confidence when approach-
ing industries to provide units for modification. The latter is the key
to the success of the program; commercial industry will be more receptive
to an emissions reduction concept if it has been proven on a full-scale
process. In the same manner, individual industries are more willing to
provide a production unit for demonstration of a combustion concept if it
has been developed previously on a smaller scale. For these reasons, fhe
subscale feasibility demonstrations are considered a major part of the program.
While ‘they ére taking place, it will also provide sufficient time to acquaint
potential host equipment owners with the objectives of the program and to

solicit their cooperation in providing volunteer units.

The second major element of the recommended program is the field
demonstration tests to confirm the effectiveness of the candidate NOX control
concepts on full-scale operational units. The objective is not only to
demonstrate the feasibility of the concept on a specific unit design, but
also to show that the concept has a wide range of application by additional
tests on other basic combustion device configurations. The added experience
with more than one unit will provide a broader base of understanding and
emissions data concerning the modification and will also increase industry's

ability to adopt new emissions control technology.
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5.4 TECHNICAL APPROACH

Combustion modification and emission measurement tests are essential
to the objective of reduced emissions from the four major categories of
combustion devices recommended for the Phase II program. Process heaters
were identified as one of the largest contributors and also as one with
design configurations that made it difficult to apply existing modified
firing practice methods that have proven attractive on industrial and utility
boilers. To illustrate the technical approach that should be followed in
Phase II, the process heater category was selected for a more detailed dis-
cussion of candidate combustion modification concepts. A final technical
scope of work should contain a similar attention to .concepts attractive for
kilns and furnaces. The primary intention is to indicate the type of
modified combustion concepts that could be considered, recognizing that

these ideas are preliminary in nature.

5.4.1 Background on Process Heater Combustion Modifications

The application of combustion modification methods to process heaters
for emissions reduction is more‘difficult than it is on industrial or utility
" boilers because of several basic differences in design configurations. One
of the major limitations in combustion control on process heaters is the
fairly widespread use of natural draft designs. Total pressure drops through
the heater and across the burner are quite small (v 125 Pa, 0.5" HZO) and any
air flow adjustment or modification, that creates a positive pressure in the
top.of the heater could result in casing leaks and structural damage to the
unit. In addition, process heaters tend to have large numbers of burners
to achieve even heat distribution and therefore it is more difficult to
implement a burner's out-of-service low Nox firing mode. The low velocity,
more laminar nature of the air flow tends to inhibit mixing between the fuel-
rich in-service burners and the air-only burners, which also tends to produce
long flame zones and less even heat distribution. If the process heater
firebox is not high enough to permit complete fuel burnout prior to entering
the convective passes, an undesirable condition with flame impingement or

carryover may oOcCcur.
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The problems outlined above exist to a lesser extent on most moderate
to larger sized boilers where forced draft operation provides the opportunity
to control both the air and the fuel, and with more turbulence and mixing.
Boilers frequently have fewer burners (for the same unit heat rate) which
are easier to control and much larger changes in local air/fuel ratio and
flow rate can be made without influencing final steam temperatures and unit
performance. In addition, most utility size boilers have very high furnace sec-
tions which provide an adequate combustion length to accommodate fuel-rich
combustion without flame carryover. For these reasons, some low NOX firing
modes which are well suited for boiler applications are less adaptable to

process heaters.

The previous discussion has briefly identified some of the limitations
encountered in achieving significant emissions reductions in natural-draft
process heaters through minor operational combustion modifications in the
field. However, significant NOx reductions may be possible through relatively
minor component modifications that would be attractive for implementation in
the field on a retrofit basis. The purpose of this discussion is to identify
these concepts and briefly examine their principle of operation and relative

attractiveness for field implementation.

5.4.2 Combustion Modification Approaches

There are two general approaches that initially deserve consideration
in performing combustion mcdifications on process heaters. In natural draft

devices; the air flow, mixing, and flame shape are intimately intérrelated;

air flow adjustments to alter burner stoichiometry have a negative

impact on the other parameters. Therefore, consideration should be given to
varying burner stoichiometry by adjusting the fuel and air flow parameters that
control the mixing. Another approach to limiting NOx formation in the flame
zone is to control the local mixing and flame zone intensity by minor burner
design modifications to achieve more desirable temperature and stoichiometry

conditions.
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Low NOx burner configqurations for process heaters have recently been
developed in Japan and the United States for new units. The purpose of the
proposed combustion modification study is to examine methods that could be
implemented on existing process heaters and compare these methods with burner
replacement on a minimum cost retrofit basis. Several approaches recommended
for consideration are listed below:

1. Modified fuel injection

2. Controlled entrainment

3. Steam injection

4. Staged combustion

5. Flue gas recirculation

6. Modified atomization

7. Overfire air
8. Controlled heat withdrawal

5.5 SUPPORT AND DISCUSSION OF PROGRAM ELEMENTS

A four-phase combustion modification feasibility task is recommended
to examine the range of application and to resolve any possible difficulties
at a scale that is less expensive to modify. The initial phase of the
recommended task would concern further definition and evaluation of the con-
cepts with anal¥§icallexamination of the requisite fluid mechanics, heat
transfer, ‘etc. This would be followed by an examination of the process
constraints, the adaptability to a range of existing heater designs, and any
unusual performance requirements. Assuming that the concept still remained
attractive, it would be tested on a single burner research test stand over
a range of operating parameters that would adequately define its emissions
performance and limitations. The support of the burner manufacturers and
process heater manufacturers would be a prerequisite for this effort. Prior
to the full scale tests, a fourth phase concerning cost/benefit calculations
of the combustion modifications from an emissions, efficiency, and operational

impact standpoint should be considered. With this background and support of

the equipment manufacturers, considerably less difficulty should be encountered

in acquiring a full-scale process heater for modification.
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The combustion modifications proposed (with the exception of Nos. 5,
7, and 8) are not major burner redesigns but rather are a refinement of
existing designs. If the development of a concept requires significant
research funding to achieve a significant emissions reduction, it will be
considered outside the scope of the present study and will be recommended
for individual research support. The primary objective of the study is to
identify process operational and design parameters that affect emissions and
efficiency and then establish the approximate range of desirable operation

for subsequent full scale demonstration tests.
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SECTION 7.0

CONVERSION FACTORS

SI Units to Metric or English Units

Multiply*
To Obtain ppm Concentration
To Obtain From Multiply By at 3% O2 of in ng/J by
g/Mcal ng/J 0.004186 Natural Gas Fuel
lO6 Btu GJ 0.948 CO 3.23
Btu gn cal ©3.9685x10"° HC 5.65
lb/lO6 Btu ng/J 0.00233 NO or NOx 1.96
ft m 3.281 SO, or SO 1.41
2 X

in. cm 0.3937
ft2 m2 10.764 ) 0il Fuel
ft3 m3 35.314 CO 2.93
1b kg 2.205 : HC 5.13
Fahrenheit Celsius tF = 9/S(tc) + 32 NO or NOx 1.78
Fahrenheit Kelvin t_ = 1.8t - 460 SO, or SO 1.28

F K -4 . 2 X
psig Pa P . = (P__)(1.450x10 7)-14.7

psig pa ”
psia Pa P , = (P_){(1.450x10 ") Coal Fuel

psia pa _3 D
iwg (39.2 °F) Pa P, = (P_ ) (4.014x10 ) " COo 2.69

6 iwg pa
10° Btu/hr MW 3.413 He 4.69
GJ/hr MW 3.60 NO or NOX 1.64
502 or SOx 1.18

*These conversions depend on fuel. composition.
The values given are for typical fuels.



English and Metric Units to SI Units

9ze

’ Multiply#*
To Obtain Concentration
To Obtain From Multiply By ng/J of in ppm @ 3% O, by
&
ng/J lb/lO6 Btu 430 Natural Gas Fuel
ng/J g/Mcal 239 co 0.310
GJ 106 Btu 1.055 HC 0.177
m ft 0.3048 NO or NOx (as N02) 0.510
cm in. 2.54 SO or SO 0.709
5 2 2 X
m ft 0.0929
m3 ft3 0.02832 0il Fuel
kg 1b 0.4536 co 0.341
Celsius Fahrenheit tc = 5/9 (tF - 32) HC 0.195
Kelvin Fahrenheit t,=5/9 (tF - 32) + 273 NO or NOx (as N02) 0.561
Pa psig P = (P, + 14.7)(6.895x10°) SO. or SO 0.780
pa psig 3 2 b4
Pa psia Ppa = (Ppsia)(6.895xlo )
i .2 ° P = . .
Pa 1wg (39.2 °F) pa (leg)(249 1) Coal Fuel
MW 10~ Btu/hr 0.293 ) co 0.372
MW GJ/hr 0.278 HC 0.213
i NO or NO_ (as NO_) 0.611
X 2
SO, or SO 0.850
2 X

*These conversions depend on fuel composition,
The values given are for typical fuels.
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ABSTRACT

This appendix presents the results of a literature survey of
industrial combustion devices. The objective of this survey was to
recommend a set of devices for subsequent field testing wherein combus-
tion control techniques would be developed to reduce air pollutant
emissions and; hopefully, simultaneously increase device operating

efficiency.

The survey was accomplished primarily through personal contacts
with device manufacturers and device users. Additional useful infor-
mation was obtained from the national associations representing

manufacturers and users.

This appendix presents the approach used in identifying the
set of combustion devices and, in essence, first—ranked industries in
terms of air pollutant emissions and energy usage and then identified
the significant combustion devices within the high ranking industries.
The recommended combustion devices were then described in some detail
in order to assist in characterizing a representative unit(s). The
second task of the overall program involved physically locating these

units for the field testing activity.
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SECTION A-1.0

INTRODUCTION AND SUMMARY

A study was conducted to establish a set of significant industrial
combustion devices for subsequent field testing during this program. Major
inputs to the effort were a literature survey and personal contacts with
device manufacturers and users. Contacts were also made with national

associations representing the users.

The approach selected for the recommendation process involved con-
sideration of both air pollutant emissions and energy usage within major
industries and then searching these industries for the significant combustion
devices involved. As will be explained, this approach was deemed more direct
than first considering the devices emissions and energy usage and then

determining those industries which employed the devices.

The industries and significant combustion devices thus established

are shown in Table A-1-1.

Combustion devices of the "dryer" type were not recommended since
their air pollutant emissions, as found in the literature, were minoxr

compared to the above devices.

It is further noted that open hearth and heat-treating furnaces
‘are common to both the steel foundry and iron and steel activities. This
commonality of usage will allow a carryover of testing results from one

industry to the other.

Data necessary to identify representative units in each of the
above categories were found to be very limited or nonexistent. BAs opposed
to conventional boilers that are fairly well defined as to type, size, etc.,
many industrial combustion devices are one-of-a-kind fabricated to specific
proprietary specifications. However, it was possible to define certain
characteristics as representative in the various categories to a degree

sufficient to select units suitable for testing.
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TABLE A-1-1l. INDUSTRIES AND DEVICES RECOMMENDED FOR TESTING

Industry

Combustion Device

Petroleum refining

process heaters

Cement

kilns

Chemical manufacturing

charcoal retorts

ammonia reformers

Steel foundry

open hearth furnaces

heat-treating furnaces

Iron and steel*

coke ovens

blast furnaces

open hearth furnaces
soaking-pits
reheating furnaces

heat-treating furnaces

Wood pulp and pulpboard

(kraft process)

wood waste boilers

black liquor recovery boilers

Glass container

melting furnaces

1'..

reciprocating engines

gas turbines

*All these devices can be found in an integrated steel mill, i.e., at one

geographical location.

Not associated with a specific industry.
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SECTION A-2.0

APPROACH

The primary abjective of the survey effort was the preparation

of a list of industrial combustion devices recommended for field testing.

The following steps were followed to secure this objective:

1.

Identify those industries which are major sources of
air pollutant emissions.

Identify those industries which are major purchasers
of fossil fuel energy.

Rank those industries which are both major sources of
alr pollutant emissions and purchasers of fossil fuel
energy.

Prepare a list of significant combustion devices involved
in the top ranked industries from step 3. These devices
will be those which are the major emission sources and
energy consumers within their respective industries.
Comprehensive listings of stationary combustion devices,
such as reported in Reference A-2-1, were employed as a
guide in establishing, at least on a generic basis, a
checklist of potentially significant devices.

Modify this list (step 4) by deleting those combustion
devices whose emissions are due to the material being
processed and not a result of the combustion process.

Again modify the step 4 list by including those devices
which by reason of an anticipated high level of
commonality offer a widespread usage of emission control
techniques obtained on a limited number of tests.

Prepare the final listing of devices recommended for
field testing.

This approach was adopted since air pollutant emissions contained

in the EPA NEDS listing (Ref.A-2-2) are grouped by industry and then by

device typé within the industry. Furthermore, the energy usages

contained in Reference A-2-3 are structured by industry groupings only

and not by device type within the industry. Thus, it was impractical

to undertake an approach which concentrated at the device level and

then associated the devices with specific industrial applications.
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Simultaneously, contacts were made with national user's
associations, device manufacturers, and the users themselves in
order to obtain more specific information about those devices
recommended for field testing. (Table A-2-1 is a listing of those
organizations contacted.) Information requested from these sources
consisted of:

. Device and burner operational characteristics

. Number distribution vs. device rating and geographical
location

. Current fuel usage and trends
. Trends in equipment type, rating and age

. Limitations in equipment use.

This, and other information, was required to establish the groundwork
for selecting répresentative units for field test. (The selection
process is performed during Task 2.) The selection of a truly
representative unit is of prime importance when the schedule permits
testing of only a single unit, i.e., the selection must be very
carefully made to allow the widest applicability of combustion control

techniques.

In this survey, conventional boilers burning only natural gas,
fuel oil, or coal were excluded since previoué EPA programs have been
directed to those devices. However, boilers burning unusual fuels
such as black liquor, wood bark, carbon monoxide, or process gases

were considered.
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TABLE A-2-1. NATIONAL ASSOCIATIONS AND OTHER ORGANIZATIONS CONTACTED

Aluminum Association

International Lead Zinc Organization
American Paper Institute

Glass Container Manufacturing Institute
American Gas Association

Portland Cement Association
American Petroleum Institute
American Bureau of Metal Statistics
American Iron and Steel Institute
Copper Development Association
Institute of Gas Technology
Federal Energy Administration
Battelle Columbus Laboratories
Bureau of Mines - Office of 0il and Gas

Environmental Protection Agency

Toledo Engineering

St. Regis Paper

Institute of Paper Chemistry

Technical Association of the Pulp and Paper Industry

Major glass container manufacturer

National Council For Air And Stream Improvement (paper industry)
Combustion Engineering

Babcock and Wilcox

Koppers Co., Inc.

Kaiser Steel .

Surface Combustion Div., Midland-Ross Corp.

MacMillan-Bloedel Ltd.

Society of Automotive Engineers

Engine Manufacturers Association

Aerotherm Div. Acurex

Southwest Research Institute

American Society of Mechanical Engineers

Solar Div. International Harvester

McGraw-Hill Inc. (publishers of Electrical World)

Federal Power Commission

Petro-chem Development Co., Inc.

American Boiler Manufacturers Association
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SECTION A-3.0

" INDUSTRY EMISSION RANKING

The industry ranking by yearly NOx emission rates was accomplished
with the NEDS information (Ref. A-2-2). NOx emissions are those produced
primarily by the combustion process (nitrogen fixation) and, therefore,
can be reduced by modifications in the combustion process. Reduced air pre-
heat, delayed combustion, off-stoichiometric operation, etc., can be employed
to reduce NOx production in the flame. NOx can also be formed from nitrogen
organically bound in the fuel. This source of NOx is more difficult to control.
SOx production directly reflects the amount of sulfur present in the fuel and
cannot be controlled by combustion modifications. While it is true that the
combustion process can affect the production of incompletely reacted species
(hydrocarbons, HC, and carbon monoxide, CO) to some extent, the ranking system
focused on NOx as the indicator. Each of the industry listings was evaluated
and retained if it involved a combustion device. Even then, some listings
were deleted if the majority of the NOx emissions could be attributable to the
process or process material and not to the combustion device. For example,
the production of nitric acid involves a combustion device but the majority
of the NOx emissions originate in the process material. In this instance the
NEDS information on nitric acid production was not included in the chemical

manufacturing industry total.

A problem arises if the NEDS format is strictly followed in that
such devices as wood boilers, reciprocating engines and gas turbines are
not associated with any specific industry grouping. Rather, they are
contained under the general headings of External Combustion - Industrial
Boiler and Internal Combustion - Industrial, respectively. These devices are
noted to be large emitters, especially of NOx, and they are included in the
combustion device ranking discussed in Section A-8. For the purposes of
ranking industrial emissions,the NEDS listing for wood/bark boilers was
assigned to the wood pulp and pulpboard industry grouping.
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The resulté of this ranking are presented in Table A-3-1 and indicate,
for example, that the petroleum refining industry ranks first with 9.69x108
kg/year (1,065,526 tons/year) of Nox, about a factor of 10 higher than the
other categories. In addition, process heaters account for 91% of the

petroleum refining industry NOX production.

Also of note from Table A-3-1 is that the NOx emissions from the
petroleum refining, wood pulp and pulphoard, and cement industries amount
to over 95% of the total for the seven industries listed and that process
heaters, wood/bark boilers, and kilns are three important combustion devices
involved. The glass industry, although ranking last in NOx emissions, is
represented by a single type of combustion device. Thus, there exists a
strong potential for industry-wide application of emission reduction

techniques evaluated on a limited number of glass furnaces.

No attempt was made to critically assess the NEDS data summaries to
determine whether they truly represent total national emissions. Possible
data entry errors and the fact that the file may not include all sources

requires that the data be viewed with caution.
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TABLE A-3-1.

Kg/Year (Tons/Year)

INDUSTRY NOx RANKING

ove

Device Emission
% of Industry
Rank Industry NOx Emissions Device (s) Emissions
6
1 Petroleum Refining 969x10 (1,065,526) Process Heater 91
' 6
2 Wood Pulp and Pulpboard 151x10 (166,327) Recovery Boiler 9
Wood/Bark Boiler 91
3 Cement 132x106 (145,101) Kiln 99
6
4 Chemical Mfg. 27x10 (29,209) Charcoal Retort 49
Ammonia Reformer 15
5 Steel foundry 19X106 (20,797) Heat-Treating Furnace *
Open Hearth Furnace
6
6 Iron and Steel iéx1o (17,045) Coke Oven 34
Steel Furnace (blast
and open hearth) 27
6
7 Glass Container 5x10 (5,385) Furnace Ry 100

*The NEDS listing indicates that heat~treating furnaces and open hearth furnaces are large NO

sources.

at this time to assign this entry to specific combustion devices.

However, the listing contains a large "miscellaneous" entry and it is not possiblex



SECTION A-4.0

ENERGY CONSIDERATIONS

In addition to emission rates, consideration was also given to energy
utilization on an industry basis. Information obtained by the Bureau of the
Census during 1971 and published in Reference A-2-3 was used in this assess-—
ment. It is noted that these data apply only to industry groupings and not

to the device within the industry consuming the energy.

As presented, the data in Reference A-2-3 specifically addresses
quantities of fossil and electric energy purchased for heat and power by the
industry groupings and, therefore, does not necessarily imply an equivalence

to enerqgy consumed. The difference between energy purchased and consumed

can be the result of such things as combustion of feedstock waste material.
The pulp and paper industry, in addition to purchasing energy, produces a
significant amount of its energy requirements from waste product boilers.
This energy source is not tabulated in Reference A-2-3 but is very important

when considering the industry's total energy requirements.

Petroleum refineries consume energy equivalent to approximately 8%
of the energy contained in the crude feedstock. This amounts to approxi-
mately 29llxlO15 joules/year* while the purchased energy quoted in Reference
A-2-3 for SIC 29 was l6OOxlO15 joules/year for 1971. Thus, purchased energy
in a petroleum refinery amounts to 55.0% of the total consumed with ﬁhe balance
being obtained principally from by-product refinery gas. Similarly, the
pulp, paper and paperboard industry for 1975 consumed l950xlO15 joules/year
and purchased llllxlO15 joules/year, or 57.1% (Ref. A-4—l). Black liquor
recovery boilers and wood-bark boilers are the main sources of the internally

generated energy in this industry.

x 10%° 5 = 0.948x10%2 Btu
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In other industries, e.g., glass, there is essentially no
difference between energy consumed and energy purchased since there
are no waste or by-product combustion sources available to

supplement fossil fuel and electricity.

A major objective of this program is to achieve greater

efficiency in industrial combustion devices. This increased efficiency

can be equated to a decrease in purchased energy requirements since
those devices operating on waste or by-product sources will still be
using all of these sources available regardless of device efficiency
improvements. Thus, ranking of the industries was accomplished on
the basis of purchased energy, with the results presented in Table
A-4-1.

TABLE A-4-1. PURCHASED ENERGY FOR 1971 (Ref. A~-2-3)

Fossil Fuel and Electricity

Total of All Industries Surveyed = 13,860x10%°> J

Rank Industry. SIC* lOls J % of Total
1 Industrial Chemicals 281 2086 15.1
2 Blast Furnace and Basic Steel Products 331 1604 11.6
3 Petroleum Refining 291 1602 11.6
4 Paper and Allied Products _ 26 1388 10.0
S Cement, Hydraulic 324 484 3.5
6 P;astic Materials and Synthetics 282 477 3.4
7 Glass and Glassware, Pressed or Blown 322 222 1.6
8 Iron and Steel Foundries 332 167 1.2
9 Flat Glass 321 62 0.5
Total 8092 58.4

*Standard Industrial Classification
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SECTION A-5.0

COMPARISON BETWEEN EMISSION AND ENERGY RANKINGS

A comparison between Tables A-3-1 and A-4-1 indicates that, in general,
those industries which are large NOx emission sources are also large consumers
of purchased energy. For example, the petroleum refining, wood pulp and pulp-
board, and cement industries which rank 1, 2, and 3 as NOX emitters rank 3,

4, and 5 as energy purchasers. Thus, device efficiency improvement technigques
in these three industries could also have a significant impact on national

emission rates if both program objectives could be simultaneously satisfied.

SECTION A-6.0

INDUSTRY RECOMMENDATIONS

Based on an assessment of both NOX emissions and energy usage,
the following industries should be studied to determine the important combus-
tion devices involved:

. Petroleum refining

. Wood pulp and pulpboard

. Cement

. Steel foundry

. Iron and steel

. Chemical manufacturing

Glass container

The glass container industry is recommended on the basis of an
anticipated commonality between furnaces, i.e., this industry utilizes a
single major type of combustion device with the device consuming a large
majority (approximately 70%) of the entire glass container industry energy
requirement. Further, it is noted from Reference A-2-2 that glass container
industries (SIC 3221) purchased 50% of the total energy attributable to: flat
glass (SIC 321l1); glass containers (SIC 3221); pressed and blown glass (SIC
3229); and products of purchased glass (SIC 323l1). For these reasons the above
recommendations include only the glass container aspect of the glass industry.
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SECTICN A-7.0

COMPARISON WITH OTHER INDUSTRY RECOMMENDATIONS

A previous study performed under contract for the EPA

(Ref. A-7-1) developed a list of industries based on the following

criteria:

Use large amounts of process heat directly from fossil
fuel combustion

Relatively large emitters of combustion-related air
pollutants

High potential for reducing energy consumption and air
pollutant emission.

Based on .these criteria the following industries were selected for

further analysis in that study:

Iron and steel (all energy-using processes)

Cement (primarily kiln operation)

Glass (melting, foreheater operation, annealing)

Aluminum (primary, melting, reheating, secondary production)

Petroleum refining.

The paper and paperboard manufacturing industry, although a

large consumer of energy, was not selected in the previous study because

95% of its energy is consumed in boilers for production of steam:

this operation is already highly efficient. Thus, it was concluded that

there is a low potential for reduction in energy consumption.

The present study does not concur in this observation for

two reasons:

1.

This industry ranks second in NOyx emissions, only
exceeded by petroleum refining. Thus, any NOy
reduction would have significant national implications
even if the device efficiency could not be increased
by any amount.
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2. This industry ranks fourth in energy consumption,
of which 57.1% is purchased energy (the balance being
produced by liquor recovery and wood/bark boilers).
As shown in Section A-11l, a device efficiency improve-
ment from 80% to 81% will result in a 2.26% reduction
in purchased energy requirements which can be translated
into a yearly savings of 3.4x10° barrels of residual
oil --not an insignificant amount. This savings represents
approximately 5% of this industry's yearly purchase of
residual oil.

An examination of the NEDS listing (Ref. A-2-2) for both primary
and secondary aluminum operations indicates that combustion generated
emissions are minor compared to those contained in Table A-3~1l. Indeed,
the values of NOx were 2.llxlO5 kg/year (232 tons/year) which places
the aluminum industry (both primary and secondary operations) far

below the last ranked glass container industry in Table A-3-1.

On a purchased fossil fuel energy basis Reference A-2-3 indicates
that for 1971 primary aluminum (SIC 3334), aluminum rolling and drawing
(SIC 3352), aluminum castings (SIC 3361) and nonferrous forging (SIC 3392),

purchased a total of 26OxlO15 J of fossil fuel. This places the aluminum

activities higher than glass container (SIC 3221 with l4OxlO15 J) but

lower than cement (SIC 3241 with 450xlo15 J).

In view of the low NOx emissions, moderate fossil fuel consumption,
and multiple combustion device types, the aluminum industry was not

recommended for field testing.

The previous EPA study did not recommend the chemical manufacturing
industry because of the large number of processes and devices involved.
That is, although the industry as a whole is a large energy consumer the

per unit consumption is small.
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The present study, while not addressing a per device energy con-
sideration, identified two combustion devices within the chemical manufac-
turing industry which are large emission sources. One of these devices,
the ammonia reformer, is estimated to have a specific energy consumption
(energy/unit weight of product) that is greater than that required in the

cement industry.

The "Chemical Manufacturing" industry is too broad to be considered
as a single entity. However, this is no reason to ignore it since some
aspects of this industry (specific processes) are identifiable by energy

consumption and emissions.

The present study and that contained in the previous (Ref. A-7-1)
study agree on the remaining industries--iron and steel, cement, petroleum
refining and glass--as those industries that would benefit most from research

on emissions and energy consumption reductions.
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SECTION A-8.0

COMBUSTION DEVICE RANKING

An examination of each industry yielded a set of important com-
bustion devices employed in that industry. These devices are ranked in
Table A-8-1 by NOX emissions and emissions of other criteria pollutants
obtained from the NEDS listing are shown. In several instances this set
was composed of one member which accounted for nearly all the NOX emissions
for the entire industry. 1In these instances there was no question as to

the type of device which would be selected for field testing.

In essence, the combustion device ranking involves identifying
major equipment items in those industries which have already been

ranked as high emission.sources and energy users.

The process heater descriptor in the petroleum refining industry
is a general title for a family of devices which vary significantly in
configuration and operafion depending on the type of process involved.

A more detailed examination of the process heater family was necessary

before specific unit types could be identified for field testing.

The steel furnace device is used in the iron and steel, and steel
foundry industries. There may exist some degree of commonality between the
two functions which will allow a more widespread use of emission reduction

techniques.

As previously discussed, the glass container furnaces should be
included in the field testing schedule even though this industry ranks low

on a NOX emission basis.

An emission source, to be contained in the NEDS listing, must meet
certain requirements which consist of either the quantity of emissions (on
a weight per year basis) or be used within a specified industrial activity.
This latter requirement is rather extensive in length and should preclude
"overlooking" an important (high emission) industry. It then follows that
there is a low probability of also overlocking a high ranking combustion
device. However, there is no way of determining the degree to which all

existing industrial devices are actually entered in the NEDS data base systen.
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TABLE A-8-1.

COMBUSTION DEVICE EMISSIONS

kg/year (tons/year)
No. of "

Device Records* NO, _ SOy HC Cco Particulates
Procass heaters 2,818 | s.8x10® (9.7x10%) 1.5x0% (1.7x10% 6.1x107 (6.7x10%) 2.5x107 (2.8x10%) 1.0x0° (1.1x10%)
Recip. engines - nat. gas 1,549 2.2x10% (2.4x10°%) 7.0x10% (7.7x10%) 3.9x10° (4.3x10%) 2.5x107 (2.7x10%) 1.4x10% (1.5x10%)
Wood bollers 1,259 | 1.4x10% (1.5x10%) 2.2x10" (2.4x10%) 3.5x10" (3.8x10%) 1.7x10% (1.9x10%) 2.4x10° (2.6x10°)
Cement kilns an 1.310% (1.4x10%) 6.8x10° (7.5x10°) 4.1x10% (4.5x10%) 1.3x10° (1.4x10%) 6.9x10% (7.6x10%)
Gas turbines - natural gaa 144 | 2.0x07 (2.2x10%) 1.8x10° (2.0x10%) 1.5x10% (1.6x10%) 1.4x10% (1.5x10%) 2.6x10° (2.9x10%)
Steel foundry furnaces' 349 1.6x10° (1.8x10%) 5.1x10° (5.6x107) 4.3x10° (4.7x10%) 6.3x10°% (6.9x10°) 8.5x10°% (9.4x10%)
Recip. engines - diesel 35 l.9x10’ (2.1x10%) 2.5x10° (2.8x10%) 2.3x10° (2.5x10%) 4.1x10% (4.5x10%) 1.ax10® (1.5x10%)
Waste gas flares 23 | 1.ax10” (.sx10h) 1.6x10° (1.8x10%) 1.3x107 (1.4x10%) 1.8x10% (2.0x10%) 2.8x10° (3.1x10%)
Charcoal retorts 1o | 1.3x0° (.4x10h) 8.0x10° (8.8x10%) 3.3x10° (3.6x10%) 6.0x10" (6.6x10%) 8.0x107 (8.8x10%)
Recovery boilers 219 | 1.1x10” 1.2x10%) 7.5x107 (8.2x10%) 3.8x10% (4.2x10%) 6.8x10% (7.5x10°) 2.4x10% (2.6x10°)
Iron and steel furnaces 414 | 6.1x0% (6.7x10%) 1.0x10% (1.1x10%) 4.3x10° (4.7x10%) 8.5x10° (9.3x10%) 4.4x20% (4.8x10°)
Coke ovens (by-product) 375 | 5.3x10° (5.8x10%) 1.5x10% (1.6x10%) 8.3x107 (9.1x10%) 3.0x107 (3.3x10%) 8.2x10° (3.0x10%)
Glass furnaces 24 | 4.9x10% (5.4x10% 2.1x20% (2.3x10% 1.7x10° (1.9x10%) 1.9x10% (2.1x10") 1.3x10° (1.4x10%)
Ammonia reformers 55 | 3.9x10% (4.3x10%) s.5x10° (6.0x10°) 1.1x10% (1.2x10%) 6.9x10% (7.6x10%) 1.8x10° (2.0m10%)
Plywood dryers sio | 1.5x0% (1.6x10%) 3.4x10% (3.7x10) 7.3x10° (8.0x10%) 4.4x10° (4.8x10%) 1.9x107 (2.1x10%)
Cement dryers 229 1.4x10% (1.5x10%) 1.2x107 (1.3x10%) 0 ) 0 ) 1.4x10% (1.5x10%

*Interpreted as being the number of identifiable devices in the EPA National Emissions Data System

t

Includes open hearth and heat-treating furnace



SECTION A~9.0

COMBUSTION DEVICE RECOMMENDATIONS FOR FIELD TEST

Selection of devices for testing involved first searching for industries
which were large emitters, especially of NOX, and large consumers of energy.
Then, each industry was examined to determine the type(s) of combustion
device(s) representing a significant fraction of the industry's emission.

Other considerations, such as device commonality, also entered into the

recommendation process.

The program requires approximately 25 field tests and these were
allocated based on the relative NOx emissions of the devices but with a
minimum of one test per device. This proportioning procedure resulted in

the number of tests for each device (Table A-9-~1).

Table A-9-1 ranks devices by emissions and energy consumption. In
the actual selecticn, suitability for combustion modifications must also be

considered.
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TABLE A-9-1. DEVICES RECOMMENDED FOR FIELD TEST AND NUMBER OF UNITS

Device No. of Units

Process heater, Petroleum
Reciproqating engine - natural gas fuel
Woodwaste boiler

Cement kiln

Gas turbine - natural gas fuel
Reciprocating engine - diesel fuel
Open hearth furnace, steel

Soaking pit/reheat furnace

Blast furnace

Charcoal retort

Recovery boiler

Coke oven

Glass furnace

F R M H H R R R H NN WY

Ammonia reformer
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SECTION A-10.0

INDUSTRIAL COMBRUSTION DEVICE CHARACTERISTICS

The following sections present characteristic information of
those combustion devices recommended for field testing. The discussions
will follow the format of:

1. Major manufacturers

2. Associations

3. Basic equipment and combustor design

4. Current fuel use, trends and properties

5. Trends in equipment type, age, size and use

6. Total number and geographic distribution

7. Limitations in equipment uses and fuels

8. Quantity and geographic distribution of fuels used
9. Air pollutant emissions.

The amount of information presented directly reflects the amount
of information obtained from national associations, equipment manufacturers,

and device users.
A-10.1 QUANTITY AND GEOGRAPHIC DISTRIBUTION OF FUELS USED

Reference A-2-3 presents the quantities of fossil fuels purchased
by the two-digit SIC industries in each of the 50 states for 1971. These
data were used to prepare Table A-10.1-1 which presents the fossil fuel
usage in the following important industries identified by the present
study:

. Paper and allied products - SIC 26

. Chemicals and allied products - SIC 28

. Petroleum and coal products - SIC 29

. Stone, clay, and glass products - SIC 32
.  Primary metal industries - SIC 33

. Fabricated metal products - SIC 34

The fuels tabulated in Table A-10.1-1 are:

. Distillate fuel oil

. Residual fuel oil

. Coal, coke and breeze
Natural gas
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TABLE A-10.1-1.

FOSSIL FUEL PURCHASED BY

TWO-DIGIT SIC INDUSTRIES (1971)

(gigajoules per year)
Paper and Chemicals and Petroleum Stone, Clay Primary Fabricated
Allied Allied and Coal and Glass Metal Metal
Products Products Products Prcducts Induyscries Products
SIC 26 s1c 28 sIc 29 s1c 32 sIc 33 sIC 34
Alabama 3.38 4.2% | 9.2° 7.2% [ e.7%  4.2% [1.6° 2.9% |72.7° 4.7% | 9.1% -
2.47 3.97 | 1.7 367 | - 2.6% | 6.4° 2.37 1297 4.87 | 1.4° 2.6°
Alaska - - - - - - - - - - - -
Arizona - - J1.8% - - - 4.4% 1.3° |s5.9° 2.7% | - -
- - - 7.6 | - - - 6.4° | - 247 | - 7.6°
Arkansas 8.3° 3.0%}1.4° 2.8 - - s.5° 4.5% 11.4° a6f ! - -
- 3.47] - 41’} - 17 - 1.27 4} - 6.8% | - 8.7°
california | 1.25 1.85]1.2% 2.4° [ s.1%  e.8% | 2.4° 2.5% | s.6° 6.7° | 2.6° 1.7°
1.8° 2.57| - 5. - 1.5% | 2.2 0.77 |3.9° .87 | - .57
Colorade 5.12 114493 3.8 | 7.9° 1z - - - - 1.9% -
- 2.23 ] 2.43 a8 - 2.3 | - - - - - 1.2%
Connecticut | - - 17.4° 1.0’ | - - 7.43 2.2% | 2.8 5.5 | 1.18 28
- - st 9.8 | - - - 118 ) - 528 | - .6°
Delawara - - - - - - - - 1.35 1 46 6.83 3.44
- -1 - - - - - - |s.s3 1.3% | - -
riorida .15 .57} 378 2% 3.1 3.6% | 5.9 115 |2.3% - 3.a8* -
- .57 1.08 .97 | - 3.3 | - 1.0 | - 1.4% ] - 1.9°
Georgia 2.27 | 1.58 2.0% | - - 1.7 1.1% | aa® - .24 5.3
7.7 2.0" | 2.9° 157 | - - 1.7% 2.27 | - 4.4% ] - .48
Hawail - - - - - S (77 S O L - - -
Idaho - - ]..44 - - - - - - - - -
- - - 3.56 - - - - - - - -
Illinois 1 18] 3.5 3.2° [ 5.9° 1.8 | 9.7° 115 | 117 7.9% | 1.7° 1.2°
By a7 2.27 347 4 207|147 4.1 |s.67 1.2% ] 1.68 2.17
ndiana 6.63 7.3% 7.8 25 ] 3098 37} 158 3.6° | 1. o7 | s.6° .6
5,58 481 1.47 2.0 | - 9.4% | 1.67 2.97 | 2. . 1.4% .
Iowa © | 7.9% ¥ - - - - - - 1.8° 1.7% | 1.8 6t
4.2° . - - - - - - - 5.2 - .98
Kansas 2.0 0% 4.6® 3.5° | - S ER L X - ]33t -
- 2.0%] 4.4° 3.57 | - - J28® 167 - - - 1.2%
! 8 3
| 9.1 = 9.1x10" squivalent gigajoules (GJ)
| s1c 163 = 10° 7 = 0.928x10° Beu = 277 kw-hr
State Distillate Residual
Coal, Coke Natural Gas
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TABLE A-10.1-1.

Continued

Paper and Chemicals and Petroleun Stone, CIay, Primary Facricated
Allied Allied and Coal and Glass Metal Metal
Products Products Products Products Industries Products
s1c 26 sic 29 sIC 32 SIC 33 src 34

Kentucky 3.3 6.9%| 5.8 .00 | - - a® 4.8° % 3.9 | 6.2% -
- 6.8°) 1.87 117} - - 3.18 4.8°% Y a7 18 4.2°

Louisiana 2.0 5.3%] 3.0% - 6.3 - 3.74 - - - 3.3¢ -
- 6.a7) - 2.5 | - 238 | - 1.77 - - - 3.7’

Maine 4.8 5.27| 1.3° 1.2% ) - - 1.8° 2.0% | 2.6% 7.6% | - -

; - - - - - - - - 1.1 - -
Maryland ]. 1.8%] 1.3 s.8® | - - 2.7% 6.3% | 3.2° 2.27 | 3.6° 1.4°
1.1 2.3%] 6.8° 6.6° | - - 6.1° 6.4% | 1.0° 1.37 ) - 2.4°
Massachusetts|5.5 117 2.38 4.8%5 | - - 2.4° 3.2 1.8° 1.8% | 3.5° 1.3°
3.0 2.7%) - 3% - - - 1.1% | 1 315 | 1.5 2.8%
Michigan 1.3 3.2%] s.2° A - .6 7.3% | 4.45 5.5% | 6.2° 4.5°
1.9 3174 4. 2.6 - - .77 1.47 § 2.37 6.37 | 3.7% 1.6’
Minnesota . 2.7%( 1.7° 1.5° | - - .30 1.7 368 3.9% | 3.7° g.4t
.4 2.17} 118 7.6° | = - 118 5.7° | 2.8° 2.9% ] 2.2¢ 2.3°

Mississippi |2.0 1.0%1.3° 2.9 | - - 1.0° 7.4% - - 2.53 -
- 87l - 2.7 | - - - 1.17 - 145 - 5.55
Missour{ - - {1l 0% 6.2 7.2% 12.9°  e.8* | 6.2° 1.6° | a3t 1.3¢
- - 17.2% 1.47 | - 5.1% J2.87 2.77 | 2.2° 1.07 | - 4.5°

3

Montana - - - - - - 9.8 - - - - -

- - - - - 4.9% | - 4.08 - - - -
Nebraska - - |s.6° - - - - 3.33 | 1.6% - 2.38 4.3
- - - a.6® | - - 1.9% .65 - 118 - 9.8

Nevada - - |s.0f IR - 3.5° - - - -

- - - .48 - - - 7. - - - -
New Hampshire|d.3 1.3 | 1.7° 1.4° | - - 2.5° 1.e° | 2.2° - 1.3° 4.5°
- 73 - 1.1 - - - 2.2° - - - 1.1°
New Jersey |9.8 1.67] 3.3 2.27 | 1.6 1.87 | - - 3.4° 9.5% | 2.3° 1.8°
- 2.9%| 7.8° UL LA 7.8% | - - 7.28 6.1 | - 5.18

Hew Mexico - - - - - - - - - - - -
 New York .2 1.97 | 6.5° 9.2°" 1.1 1.65 |e.6° .0® L AR - .8°
8.0 4.9%] 2.57 .8% | s.8° 2.2% |a.0® 137§ 1.6’ 2.97 | 2.2 .o®
N. Carolina [s.3 2.97]s.8% s.98 | - - 18 5. g.s? 2.2% 1 147 1.8
.9 2.6%] 6.0° 1.8 | - - st 9. - 218 - 1.3%

N. Dakota - - - - - - - - - - - -
Ohio 1.6 2.4°| 2.5 2,18 2.0° 1.0° | 1.57 4.9% | 4.2° 1.8°
3.9 7] e.s? 317 9.7 . s.0" 27 ] 148 1.7 .2° 2.37

Oklahoma 2.5 1.1°) - - 1.1 - - - - - - -
- 1.5%] - 1.7%) - s.77 | - 1.77 | 1.0° 8.3% | - 1.6°
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TABLE A-10.1-1. Continued

Paper and Chemicals and Petroleum Stone, Clay, Primary Fabricated
Allied Allied and Coal and Glass Metal Metal
Products Products Products Products Industries Products
sIC 26 s1c_28 SIC 29 s1c 32 s1c 33 sIc 34
oregon 1.0 9% |3.9° .65 |3t 2.7 | - - - - - -
- 2.0 | - 1.2° - 6.6° | - - - - - -
Pennsylvania | 9.3%5  1.47 |4.0® 1.s7 {2.38 1.47 | 418 3 1.77 .47 | 3. 2.0°
2,67 2.7 |a.d’ 1.47 |s.8® 2.0% | s.s7 . 1.3° 2.4% | 1. 1.57
Rhode Island | 7.5%  1.5% |34 8.6> - - 9.0° 1.1 7.2% 7.9° | - -
- 2.2 | - 3.3° - - - 2.0 - 1.s% | - -
S. Carolina | 1.4’ 1.27 |1.s® 1.7° - - 5.3 a9 5.13 2.9° | - -
218 7.4% |2.97 1.4° - - - 1.4’ - 9.8° | - -
S. Dakota - - - - - - - - - - - -
Tennessae 1.7 5.8% |s.6° 8® - 9.0* | 4.4 E REAPY - 1.45 0
6.1  8.0° {667  a.57 - 1.7% 117 a’ 190 117 | 198 .6
Texas 6.8 s.7° {143 6.4 |1.4° 9.6° | 1.8% 00 1 1.58 7.25 | 1.4% -
- 147 | - 6.1° - 8.0® | - L T 1.2 | - 1.3
Utah - - 2.8 12% | - - leot 3285 | - - - -
- - - 7.6° | - 3.8% | 1.45 a8 | - - - -
5
Vermont - - 1.2 - - - - - - - - -
virginia .88 1a7 {127 1.3 - - 1.2%  1.s® |38 - a8 .
2.27  s.8% |47 4.1 - - 1?7 1’ .28 4.0° PAREE
Washington | 4.9% 197 |s5.6° 6.8 | - - - - 7.0°  1.6° | 2.8*
- .67 Ja.s5 17 | - - - - s.s? 1.7 | - .
W. virginia | ~ - a.6° 2.4 a.st 8.2% [ 1.3° 1.0 | 2.4° IS EVE LAY
- - 9.27 2.17 | 6.3° 1.15 ] 6.0 2.77 | 2.97 1.77 | 3.6 1.6%
Wisconsin 1.9 2.7% |a8® 225 | - - - 1 g.6° | 3.6° 2.
s’ 387 |a® 3 | - - . 2.8° | 4. 157 | 7.3% .
Wyoming - - - - - 5.34 - - - - - -
- - - - - 1.17 - - - - - -
u.s. Totals | 1.1%  3.1% {e.17 1.2® | 2.07 7.17 | 6.87 5.6’ | 9.87 @] 1.97
2,68 5.2% |sa® 1.6 e9® 1.2 2.8 7.7% | ed® 127187 1.
[} 1
| |
| sIC !
Statas Diatillate Residual
Coal, Coke ~ Natural Gas
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The use of Table 2-10.1-1 is illustrated by the following example:

In the state of Alabama, paper and allied products (SIC 26)
purchased the eqguivalent of:

9.1 x 108 kw-hr of distillate fuel oil

1.2 % lO6 kw-hr of residual fuel oil
- 6.6 X lO9 kw-hr of coal, coke and breeze

1.1 x lOlO kw-hr of natural gas

during 1971.

As presented in Reference A-2-3 these purchased fossil fuel usages
cover only the two~digit SIC activities. Thus, it was not possible to
extract similar information on, for example, the four-digit cement

activity (SIC 324l1).

Table A-10.1-1 is intended to supply the bulk of the geographic
fuel usage data in one central location within the report instead of
breaking the information down when discussing specific industrial

combustion devices.



A-10.2 CEMENT KILNS

Major Manufacturers

There are four major manufacturers of cement kilns:

Allis-Chalmers (Wisconsin)
Fuller (Pennsylvania)
Polysius (Georgia)

F. L. Schmidt (Pennsylvania)

These manufacturers can perform a "turn-key" operation; they will design
and construct an entire plant to the user's specifications. In some

instances an engineering firm will do the design work.

Associations

There are no known associations of cement kiln manufacturers. However,
the Portland Cement Association (Skokie, Illinois) represents the cement

manufacturers.

Basic Equipment and Combustor Design (Ref. A-10.2-1)

Cement kilns are typically of the rotary type and in dimension can be
up to 183 m (600 ft) long and 7.6 m (25 ft) in diameter constructed of a refrac-
tory lined metal shell. The axis of rotation is fipped so that the feed end is
higher than the discharge end. Typically a single burner is fitted at the
discharge end with the exhaust gases passing countercurrent to the material

motion.
Waste heat is extéensively utilized, e.g.:

. Secondary combustion air is preheated in the process of
cooling the clinker (kiln finished product)

. Waste gas is used to préheat the incoming raw materials -
a substantial amount of calcining can be performed in this
manner

. Waste gas can also be used in a steam boiler.

Figure A~10.2-1 is a sketch of a grate preheater kiln system.
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Figure A-10.2-1, Grate type preheater kiln system (Portland Cement Association).



Wet or dry processes are used to produce most of United States'
cement production with the wet process accepting raw feed material which
contains 20% or more water. The choice of a process for a cement kiln

is dictated by the water content of the raw materials available at the

plant location.

Shortly after entering the kiln, the feed material encounters a
chain system (a series of long strands, garlands, or curtains of steel
chains fastened to the kiln shell). The chains are alternately exposed
to hot exhaust gases and the feed slurry as the kiln rotates. This
action causes an increased heat transfer rate to the slurry and also
assists in conveying the material down the length of the kiln. A kiln
operating on the dry process may also contain a chain system for an
increased heat transfer rate. Kiln speed affects the heat transfer

rate.

As water evaporates, the material gradually is converted to
plastic modules, which the chains convey further. Slightly beyond
the end of the feed end chain system, the water is gone, and the
dry raw feed progresses through preheating, calcining, and burning
zones. The preheating zone raises the temperature from 373 to 1173 K
(212 to 1652 F); it also drives off combined water in the raw materials.
The calcining zone decarbonates the calcium and mangesium carbonates,
and the burning zone (at 1533 K [2300 F] to 1866 K [2900 F] material
temperature) causes the clinker-forming chemical reactions to occur.
The fresh clinker then travels through the cooling zone of the rotary
kiln and drops into a clinker cooler in which ambient air is forced
through the hot clinker. A substantial portion of this heated air
is then used for combustion of the fuel in the burning zone, while
the cdol clinker is eventually removed from the cooler ready for

finish grinding or intermediate storage.

258



Material preheaters are stationary devices located upstream
from the kiln feed entrance. The function of this device is to
initiate the calcining process using waste gas energy. The preheater
may consist of a series of from one to five cyclones within which
the powder feed is flowing countercurrent to the exhaust gas. The
highly turbulent motion is sufficient to induce 40-50% calcination
of the raw feed by the time it enters the rotary kiln. In another
preheater configuration the feed is first processed into pellets which
are placed on a traveling grate which conveys the pellets toward
the kiln inlet. At the same time, the kiln exhaust gases are passed
through the bed once, or more often twice, to dry, preheat, and

partially calcine the feed.

Burners for cement kilns are produced in a variety of configurations
primarily depending on the type of fuel being used. The burner is locatad
at the discharge end of the kiln on a non-rotating structure and may be
positioned above the kiln axis of rotation and directed toward the chaxge.
Tﬁis positioning is necessary to avoid direct flame impingement on the

refractory lining.

For operation on natural gas the burner may consist of a single
pipe which introduces the fuel coaxially within the primary airstream.
The burner is designed to produce complete combustion within the minimum
distance ("short, hot flame"), or is adjustable to achieve a wide range
of flame shapes. The latter is a result of injecting a central core of
natural gas (which will yield a long, narrow flame) and another stream
through radial holes (provides a vefy short, bushy flame). By varying
the percentage cf flow between these two streams, any desired resultant

flame shape is obtained.

For fuel oil, the mechanism is much the same. One controlled
cil stream flows to oil tips that provide a very long, narrow flame; the
other oil stream flows to the tips that are wider in spray angle. A

typical adjustable oil burner will use six tips.



Combination gas and oil adjustable kiln burners are designed so
that both gas and oil may be fired simultaneously. This permits

changeover from one fuel to the other without shutdown.

Burners are presently in service which permit the simultaneous
use of coke and either natural gas or fuel oil. These same burners

are capable of using any of these fuels alone or substituting pulverized

coal for the coke.

Development is proceeding on burners capable of using a coal-oil

slurry and a combination of refuse and natural gas.

Approximately 90% of the cement kilns in -the United States
are presently capable of using more than one fuel. (However, in
1975 only 77% of the kilns actually used more than one fuel type.)
The remaining kilns lack the storage or handling facilities (e.g.,
coal pulverizers, oil storage tanks) which would allow multiple
fuel usage, i.e., a facility'problem rather than a kiln burner

inadegquacy.

Current Fuel Use, Trends and Properties

Between 1960 and 1973, according to Reference aA-10.2-1, there
was a gradual shifting away from the use of coal in the U.S. éement
industry. During the same time period there were increases by factors
of 3.3 and 1.3 in the use of petroleum products and natural gas,
respectively. However, in 1973 coal still supplied 39% of the A
industry energy usage with petroleum products accounting for 15.6%
and natural gas for 45.4%. Energy utilization information recently
released for 1975 (Ref. A-10.2-2) indicates that the fuel usage trend
has reversed to the extent that coal now supplies 48% of the energy
requirements with petroleum products and natural gas accounting for
9.4% and 42.6%, respectively. Thus, between 1973 and 1975 the use of
coal has increased by 23% while the use of petroleum products and natural
gas has decreased by 40% and 6%, respectively, in supplying the energy

needs of the cement industry.
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Again between 1960 and 1973 kiln energy consumed per unit weight
of cement produced decreased by 12%; this decrease is partly attributable to

the proportionately greatet use of the less energy intensive dry process.

Trends In Egquipment Tvoe, Age, Size, and Use

Since 1965, according to Reference A-10.2-1, there has been a
small shifting toward the use of the less energy intensive dry process.
In 1975 (Ref. A-10.2-2) the dry process accounted for 42% of the industry

production, an increase from the 1965 level of 39.6%.

Table A-10.2-1, from information contained in Reference A-10.2-1,
shows the present kiln capacity broken down by year built. It is
concluded from these data that the newer kilns are being built in
larger capacities. Table A-10.2-2 is the present kiln population by
capacity and process with the size ranges between 46 x lO6 kg/year

and 320 x lO6 kg/year containing the greatest number.

There are no data available giving the trend in kiln age;
however, the arithmetically average kiln was built in 1955, i.e.,

20-21 years old.

Total Number and Geographical Distribution

As of December 31, 1975 there were 412 cement kilns in the
United States producing 85.0 x 1Q9 kg/year (93.5 x lO6 short tons/year)
of cement. Reference A-10.2-3 details the distribution of the kilns by
company and gecgraphy, and Table A-10.2-3 herein lists the number of

kilns and total capacity (wet and dry) by state.

Limitations In Equipment Uses and Fuels

There are no limitations on the type of fuel used. Indeed,
as previously mentioned approximately 90% of the cement kilns are

capable of operating with more than one fuel type.
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TABLE A-10.2-1.

TREND IN AVERAGE CEMENT KILN CAPACITY

Average Kiln Clinker Capacity

Time Period Built No. Built 10° kg/Year |(103 sShort Tons/Year)
1975 9 370 000 (407)

1965 - 1974 69 367 000 (404)

1955 - 1964 152 219 000 (241)

1945 - 1954 79 136 000 (149) .
1935 - 1944 17 155 000 (170)

Before 1935 88 96 000 (106)
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TABLE A~10.2-2. CEMENT KILN POPULATION BY CAPACITY AND PROCESS

Capacity Number by Process

10° kg/¥R 103 Tons/¥YR Wet Dry

0 - 45.9 0 - 50 2 14
45.9 - 91.7 50 - 100 27 44
91.7 - 137.6 100 - 150 48 20
137.6 - 183.5 150 - 200 38 23
183.5 - 229.4 200 - 250 36 32
229.4 - 275.2 250 - 300 27 15
275.2 - 321.1 300 - 350 15 11
321.1 - 367.0 350 - 400 6 5
367.0 - 412.8 400 - 450 3 6
412.8 - 458.7 450 - 500 6 4
458.7 - 504.6 500 - 550 3 4
504.6 - 550.5 550 - 600 3 8
550.5 - 596.3 600 - 650 0 2
596.3 - 642.2 650 - 700 1 0
642.2 - 688.1 700 - 750 3 0
688.1 - 733.9 75C - 800 3 1
1055.1 - 1100.9 1150 - 1200 1 _0
222 189
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TABLE A-10.2-3. CEMENT CAPACITY AND KILN DISTRIBUTIONS BY STATE

Capacity, 10 6 kg/Year

State No. Kilns
Alabama 2043 18
Arizona 1564 10
Arkansas 1132 2
California 9404 41
Colorado 1568 6
Florida 3407 11
Georgia 1433 5
Hawaii 509 3
Illinois 2535 8
Indiana 3152 13
Iowa 2395 17
Kansas 2043 14
Kentucky 600 1
Louisiana 991 6
Maine 427 1
Maryland 1645 7
Michigan 5828 - 22
Mississippi 878 4
Missouri 4352 12
Montana 600 2
Nebraska 959 6
Nevada 364 2
New Mexico 2 382 2
New York 5121 18
North Carolina 555 2
Ohio 2627 12
Oklahoma 1491 6
Oregon 573 S
Pennsylvania 8752 63
South Carolina 2308 7
South Dakota 518 3
Tennessee 2172 13
Texas 8125 48
Utah 636 6
virginia 900 4
washington 1487 7
West Virginia 820 3
Wisconsin 401 1
Wyoming 172 1
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According to Reference A-10.2-1, most of the cement industry is
potentially an ideal consumer of higher-sulfur fuels, particularly
bituminous coal, a commodity which, for environmental reasons, is not
acceptable for power generating plants or other applications. Because
of the nature of the process, cement manufacturers can use higﬂer—sulfur
fuels without the SOX emission problems experienced by power plants,
and such use is in progress at some plants. During formation of cement
clinker, lime-rich materials are present throughout the kiln. These
reactive materials are capable of combiéing with sulfur oxides formed
by combustion of the fuel. . In effect, the sulfur from the fuel becomes

part of the cement clinker rather than being emitted into the atmosphere.

Air Pollutant Emissions

The air pollution emissions from cement kilns, as contained in
the NEDS listing (Ref. A-2-2), were shown in Table A-8-~1. Cement kilns
are ranked fourth in NOX emissions. Particulate emissions are highest
of all the classes indicated. HC and CO emissions are relatively low
because of the long residence time in the kiln. SOx emissions shown
are high in spite of the expected natural scrubbing. Some cement feed

materials may provide the scrubbing action.
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A-10.3 GLASS CONTAINER FURNACES

Major Manufactures

There are two major manufacturers of glass container furnaces:
Toledo Engineering (Toledo, Ohio)
Anderson Construction (Pico Rivera, California).
Each of these organizations will design and build the furnace to the
user's specifications or the user may do the design work. In either
event, the burners are furnished by another supplier (of which there

are 75) or will be built directly for the user by a local shop.

Associations

There are no known associations representing the furnace
manufacturers. However, the Glass .Packaging Institute (Washington, D.C.)

represents the users.

Basic Equipment and Combustor Design

The furnaces are divided into two parts. The first part
melt§ Fhe raw materials at high temperatufe and the second part refines
" the molten glass at a lower temperature. Two‘burners are fitted in the
end-port configuration (wherein the flame is directed the length of the
furnace) ;nd multiple burners are used in the side-port arrangement
(the flame being directed across the width of the furnace). Natural
gas is the primary fuel with No. 2 oil or propane as a standby fuel. -
Regenerative air preheaters are employed and consist of refractory
brick checker work located at one end of an end port furnace and on
each side of a side-port furnace. Figure A-10.3-1 is a sketch of a
side-port glass container furnace showing these major components,

while Figure A-10.3-2 shows two types of burner configurations.

Electric boosting can be used to increase the production of a
furnace. Thus, the production of a fossil fueled furnace, which is
designed to meet a certain market demand, can be increased to meet an

increased market demand.
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Figure A~10.3-1.

(Battelle Columbus Laboratories).
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Natural gas fired annealing kilns are the next largest energy
consumers in the glass container industries and are used to stress

relieve the finished glass products.

Current Fuel Use, Trends and Properties

Table A-10.3-1, reproduced from Reference A-10.3-1, presents the
energy utilization in the glass container industry for the years 1971,
1973, and 1974. During this time period the percentage use of natural
.gas has decreased wnhile that of both distillate and residual fuel oils
has increased; this reflects the limited supply of natural gas. The
total energy consurption has been estimated to have increased by 17.6%

for the 1971-1974 time period (Ref. A-10.3-1).

TABLE A-10.3-~1. ENERGY UTILIZATION IN GLASS CONTAINER INDUSTRY (PERCENT)

1971 1973 1974

Natural Gas 77.2 70.5 64.9
Electricity* 17.1 17.4 19.6
Distillate Fuel 0Oil 3.9 7.8 9.0
Residual Fuel 0il 1.7 3.8 6.1
Propane - 0.5 __ 0.4
100.0 100.0 100.0

* Represents energy used to produce the electricity, i.e.,

3.1 times larger than electricity actually consumed.

a factor of

Trends In Equipment Type, Age, Size and Use

No trends in equipment type were found since each furnace is
designed and built to meet the needs of a particular manufacturer.
Extensive research has been, and is being, carried out to affect energy
conservation in the glass container industry. These areas include:

using exhaust gas to batch preheat the incoming load

. pelletizing the incoming load to more effectively allow
preheating
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. proper burner positioning to eliminate flame impingement

. use of oxygen enhancement to maintain flame temperature
while reducing fuel requirements

. Placing the burners at the bottom of the furnace under
the molten glass instead of having them above the molten
glass.
It is not apparent that any of these research activities have been widely

incorporated into the furnaces.

There is essentially little flexibility in glass container furnaces
since the choices in configuration are limited, e.g., end port vs. side port,
with/without electric boost, separately heated refining section or combustion

gas heating from melting section.

The. furnace is rebuilt periodically since the sidewall insulation
wears thin with time and the regenerators become plugged with material carried
over from the furnace. The time between rebuilds ("campaign") varies from 4
to 8 years with the shorter time period corresponding to furnaces which are
"pulled"” harder (higher production rate). After a campaign the furnace could
be rebuilt so as to satisfy a new market damand for glass containers. Thus,

the average age of a furnace is 2-4 years old. .

A leading glass container manufacturer has supplied representative

characteristics on their furnaces. These data are presented in Table A-10.3-2.

Total Number and Geographical Distribution

According to Reference A-10.3-2 there are 334 continuous glass
container furnaces in the continental United States. Figure A-10.3-3 taken
from Reference A-10.3-1 shows the regional distribution of the 117 glass

container manufacturing plants.

No detailed information was found on furnace capacities, since these

data are closely held in this competitive industry.
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Figure A-10.3-3.Regional distribution of glass container manufacturers in the United States.
(Ref. 10.3-1)




TABLE A-10.3-2.CHARACTERISTICS OF REPRESENTATIVE GLASS

CONTAINER FURNACES

Side~Port

End-Port

Melter Area, m? (ft2)

Production Rate, kg/day
(short tons/day)

Furnace Rating, mz/kg/day
(£t2/short ton/day)

Energg Requirement, kJ/kg
(10° Btu/short ton)

Age, years
Glass Color

Melter Bridgewall Temperature,
K (°F)

Waste Gas Temperature,
K (°F)

Number of Ports
Primary Fuel
Standby Fuel

83.7 (900)

141 000 (155)

0.00059 (5.8)

6012 (5.7)
4.6

Flint or green

1767 (2722)

783 (950)
10
Natural Gas

No. 2 0il

60.0 (645)

120 000 (132)

0.0005 (4.9)

5591  (5.3)
2.0

Flint or green

1783 (2750)

723 (842)
2

Natural Gas
No. 2 0il

Limitations In Equipment Uses and Fuels

Present equipment limitations require that natural gas be used

in the refining section (if separately heated), forehearth, and

annealing ovens. Distillate oils can be substituted for natural gas

in the melting area of the furnace.

Greater use of distillate oils is possible but only with

equipment specifically designed for oil operation.

The use of electricity exclusively in the melter section is

possible once the charge has been brought to a molten state by a fossil

fuel source. However, the total energy requirements are greater for

electricity than fossil fuels if the energy required to produce the

electricity is considered.
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Most likely coal will not be directly used in the furnace since the

fly ash would adversely affect glass quality.

Air Pollutant Emissions

The yearly air pollution emissions from glass furnaces was shown in
Table A-8-1. The high level of particulate emissions is mostly due to entrain-
ment of glass batch particles by the exhaust gas stream. The NEDS information
(Ref. A-2-2) does not differentiate the emissions by the type of glass (flat,

container, pressed or blown) being produced.
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A-10.4 BLACK LIQUOR RECOVERY BOILERS

Major Manufacturers

There are two major manufacturers of black liquor recovery boilers

used in the sulfate (kraft) process for wood pulp:

Babcock and Wilcox (Wilmington, North Carolina)

Combustion Engineering (Chattanooga, Tennessee)

Associations

There are no known associations of black liquor recovery boiler
manufacturers. However, both of the above manufacturers are members of the
American Boiler Manufacturers Association. The Black Liquor Recovery Boiler

Advisory Committee serxrves the users in a safety advisory capacity.

The American Paper Institute (New York, NY), Technical Association
Of The Pulp and Paper Industry (Atlanta, Georgia) and the National Council
For Air And Stream Improvement (New York, NY) represent the pulp and paper

manufacturers.

Basic Equipment and Combustor Design (Ref. A-10.4-1)

These devices are used in the recovery (refining) of the caustic
chemicals from the wood pulp digesters. The boilers require careful attention
to air distribution within the furnace to avoid excessive loss of the chemical -
by oxidation. Figure A-10.4-1 is a flow diagram of the kraft process and

Figure A-10.4-2 is a cross-sectional view of a recovery boiler.

The black ligquor, containing up to 60% by weight of organic material,
is sprayed onto the furnace walls by an oscillating nozzle where it is
dehydrated to form a char which drops to the furnace bottom. The organic
material is carried upward through the furnace where it is burned with air
from secondary and tertiary ports. Ash (inorganic material) from the char
bed is exposed to a reducing atmosphere to convert its sodium sulfate to
sodium sulfide which is then collected in the furnace bottom as a molten
smelt. The smelt is carefully kept from contact with a proportion of water

which would cause a violent reaction.
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The use of supplemental fuels is limited to the boiler start and

warm-up cycle but may also be used for load sustaining.

Current Fuel Use, Trneds and Properties

Aside from boiler start and warm-up only black liguor fuel is used.

Therefore, there was no data on fuel use, trends and properties.

Trends In Eguipment Type, Age, Size and Use

Information supplied by Babcock and Wilcox (Ref. A-10.4-2) was used to
determine trends in recovery boiler rating (size) between 1954 and 1975 for
units installed in the United States. These data are summarized in Table
A-10.4-1 with the number built and average B&W rating as a function of time.
{The non-dimensional B&W recovery boiler rating involves the: weight of solids
in the ligquor per weight of pulp; heating value of the solids; daily pulp
output; and a constant. The trend in this rating factor, and not its magnitude,
is of interest for this discussion. A unit measure of the B&W rating corresponds

6
to 5,714 kW-hr/day (19.5x10 Btu/day) gross heat input to the furnace.)

It is seen from Table A-10.4-1 that there has been a general increase

in the size (rating) of the recovery boilers. The "average" boiler was built

in 1964.

Total Number and Geographic Distribution

Information supplied by Babcock and Wilcox and Combustion
Engineering (Refs. A-10.4-2 and A-16.4-3) was used to determine the
geographical distribution of recovery boilers by state. Table A-10.4-2
presents the state-wide distribution of the 274 units reported by
both manufacturers. Also shown in Table A-10.4-2 is the distribution
of recovery boiler relative capacity which is directly pfoportional
to the furnace gross heat input. In essence, the relative capacity
data presented in Table A-10.4-2 is an indicator of the amount of wood
pulp processed by each state. The arithmetically average recovery
boiler has a gross furnace heat input of 2.80 x 106 kw~hr/day (9.56

X 109 Btu/day., 117 MW).



TABLE A-10.4-1. TRENDS IN BABCOCK AND WILCOX BLACK LIQUOR RECOVERY BOILERS

Year Built No. Built Aver. B&W Rating *
1954 5 213.4
1955 13 331.4
1956 9 356.7
1957 3 255.0
1958 - -
1959 7 390.0
1960 4 253.0
1961 1 666.0
1962 5 340.0
1963 ' "9 600.0
1964 4 650.0
1965 15 494.5
1966 7 754.9
1967 2 700.0
1968 S 565.0
1969 6 640.0
1970 7 798.0
1971 2 475.0
1972 8 712.4
1973 7 482.1
1974 4 725.0
1975 _5 582.0

128

*This rating is dimensionless

(The non-dimensional B&W recovery boiler rating involves the: weight of
solids in the liguor per weight of pulp; heating value of the solids; daily
pulp output; and a constant. The trend in this rating factor, and not is
magnitude, is of interest for this discussion. A unit measure of the BgW

rating corresponds to 5,714 kW-hr/day (19.6x10% Btu/day) gross heat input
to the furnace.)
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TABLE A-10.4-2.

DISTRIBUTIONS OF NUMBER AND RELATIVE CAPACITY

OF KRAFT RECOVERY BOILERS

State No. Rel. Cap., %
Alabama 26 9.76
Arizona 2 0.60
Arkansas 14 5.47
California 6 1.55
Florida 19 8.01
Georgia 30 10.99
Idaho 4 0.80
Kentucky 3 1.00
Louisiana 24 10.03
Maine 13 4.01
Maryland 2 1l.16
Michigan 5 1.17
Minnesota 4 1.03
Mississippi 9 -~ 4.24
Montana 4 1.55
New Hampshire 2 0.51
New York 2 0.48
North Carolina 18 6.56
Ohio 2 0.37
Oklahoma 1 1.12
Oregon 17 5.43
Pennsylvania 4 0.61
South Carolina 7 3.51
Tennessee 3 0.99
Texas 14 5.67
Virginia 13 4.39
Washington 19 7.44
Wisconsin 7 1.57

274
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Limitations In Equipment Uses And Fuels

There are no known limitations in either equipment or fuel
used. However, operation of these devices, especially air distri-
bution, is quite important where chemical recovery efficiency and

safety are concerned.

Quantity And Geographic Distributions Of Fuel Used

There was no specific information found concerning this subject.
Aside from device start and warm-up there is no other requirement for

fossil fuels.

Air Pollutant Emissions

Total yearly emissions from recovery boilers are shown in
Table A-8~1. Ranked tenth in order of Nox emissions, recovery boilers
are sixth in magnitude of SOx emissions. The high sulfur content of
the black liquor is the source of SOx as well as potential HZS and
other reduced sulfur compounds. Particulate emission levels are third
highest in the tabulation. CO emission levels are ranked second follow-

ing iron and steel furnaces.
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A-10.5 WOOD WASTE BOILERS )

Major Manufacturers

The major manufacturers of wood waste (wood and bark) boilers
are:

. Babcock and Wilcox (Wilmington, North Carolina)
. Combustion Engineering (Chattanooga, Tennessee)
. Foster Wheeler (Livingston, New Jersey)

. Riley Stoker (Worcester, Massachusetts)

Associations

There is no known national association specifically for wood
waste boiler manufacturers. However, all the above organizations are

members of the American Boililer Manufacturers Association.

Basic Equipment And Combustor Design (Refs. A-10.4~1 and A-10.5-1)

The material burned in these boilers consists of slabs, logs,
bark strips, sawdust and shavings originating in sawmills, plywood
facilities and pulp and paper mills. These materials will have a
highly variable moisture content reflecting the tree species, time of
year when cut, part of the tree, and its exposure to moisture during/
transit and storage. In addition, salt content in the bark resulting
from transportation by sea creates other problems which must be
considered during boiler design. Due to seasonal variations in wood
waste supply, all boilers are equipped to burn a secondary fuel(é).
All material, except sawdust, is first reduced to chip size (hogged)
in-order to facilitate both charging into the furnace and subsequent

combustion.

Burning .of the wood waste occurs in three steps: drying of the
material; distillation and combustion of the volatile matter; and,
combustion of the fiked carbon. Furnace designs for accomplishing
these steps include pile burning where the waste is deposited in a
pile on a grate; combustion air enters from beneath the grate and

flows around the burning pile. This method of firing regquires between
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30 and 40% excess air at the boiler outlet. The wood waste may also
be burned in a furnace equipped with a traveling grate and a spreader
stoker similar to that used with coal. The smaller particles will dry
out and burn during flight with the balance of the burning occurring

on the grate.

Figure A-10.5-1 is a cross-sectional view of a wood waste boiler

designed to burn hogged wood with either o0il, gas, or pulverized coal.

Current Fuel Use, Trends and Properties

Information supplied by Babcock and Wilcox and Combustion
Engineering (Refs. A-10.4-2 and A-lO.4—3) tabulates characteristics of wood
bark boilers installed by these firms. In each instance a supplementary
fuel (or fuels) was indicated and steam capacity on wood waste alone
ranged from 28-92% of the total steam capacity, with the supplemental
fuel(s) accounting for the balance. (The use of a supplemental fuel
can lead to the formation of an ash of lower melting temperature than
that of either ash taken separately and may become a problem.) In
several instances the furnace has been designed so that another

supplemental fuel, usually pulverized coal, can be used in the future.

The limited amount of information obtained precluded

establishing specific trends in fuel usage.

Total Number And Geographic Distribution

The total number of bark boilers reported in References A-10.4-2
and A-~10.4-3 (107) was not sufficient to establish a definitive distribution
by state of these devices. Rather, the number reported for each state was
expressed as a percentage of all the units reported. This assumes that the
distributions of bark boilers installed by these manufacturers are representa-
tive of units installed by all manufacturers. These results are shown in

Table A-10.5-1.
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TABLE A~10.5-1. DISTRIBUTIONS OF BARK BOILERS AND RELATIVE CAPACITIES

State Rel. No., % Rel. Cap., %
Alabama 14.0 11.9
Arkansas © 3.7 4.5
California ’ 1.9 1.9
Florida 9.4 7.3
Georgia 8.4 11.9
Idaho 0.9 : 0.7
Iouisiana 3.7 6.5
Maine 5.6 8.0
Maryland 0.9 0.1
Michigan 0.9 . 0.5
Minnesota 0.9 _ 0.8
Mississippi 3.7 6.7
North Carolina 3.7 1.8
Oklahoma 0.9 1.7
Oregon 7.5 4.9
South Carolina ‘ 1.9 1.0
Tennessee 1.9 i 1.2
Texas 7.5 10.5
Virginia 1.9 . 1.8
Washington - . 14.0 7.8
Wisconsin 6.5 8.8

Boiler Steam Rate
All Boilers Steam Rate

]

Relative Capacity, % x 100

Total sample number 107

12.16 x 10° kg steam/hr

Total steam rate

284



Limitations In Equipment Uses And Fuels (Refs. A-10.4-1 and A-10.5-1)

Wood waste boilers are limited by wood supply and wood moi;ture;
wood supply fluctuates with mill production. The net heating value of
the wood waste decreases as the moisture content increases and with
moisture contents above 65%, a large part of the energy in the wcod is
required to evaporate the moisture, and little remains for steam genera-
tion. Burning of this wet waste becomes a means of disposal rather than

a source of energy.

Combustion temperatures resulting from burning dxry waste may be
high enough for impurities to cause fluxing of furnace refractories
and fouling of heating surfaces. In addition, a furnace designed to
burn wet fuel will operate poorly with dry fuel, and a dry fuel furnace
may be unable to carry its normal load when supplied with wet fuel.

In some cases, extremely dry fuel is sprayed with water so that its

moisture content is closer to design moisture.

Quantity And Geographic Distribution Of Fuels Used

No information was obtained for this subject in regard to either
wood waste or supplementary fossil fuels used. As noted in Reference
A-4-1, energy produced by hogged fuel and bark (at 50% moisture content
for eacn) amounted to 6.8% of the total energy consumption in the pulp,

paper and paperboard industry during the first six months of 1975.

Alir Pollutant Emissions

The NEDS listing for air pollution emissions from wood and/or
bark boilers was shown in Table A-8-1. The boilers rank thiréd in
magnitude of NOX, CO, and particulates emissicns but are sixth in terms

of HC and seventh in SOx emissions.
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A-10.6 COKE OVENS

Major Manufacturers

The major manufacturers of coke ovens are:

. Koppers Co. (Pittsburgh, Pennsylvania)

. Wilputte Coke Oven Div., Salem Corp. (Morriston, New Jersey)
. Otto-McKee (Independence, Ohio)

. Dravo-Still (Pittsburgh, Pennsylvania)

. Kaiser-Didier (Oakland, California)

The last two named are recent entries into the field and as of December 1976

had not produced any ovens.

Each manufacturer will perform a turn-key operation in that
they will design, procure components, and construct the ovens as well

as the by-product plants which extract chemicals from the coke oven

gas.

Associations

There are no known coke oven manufacturer's trade associations.

Basic Equipment And Combustor Design

Modern by-product coke ovens are tall, thin, long devices which
will heat metallurgical grade coal in the absence of air to produce
coke. The older beehive configurations are not common and will not
be discussed. The fuel for heating the coal is mostly coke oven gas,
i.e., the gaseocus products of coal distillation, or blast furnace gas
with a small usage of both coke oven and blast furnace gas. All coke
oven gas is first routed through a by-product recovery plant and then
approximately 60% of the gas is used within the oven with the
balance routed to the steel mill. A grouping of coke ovens is termed
a battery and there may be anywhere from 5 to 106 ovens in a battery.

Typically, there is a minimum of 15 ovens in a battery. Reference
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- A-10.6-1 presents details showing differences between the several types of
coke ovens. Basically, these differences involve the specific arrangement
of the hot gas flues within the ovens. Figure A-~10.6-1, taken from Reference

A-10.6-1, is a cut~away view of a coke oven.

Current Fuel Use, Trends And Properties

Approximately 85% of the devices use coke oven gas, 12% use
blast furnace gas, and 3% use a combination of these two fuels (Ref.

A-10.6-2). No other fuel types are used.

No information was obtained regarding trends in fuel usage.
Such trends might be approximately proportional to yearly coke

production.

Trends In Equipment Type, Age, Size And Use

The trend in equipment type has been to the by-product method;
as a result only one location in the United States uses the older bechive

method.

The life of a by-product oven battery is from 20 to 30 years

(Ref. A-10.6-1) but no information was found on representative oven

age nor the trend in'age.

There has been an upward trend in oven height and length, i.e.,
greater coke capacity per oven. The width of the oven is fairly well
fixed to allow for coking of the coal within approximately 17 hours,
i.e., if the width (minimum oven dimension) were increased the coking
time would also be increased. At the present state-of-the-art a
representative oven is 6.1 m (20 ft) high, 15.2 m (50 ft) long, and
0.5 m (18 in.) wide.

Total Number And Geographical Distribution

As of 1974, according to Reference A-10.6-3, there were 11,694
coke ovens in the United States at 50 plant locations. The majority

of ovens (59%) were located in Pennsylvania, Indiana, and Ohio.
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Additionally, 97.7% are the by-product type and the balance (2.3%)

are the beehive type. Table A-10.6~1 presents the coke oven distribution

by state.
TABLE A-10.6-1. COKE OVEN DISTRIBUTION BY STATE
State No. of Ovens

Alabama : 691
California 315
Colorado 216
Illinois C 424
Indiana 1669
Maryland 757
Michigan 438
Minnesota 115
New York 645
Ohio 1665
Pennsylvania¥* 3568
Tennessee 44
Texas 140
Utah 252
West Virginia 755

11,694

* State total includes 266 beehive ovens

Limitations In Equipment Uses And Fuels

A coke oven battery can use either coke oven or blast furnace
gas if it were originally designed to accommodate both fuels. A
substantial capital investment would be required to substitute blast
furnace gas for coke oven gas in that piping from the blast furnace
to the battery would be required. In addition, the marked differences
in heating value ketween the gases: coke oven gas 18.6 MG/m3
(500 Btu/cf); blast furnace gas 3.3 - 3.7 MJ/m3 (90 - 100 Btu/cf)--

would probably require extensive revisions in the flue ductwork within
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k)
the oven since a greater volume of gas would be needed. 1In view of

the latter consideration it does not appear economically feasible to
substitute blast furnace gas in those batteries which were not

originally designed for this fuel.

Quantity And Geographic Distribution Of Fuels Used

In a coke oven, the coal charge (feedstock) itself is the primary

source of fuel via the generated coke oven gas. According to Reference

A-10.6-4 for the year 1972, 77.9 x 109 kg (85.7 x lO6 short tons) of coal

were used in the production of coke; 62.3x109 kg (68.Sx106 short tons) of

10

coke, screening and breeze were produced; Also produced were 4.59 x 10 m

(1.62 x.'.lO12 ft3) of coke oven gas. However, the amount of coke oven gas

used as fuel within the oven is less than this amount for two reasons:

1. The extraction of by-product chemicals

2. Routing of approximately 40% of the remaining gas to the
steel mill.

Thus, it is not possible at this time to determine the total
quantity and geographic distribution of fuels (coke oven and blast

furnace gas) used in coke ovens.

Air Pollutant Emissions

The yearly air pollution emissions from by-product coke ovens
are contained in Table A-8-1. In this instance the "Number of Records"
obtained from the NEDS listing (Ref. A-2-2) is assumed to refer to the
number of coke oven batteries where each battery may contain a large
number of individual ovens. HC emissions are high (second) relative to
other devices tabulated. Emission levels of other pollutants listed are

much lower in the ranking order.
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A-10.7 BLAST FURNACES

Major Manufacturers

The major manufacturers of blast furnaces are:

. Koppers Co., Inc. (Pittsburgh, Pennsvlvania)

. Arthur G. McKee (Cleveland, Ohio)

. Dravo (Pittsburch, Pennsylvania)

Each of these manufacturers will perform a complete operation

from design, to component procurement, and construction.

Assoclations

There are no known associations of blast furnace manufacturers.
The American Iron and Steel Association (AISI) represents the equipment

users.

Basic Equipment And Combustor Design (Ref. A-10.6-1)

A blast furnace is a device which produces essentially pure
metallic iron (pig iron) from iron containing materials. It is a
refractory lined, circhlar, conical structure with a hearth (lower).
diameter ranging from 6.1 m to 9.2 m (20 - 30 ft) and total height
between 27.4 - 33.5 m (90 ~ 110 ft). The top end (smaller diameter)
of the furnace is fitted with a removable seal arrangement to allow
charging of materials which consist of:

. Iron-bearing material (ore, sinter, pellets, scale, slag, scrap)
- Fuel (coke)
« Flux (limestone and/or dolomite).

The hearth region is fitted with tuyeres for admitting preheated
(blast) air and, in most instances, a secondary fuel (gas, oil or
pulverized coal). The preheated blast air burns with part of the fuel
({coke) to produce heat for the chemical reactions involved and for
melting the iron. The balance of the fuel and part éf the gas produced
reduces (i.e., removes oxygen from) the metal. The blast furnace
exhaust gas, a low energy content gas, is cleaned and burned in the air

preheaters.
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Each furnace is furnished with from 3 to 8 (3 or 4 are typical)
hot blast stoves. These stoves are brick-lined regenerators whose
function is to preheat the blast air before entry into the furnace.

- These devices are fueled with cleaned blast-furnace gas (with some
gsage of coke oven gas) and contain brick checkerwork for countercurrent
air heating. For a 3 stove arrangement one is supplying heated air to
the blast furnace while the other two stoves are being heated by burning

blast-furnace gas. Figure A-10.7-1 is a general arrangement of a blast

furnace and hot blast stove.

Blast furnaces are rated in terms of their internal (stack)

volume while hot blast stoves are rated by their internal heat transfer

area.

Current Fuel Use, Trends And Properties

Currently, coke is the main fuel used in the blast furnace proper.
Some o0il, natural gas and pulverized coal are used as secondary fuels (the

coal is used at only one mill in the U.S.).

. No information was found concerning fuel use trends as a result
of dewvice efficiency improvemgnts. Therefore, it was assumed that fuel
usage trends would follow the annual production of pig iron. Information
was obtained on pig iron production from the American Iron and Steel
Institute, and is presented in Table A-10.7-1, for the years 1966-1975.
These data reflect the general national economic climate in the
United States, i.e., pig iron production is high during periods of

relative prosperity and low during recessional phases.

TABLE A-10.7~1. ANNUAL UNITED STATES PIG IRON PRODUCTION
103 Metric Tons (103 Short Tons)

Year Production

1966 83,182 (91,500)
1967 79,076 (86,984)
1968 80,709 (88,780)
1969 86,379 (95,017)
1970 ) 83,123 (91,435)
1971 . 73,908 (81, 299)
1972 80,856 . (88,942)
1973 91,670 (100,837)
1974 87,190 (95,909)
1975 72,657 (79,222)
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Trends In Equipment Type, Age, Size And Use

No quantitative information.was found concerning these aspects
of blast furnaces. In general, the furnace is rebuilt (refractories
changed) every five years and it is during these rebuilds that provision

is made for incorporating supplemental fuels.

New blast furnaces are being made larger ususally to replace
several smaller units. However, no specific information was obtained

regarding size as a function of time.

Total Number And Geographic Distribution

Table A-10.7-2, prepared from data in Reference A-10.6-3, presents
the blast furnace number distribution by state. Of the total number

(189), 63.0% are concentrated in Pennsylvania, Ohio, and Indiana.

The blast furnace internal volume (stack volume) is the unit of
measure of capacity. Using data from Reference A-10.6-3 a tabulation was
made of stack volumes to arrive at a relative pig iron capacity (i.e., pig
iron capacity was taken as proportional to stack volume) by state. The
results are also shown in Table A-10Q.7-2. Pennsylvaqia, Ohio, and Indiana

account for 59.5% of the relative capacity.

TABLE A~10.7-2. BLAST FURNACE AND RELATIVE CAPACITY DISTRIBUTIONS BY STATE

State No. of Blast Furnaces Rel. Cap., %
Alabama 9 4.48
California 4 2.28
Colorado 4 ‘ 1.54
Illinois 16 8.39
Indiana 27 15.79
Kentucky 2 l.64
Maryland 10 5.59
Michigan 9 5.77
New York 8 5.16
Chio 36 18.72
Pennsylvania 56 25.00
Texas 1 1.31
Utah 3 1.73
West Virginia 4 2.61

‘%

rm——
e —
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Limitations In Equipment Uses And Fuels

The only fuel limitation noted was in secondary fuels. These can
be used only when the furnace was originally designed, or retrofitted, to

burn secondary fuels.

Quantity And Geographic Distribution Of Fuels Used

Table A-10.1-1 contains fossil fuels purchased by SIC 33, Primary
Metal Industries, by state. It is assumed that nearly all the coal and

coke entries for this industry are used in blast furnaces.

Air Pollutant Emissions

Air pollution emissions for the general heading of iron and steel
furnaces are shown in Table A-8-1. Emissions specific to blast furnaces
were not found. NOx emissions are expected to be low based on limited data

(Ref. A-10.12-2) because of the low heat content of blast furnace gas.
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A-10.8 OPEN HEARTH FURNACES

Major Manufacturers

Open hearth furnaces are no longer being made for the Iron and Steel
Industry but the major manufacturer was Koppers Co., Inc. (Pittsburgh,

Pennsylvania).

Associations

No information was obtained on associations of open hearth

manufacturers.

' Basic_Equipment And Combustor Design (Ref. A-10.6-1)

The open hearth furnace consists of a refractory lined vessel
which is shallow compared to its length. A refractory lined arched
roof completes the basic reverberatory furnace structure. Regenerative
checkerwork is used for air preheating, and a wide variety of fuels are
used. Figure A-10.8-1 is a view of the principal parts of an open hearth

furnace.

A carefully controlled charging sequence is followed. First,
limestone (flux), scrap and iron ore is charged into the furnace and then
melted--mainly by radiation from the flame and roof. Then, molten pig
iron is charged and the heat is refined.and ready for tapping in about
8-10 hours from the initial charging. (The shorter time period corresponds

to those furnaces equipped with roof mounted oxygen lances.)

A complex series of chemical reactions occurs within the molten
metal to remove the impurities by oxidation. The carbon content is also
carefully controlled. Oxygen is obtained partly from the iron ore and

partly from the furnace atmosphere. ) /

At the correct time the furnace is tapped and deoxidizing agents
and alloying elements are added as the molten metal flows into the
ladle.

No specific details were obtained on burner characteristics.
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Open hearth furnaces are being gradually replaced by basic oxygen
furnaces (BOF) and electric arc furnaces. Between the years 1964 and 1974
production by the open hearth has dropped from 77.2% to 24.5% of total steel
output. During the samé time period the use of BOF has increased from 11.8%
to 56.2% of the total steel production. However, the open hearth furnace
will probably survive for another 20 Qears before being completely replaced.
Additionally, BOF's are not combustion devicés as no fuel source is required

directly in the BOF unit.

The capacity of open hearth furnaces is expressed by the amount of
charge loaded per heating cycle. Furnaces currently operating range from
45 Mg (50 tons) to 381 Mg (420 tons) per heat with the averége size about
227 Mg (250 tons) per heat.

Current Fuel Use, Trends And Properties

Current practice is to use the following fuels, {usually in
combinations of two or more) (Ref. A-10.6-3):’

. coke oven gas

. pitch

. tar

. 011 (grade not specified)
. natural gas.

Only natural gas is definitely a purchased fuel while the others are normal

products of by-product coke ovens.

No information was obtained on the relative proportions of
these fuels when used in combinations. Further, no specific information
was obtained on fuel usage trends; however, overall usage should approximate

the overall open hearth steel production previously quoted.

Trends In Equipment Type, Age, Size And Use

No information was obtained other than that no new units are being

constructed and existing units are being phased out.
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Total Number And Geographical Distribution

Table A-10.8-1, prepared from data contained in Reference A-10.6-3,
gives the distribution of the 189 open hearth furnaces by state. Open
hearth furnaces are rated on the amount of steel produced per cycle '
(heat) since the furnace is a batch processor. (A heat may vary in duration
from 8 to 10 hours.) This rating factor was used to determine the approximate
open hearth steel production by state; the results are also shown in Table
A-10.8-1. Ohio, Pennsylvania, and Indiana comprise 71.4% of all the furnaces
and 70.4% of the approximate capacity.

TABLE A-10.8-1. DISTRIBUTIONS OF OPEN HEARTH FURNACES AND
APPROXIMATE CAPACITY BY STATE

State No. of Furnaces Approx. Cap., %
Alabama 9 3.66
California 16 5.82
Illinois 4 2.19
Indiana 27 16.20
Maryland 7 6.45
New York 3 1.25
Ohio 57 27.72
Pennsylvania 51 26.50
Texas 5 2.74
Utah 10 7.46

. .

Limitations In Equipment Uses And Fuels

In a steel mill which contains coke ovens, blast furnaces and
open ‘hearth furnaces, equipment fuel usaée is established during the
initial mill design phase. Extensive hardware changes would be required
to substitute fuels in the devices, e.g., substituting coke oven gas for fuel
0il or natural gas necessitates long runs of large diameter ductwork and
burner changes. Thus, the economics of the situation would probably preclude

using fuels other than called for in the original design.
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Quantity And Geographic Distribution Of Fuels Used

It is assumed that the distribution of fuels used in open hearth
furnaces is proportional to the amount of coal and coke purchased by
SIC 33, Primary Metal Industries, as shown in Table A-10.1-1. The rationale
for this assumption is that in a steel mill with on-site by-product
coke ovens, the major source of fuel for the open hearth furnaces
would be coke oven gas and that the amount of this gas is proportional
to the amount of coal and coke purchased. (In this context, "purchasing"
may amount to a "paper" transfer of a material within the same company

from one activity to another.)

Air Pollutant Emissions

Open hearth air pollution emissions are included in Table A-8-1 as
part of the "Iron and steel furnace" category. Table A-10.8-2 breaks them
out as a separate entry. Open hearth furnaces contribute 67% of the iron
and steel furnace category emissions. These furnaces have very high
temperatures and long residence time; that are conducive to NOx formation.

Emissions also vary considerably over each cycle (Ref. A-10.12-2).
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TABLE A-10.8-2.

OPEN HEARTH FURNACE AIR POLLUTION EMISSIONS

kg/Year (Short Tons/Year)
No. of '

Records NO, SOy HC (8:9) Particulates
With O, 6 3 7 4 3 0 7 4
Lance 66 2.5x10° (2.8x10°) {3.5x107 (3.8x10%) | 2.7x10° (3x10%) 0 (0) 3.8x10 (4.2x10%)
Without O 6 3 5 2 4 1 7 4 7 4
® Lance 75 1.6x10° (1.8x10°) [9.0x10° (9.9x10%) | 6.8x10% (7.5x10%) | 1.1x107 (1.2x10%) | 4.9x107 (5.4x10%)
Total | 141 4.1x10% (4.6x107) 7.1x10% (7.8x101) | 1.1x107 (1.2x10%) |8.7x107 (9.6x10%)

3.6x107 (3.9x104)




A-10.9 SOAKING-PIT, REHEATING, AND HEAT-TREATING FURNACES

Major Manufacturers

Major manufacturers of soaking-pit and reheating furnaces are:

. Surface Combustion Div., Midland~Ross Corp. (Toledo, Ohio)

. Swindell-Dressler Div., Pullman Inc. (Pittsburgh, Pennsylvania)

. Loftus Engr. Corp., Western Gear Corp. (Pittsburgh, Pennsylvania)
The major manufacturers of heat-treating furnaces are:

« Surface Combustion

. Swindell-Dressler

Associations

There are no known associations of manufacturers of these devices.
However, each of the above is a member of the American Iron and Steel

Engineers (Pittsburgh, Pennsylvania).

Basic Equipment And Combustor Design (Ref.A-10.6-1)

The primary functional objective of each of these devices is the
same == to raise the steel temperature to a specified range. In common
usage, a soaking-pit furnace is charged with steel ingot from the steel
mill and raises its temperature to a normal range between 1450 and 1617 K
(2150 - 2450°F) in preparation for the first rolling or forming operations.
A reheating furnace raises the temperature of the partially formed steel

‘to the same temperature range for further hot-working.

Heat-treating furnaces raise the finished steel product to a
temperature between 700 and 1144 K (800 - 1600°F) for the specific
purpose of controlling the mechanical properties of the final product.
Therefore, the operation of a heat-treating furnace is more critical than
that of a soaking-pit or reheating device insofar as the metal is concerned,
e.g., heating and cooling rates, as well as temperature levels, must be
carefully controlled. Additionally, the chemical composition within the

furnace must not adversely affect product surface quality.
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Soaking-pit furnaces are usually batch type devices designed
to heat steel ingot prior to rolling or forming operations. Several
furnaces are usually grouped together so as to share the same ingot
handling equipment and interior walls. Each pit, in turn, is designed
to accommodate several ingots with the constraint being that the ingots

never cover more than 50% of the floor-plan afea.

Burner design and placement, as well as exhaust port placement,
are chosen to promote strong internal circulation patterns of the
combustion gases to provide a uniform heating environment for the ingots.
This regquirement has led to the development of a family of furnace geo-
metrical designs; each will generate these gas circulation patterns. For
example, one design ("vertically-fired") has the combustor centrally
located and firing vertically into the furnace with the waste gases being
drawn off through the furnace outer walls. Another design has a series
of burners firing tangentially into a cylindrical furnace with the exhaust
port centrally located in the furnace floor. FigurebA-lO.9-l shows two
types of soaking-pit furnaces--the one-way and vertically~-fired configura-

tions.

Recuperators or regenerators aie usually provided €5nb;éheat
the incoming combustion air. (Current practice is to provide recuperators

or regenerators on all furnaces. Such was not the case 20 years ago.)

Reheating furnaces are of both batch and qontinuous type and
are also designed to promote strong internal gas circulation. These
devices are used to reheat slabs, billets and blooms prior to further
hot-working operations. Burner placement in continuous reheating
furnaces vary from a single burner at the steel discharge end (firing
countercurrent to the metal travel) to a series of up to five burner zones

*located along the length of the furnace. The latter arrangement allows
the metal to undergo preheating, heating and soaking during its travel
through the furnace. This multi-zone furnace permits better control
of metal heating rates and the gradual temperature rise enables
charging all grades of cold steel without having to cool the furnace.
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Figure A-10.9-1. Soaking-pit furnaces (U.S. Steel Corp.).
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Heat-treating furnaces are either batch or continuous devices
and are further identified as being directly or indirectly heated.
They are usually well insulated and built tight to avoid the loss of
special atmosphere gas. Special attention is given to achieve a
uniform temperature distribution within the working volume. For annealing
operations the rate of temperature increase and decrease is very carefully
controlled. Quenching tanks are located in close proximity to the
furnace to minimize the time between discharge from the furnace to

immersion in the quenching tank.

Special atmosphere gases are used to minimize scaling caused
by attack of normal atmospheric gases. Continuous furnaces may also
include fire curtains at both the charging and discharging ends to

prevent atmospheric oxygen from entering the working volume.

There are many configurations of the batch and continuous
furnaces. An example of the former is the bell-type in which the steel
is loaded on a tracked carrier which is then moved into position under the
furpace body. The body is then lowered over the carrier and the heating
cycle commences. A single furnace bedy can be repositioned to service

several carriers.

A walking-beam furnace is an example of a continuous device and

,consists of a series of pivoted beams running the length of the furnace.

The steel is moved through the furnace as a set of beams are pivoted

) causing the charge to move to the next set of beams, etc.

Current Fuel Use, Trends And Properties (Ref. aA-10.9~1)

Current fuel use includes fuel oil, natural gas, coke-oven and
cold blast furnace gas. Trends in fuel usage have been away from
natural gas to a combination of blast furnace and coke~oven gas, with
Nos. 2 and 6 fuel oils as alternates. Economic considerations preclude
furnace operation on blast furnace gas alone as this low energy fuel

would require extensive ductwork and burner modifications.
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Trends In Equipment Type, Age, Size And Use

According to Reference A-10.9-1, up until 3-4 years ago 30-40%
of their inquiries concerned nonregenerative (no air preheat) devices.
Since that time all requests have specified preheated air (either

recuperative or regenerative) in the interest of fuel economy.

Devices which had used natural gas exclusively have been
retrofitted with new burners to allow operation on other gaseous fuels,

e.g., coke-oven and blast furnace gas.

There has been no marked shift toward greater use of continuous
type furnaces mainly because these larger capacity devices are already
extensively used. However, within the continuous type device category,
newer installations have favored the walking-beam configuration to
achieve greater capacity. The capacity of a pusher type reheating
furnace is limited by the length of the pushing mechanism but such is

not the case for the walking-beam type.

No specific information was obtained on device age and size--

except that the trend is for larger capacity units.

Total Number And Geographic Distribution

According to Reference A-10.6-3, there are 1435 soaking-pit
furnaces, 1264 reheating furnaces, and 3836 heat-treating furnaces
(for a grand total of 6535) distributed by state as shown in Table

A-10.9-1. Whenever possible devices using electricity as the heat

source were not included in the tabulation.

Limitations In Equipment Uses And Fuels

Limitations in this area pertain to fuels used. A device
which was originally designed to burn a specific fuel can not burn a
substitute fuel unless subsequent burner retrofit has been performed.
As previously discussed, there is no economic justification in using

low energy blast furnace gas by itself.
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TABLE A-10.9-1. DISTRIBUTIONS OF SOAKING-éITS, REHEATING,
AND HEAT-TREATING FURNACES

w

State - Soaking-Pits Reheating Furnaces Heat-Treating Furnaces
Alabama 29 20 64
Arizona - 1 -
Arkansas - 1 C-
California 32 34 120
Colorado 59 10 18
Connecticut 4 7 86
Delaware 5 7 2
Florida - 2 2
Georgia 8 S 5
Hawaii - 1 -
Illinois 73 92 155
Indiana 212 100 248
Kentucky 60 S 51
Maryland 85 75 127
Michigan 49 33 205
Minnesota - - 1
Mississippi - 1 2
Missouri 12 5 -
New Jersey 2 : 5 ° 15
New York 135 102 . 200
North Carolina - 17 3
Ohio 204 121 806
Oklahoma - 1 -
Pennsylvania 372 573 1529
Rhode Island - - 9
South Carolina - 1 -
Tennessee - 2 1
Texas 58 19 39
Utah 10 7 1
Virginia - 3 -
Washington 12 4 29
West Virginia 14 5 90
Wisconsin .- 5 28

Total 1435 1264 3836

307



Quantity And Geographic Distribution Of Fuels Used

A very approximate assessment of this subject is given by the
data in Table A-10.1-1 for SIC 33 - Primary Metal Industries and, to
a lesser degree, SIC 34 -~ Fabricated Metal Products. If it is assumed
that coke-oven gas consumption in heating furnaces is proportional
to coke consumption then Table A-10.l1-1 provides at least the relative

amounts, on a geographic basis, of fuels used.

Aside from this approach there was no specific information

found at this time on distributions of fuel used.

Air Pollutant Emissions

In this instance, the NEDS listing (Ref. A-2-2) for these devices
is completely inadequate.. A total of only 134 records (each record assumed
to be a separately identifiable device) was found for soaking-pit and

heat-treating furnaces in activity headings of: primary metals ~ steel

production (1 record); secondary metals - gray iron (16 records);
secondary metals - steel foundry (113 records); and, secondary
metals - malleable iron (4 records). As previously mentioned,
Reference A-10.6-3 listed a combined total of 6,535 socaking-pits,

reheating furnaces, and heat-treating furnaces.

In addition, Refefence A-10.9-2 does not contain emissions
factors (weight of emission/unit measure of product) for any of
these combustion devices. Therefore, it is concluded that no compre-
hensive air pollution emissions data are available for soaking-pits,

reheating furnaces, and heat-treating furnaces in the steel industry.
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A-10.10 STATIONARY RECIPROCATING ENGINES

Major Manufacturers

The major manufacturers of internal combustion engines, both
diesel and spark ignition, are shown in Table A-10.10-1 together with
information pertaining to engine characteristics. (These data were

secured from an unpublished source.)

Associations

The following associations. represent engine manufacturers:
. Engine Manufacturers Association (Chicago, Illinois)
. Bmerican Trucking Association (Washington, D.C.)
. Diesel Engine Manufacturers Association (Cleveland, Ohio)

Basic Equipment And Combustor Design

Diesel engine (compression ignited, CI) combustion is achieved
by injecting fuel into a cylindrical chamber containing compressionally
heated air with combustion occurring spontaneously. Spark ignited (SI)

engines employ a high energy electrical spark to initiate combustion.

Usually these engines induct a premixed fuel-air mixture into the
cylinder (the mixing function being performed by the carburetor).
However, fuel injection into the cylinder containing compressed air
is alsb utilized. Gaseous fueled SI engines mix the fuel with air

at the intake valve.

Diesel engines of the dual-fuel type also operate on gaseous
fuels but require a small amount of liquid diesel fuel to initiate the
combustion process. Such ehgines are designed to operate with from

6 to 100 percent liquid fuel.

Both CI and SI engines are produced in two- and four-stroke
cycle arrangements. In the CI, a power stroke is generated for
every 360 deg of crankshaft rotation (corresponding to two strokes
of the piston) while the SI delivers a power stroke for every 720

deg of crankshaft rotation, i.e. one power stroke for every four
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TABLE A-10.10-1l. IC ENGINE MANUFACTURERS

R R R BB R  —  ———— =3

—-—_—-——r—-——_—-—

i d
Manufacturer Bore, CID/cyl * RZO:eet C'y,;;:;d:r Rsap"e;e ’
inches hp hp/cyl rpm
Large Bore Engines
Alco’ 9 666 1000 - 4400 175 - 250 400-1200
Colt 8-16 1037-3526 850 - 9400 175 - 500 500-900
Cooper-Bessemer 13 - 20 2155-6283 900 - 13500 360 - 675 250-600
ElectroMotive Div (GM) 9 , 645 800 - 3600 100 - 180 900
Enterprise 13 - 17 1200-4770 1600 - 13500 280 - 680 400-600
Dresser-Clark 17 - 19 3860-5100 1000 - 10000 210 - 500 300-330
Ingersoll-Rand 11 -7 1350-4993 1000 - 5500 125 - 330 300-550
Horthingtoﬁ# 14 - 16 2972-4021 2300 - 8600 125 - 330 300-500
White Superior 8-14 510-3300 400 - 2400 75 - 150 900-1000
Medium Bore Engines
Allis-Chalmers i 3-1/2 - 6 43-169 29 - 850 10 - 70 1200-2600
Case 3-3/4 - 4-1/8 47-84 50 - 125 - 12 - 30 1200-2200
Caterpillar 4-1/2 - 6-1/4 79-246 85 - 1000 21 - 63 1200-2400
Cheverolet-Oldsmobile (GM) 3-7/8 - 4-1/4 26-57 50 - 218 13 - 27 3600-4000
Chrysler 3-1/4 - 4-1/4 28-52 43 - 175 12 - 30 1200-4000
Cooper-Penjax§ 5-15 128-2827 15 - 300 15 - 150 200~900
Cummins 4-1/2 - 6-1/4 63-192 120 - 1200 20 - 100 1200-2100
Detroit Diesel 3-7/8 - 5-3/4 53-149 50 - 1100 20 - 68 1809-2500
Ford 4-1/8 - 4-1/2 26-67 38 - 200 9 - 22 2500-4600
International Harvester 3-7/8 - 5-3/8 39-136 16 - 325 9 - 50 1800-3000
John Deere 4 - 4-3/4 55-89 44 - 180 15 - 30 1500-2500
Minneapolis-Moline 4-1/4 - 5-5/16 71-133 90 - 180 15 - 29 1800
Murphy 5-1/2 - 6-3/8 142-207 110 - 520 30 - 60 1200-1800
Sterling 3-5-1/2 16-166 16 - 152 8- 20 1200-1800
Stewart and Stevenson 3-7/8 - 4-3/4 53-149 30 - 1100 20 - 68 1200-1800
Teledyne Continental 3-7/8 28-41 S0 - 30 12 - 14 2000-2400
Waukeshaft 3-5/8 - 9-3/8 38-586 52 - 1550 - 110 1000-1800
White Engines (Hercules) 3-3/4 - 4-1/2 35-80 34 - 130 12 - 26 2400-2800
e e ——

*

+
*

Cubic inch displacement per cylinder
Horsepower is for rated conditions (continuous operation) @ 130°F intercooler water temoerature for

large bore engines and 85°F inlet air temperature for medium bore engines.

Worthington ceased producing engines during the writing of this report.
3-This manufacturer produces high power one- and two-cylinder engines.
# The manufacturer straddles the medium-large bore categories, however, the majority of engine production

is in the medium bore category.

310

Continued




TABLE- A~10.10-1 continued

Bore . Power Cylinder Speed
Manufacturer ’ CID/cyl Range, Power, Range,
inches hp hp/cyl rpm
Small Engines and Generator Sets .
Kohler —_— 3-3/4 - 28 3-7 2000-2700
Onan ' ’ 3-1/4 8 -30 6 -8 1800-3900
Teledyne Wisconsin 2-3/4 - 4-1/8 3-1/2-- 80 3-1/2 - 20 2400-3600
Wills Industries — 11 - 28 1 - 14 3000
Witte 4-1/4 - § 9 -~ 27 ) 9 -14 800-1800
Very Small Engines
Briggs and Stratton 2-3/8 - 3-9/16 2-16 2-16 3100-4000
Chrysler 2 - 2-1/4 3-1/4 - 8 3-1/4 - 8 5500-7000
Clinton 2-1/2 - 2-3/8 4-7 4 -7 4600-5800
Homelite 1-7/16 - 2-3/4 2-4 2-4 ——
Jacobsen 2-1/8 3 3 3600
Outboard Marine Corp. 2-3/8 <10 — _—
(Lawn Boy) .

McCulloch 1-3/8 - 2-1/4 <20 — —
0&R 1-1/8 - 1-17/32 1-2-1/4 1 - 2-1/2]6300-7200
Tecumseh . 2-3/8 - 3-1/2 2-1/2 - 16 2-1/2 - 16 _ |2500-3600

*Cubic inch displacement per cylinder
Hors