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The ENVIRONMENTAL HEALTH SERIES of reports was estab-
lished to report the results of scientific and engineering studies
of man's environment: The community, whether urban, subur-
ban, or rural, where he lives, works, and plays; the air, water,
and earth he uses and re-uses; and the wastes he produces and
muast dispose of in.a way that preserves these natural resources,
This SERIES of reports provides for professional users a central
source of information on the intramural research activities of
Divisiuns and Centers within the Public Health Service, znd on
their cooperative activities with State and local agencizs, re-
search institutions, and industrial organizations. The general
subject area of cach report is indicated by the two letters that
appear in the publication nurr.ber; the indicators are

AP - Air Pollution
AH - Arctic Health
EE - Ervirormmental Engineering
FP - Food Protection
OH - Occupational Health
RH - Radiological Health
WP . Water Supply
and Pollution Control

Triplicate tear-out abstract cards are provided with reports in
the SERIES to facilitate information retrievil. Space is provided
on the cards for the user's accession number and additional key
words,

Reports in the SERIES will be distributed to requesters, as sup-
plias permit. Retuests should be directed to the Division iden-
tified on the titlc page or to the Publications Office, Robert A.
Taft Sanitary Engineering Center, Cincinnati 26, Ohio.

Public Health Service Publication No. 999-AP-2
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PREFACE

The total inventory of pollution emitted to the atmosphere
from ail types of sources in a community will provide part of the
basis for consideration of the possible need for control of air
pollution. This review was prepared to provide a guide for in-
ventorying and controlling emissions arising from combustion of
fuel oil. Information was ccllected from the literature, Addi-
tional data were provided, upon request, by several power com-
panies. This review is limited to information on oil used as a
source of heat or power (exclusive of process heaters). The data
were abstracted, assembled, and converted to common units of
expression to facilitate understanding.

Although much has been done to increase the ..ccuracy of
sampling methods, stack sampling is not an exact science and is
subject, in some cases, to significant errors. Because of this
limitation and the many design and operating variables, there is a
wide range of values for emission of any given pollutant, Ina
literature review of this nature, where all the published values
are impartially reported, it is appropriate to recommend those
values reported most frequently. In most cases, this has been
done. When the most frequently reported value was not compat-
ible, however, with theoretical possibility, the value recommend-
ed was selected in tpe light of good judgment.

Emission values are subject to continual change as data are
made available. It is expected that current investigations on the
air pollution arising irom the combustion of fuel oil will give
more codmplete information on this subject. Investigaticus now
being conducted include: (1) a survey of emissions, including
polynuclear hydrocarbons, by the Division of Air Pollution,
Public Health Service, at the Robert A. Taft Sanitary Engineering
Center in Cincinnati, Ohio; (2) a literature search, by the Bureau
of Mines at Laramie, Wyoming, for fuel oil desulfurization
processes; (3) a study of means for removal of sulfur dioxide
from flue gases, by the Bureau of Mines at the Bruceton Station,
Pittsburgh, Pa.; and (4) a survey of emissions from the com-
bustion of fuel oil in residential and light industrial furnaces,
sponsored by the American Petroleum Institute.
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ABSTRACT

This review provides a guide for the inventerying and controi
of emissions arising from the combustion of fuel oil. Information
was collected from the published literature and other sources,
The report is limited to information on oil used as a source of
heat or power (exclusive of process heaters)., The data were
abstracted, assembled, and coiveried to common units of ex-
pression to facilitate understanding. From these data, emission
factors were established that can be applied to fuel oil combustion
to determine the magnitude of air-contaminating emissions.

Also discussed are the compositions of fuel oils; the preparation
and combustion of fuel oil; and the rates of emission, their
variables, and their control.
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SUMMARY OF EMISSIONS FROM FUEL O[L COMBUSTION . D €

Large suurce emissions {1 203 hp or more)

Small vource emissions [1, 00 tp ~r less)

Uiseous and Extreme range. Usual range, Recommended value for Extreme range, Usual range, Recommended value (or
particulate emisgion surveys, ! EE.MF
emissions ppin tnthe 1671, 600 [ppm in the  Ib71,000 [ ppm Inthe 671,000 jppm inthe 671, 000] ppm inthe |b 1,000( ppm in the 161, 000

stack gas 1t oil stacis yas 1b oil stack gas ib oil stack gas Ib 0il stack gas b ot stack gas ol
NOy as NOY® 0-830 0-18 0-140 0-4 20 5.0
fhorizontal 0-1,020 0-28 | 300-700 8.3.39 470 13 .- . .- -- -- -
tangential i60- 400 £ 4-11 180-280 5.7.7 210 5.8 .- - . .- .- -
50, (52.52008 12.0-2005 |1440-52005 117-19. 95| (5105 (19. 815 {0-52013  {0.20°5 (365-5200S {14-19. #15] {510%S 119.6)5
S0,° 0-76 (0. 083 6-24 10, 083- 18 o.30s || (o.eeds (0-3.415] (0-8.55  (0-0.315] 5.2)8 0. 25)s
2.3 {i. 65)8
cof 0. -100 0--117 .- -- 0.3 0. 00% 6-1,100 0-194 0-120 0-? 15 0.25
Aldehy des' 0-67 0-1.2 -- -- -- 0.07 G- 180 0-3.3 *.33 0-0.6 1 i4 2.29
Hydrarbons waa
other organics - 0-5 . -- .- 0. .- -- 9.5 .- .- .- 0.25
Hys' - 50 -1 - -- {n) {nt Il -so -1 -- -- {n) i
HCK ! <58 <1 -- -- (n) {n} . 58 1 -- -- in) {n
ne! - 48 -1 -- - {n} {n) - 48 “1 -- . in} fn)
zzu_ 0-98 0-1 -- -- (n) () 5-98 0-1 -- -- fa¥ tn}
:».. .- .- . -- in) (n) 3.5, 500 0-7.4 - - tn) tn]
Particulates 0.005- 0. 15- 0.02%- 0.82- 00338 1 0.3, 32 9-10 0.0M- 1-4 0. 049f 1.5
0. 205F 6.3 0. 0808 i.8 0. 13%

2 This table i3 based on values reported in the literature, and ¢ven quest. nable values, such as reco, are given. Values given in ppm or ge’'scl are at 12 T COy,

32-F_, and | atm.

o

-~ Indicates insufficie.t data,

© (a} indicates negligiote value.

d 11 the type of unit i3 r.at known, use the values for the horizontal units.

... .
5 imdicates that the peccent sulfur in the ail should be multiplied by ihe nurcher in parentheses fthe sulfur content of No, & fuel ofl 18 uaaativ 1 63 by weight).
Example: If the cumber in 303 ana the of Bap 1. 6% wulfur, thwe wDu rmission would be 20 times 1.6, or 32 SCsp 1, 000 ib otl hred.

Based on limited information: valitity open 15 question.

K gr sct,
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Steam generation plants operate over a wide range of con-
ditions, and decigns of larger plants vary widely. The rates of
emissions from these units are affected by variable operating
conditions and by nature of the fuel used. An indication of how
emissions are affected by operating variables is given in Table 2.

Table 2, EFFECTS ON EMISSIONS OF INCREASING
OPERATING VARIABLES 2

Increasing NO SOy S04 Particulates
operating variables X
Percent load 1 - I -
Fuel temperature D - 1 D
Fuel pressure D - I D
Excess air I - I D
Percent COy in stack D - D I
Dirt in firebox I - I I
Flue gas recirculation D - - i
Flame temperature | - I D
Stack temperature - - 1 D
Percent sulfur in oil - I I I
Percent ash in oil - - D I

2 I means increase; D means decrease; -
means no change,

Information was collected from the published literature and
from other sources on stationary equipment for combustion of
oil, mainly furnaces, boilers, and power plants (exclusive of
process heaters). All data obtained have been included in this
report, even though some are very probably inaccurate. The
pollution sources are divided into two categories, large (1, 000
hp or larger) and small (smaller than 1,000 hp). Unless other-
wise stated, the emissions are reported in parts per million
(ppm), by volume, or grains per standard cubic foot (gr/scf),
corrected to 12 percent CO2, or in pounds of pollutant per 1, 000
pounds of oil fired. One standard cubic fcot (scf) is taken as one




ATMOSPHERIC EMISSIONS

r !
1

at 32°F and 1 atmosphere of pressure, on a dry basis. ,In oil

combustion, 12 percent CO2 in the stack gas corresponds to

apprommately 25 percent excess air or 5.5 percent O3 in the

stack gas. The newer boilers nurmally operate with about

. 14 percent CO2 in the stack When a boiler is referred to as
operating at "'normal load. " it is usua.ly operating at about 85

percent of its ma:umum continuous capacity. ’

Det.uled emission «inta are [.,wen in appendlxes A and B.
Appendlx A contains data for large sources, and Appendix B, data
for small sources. Appendix ( illustrates the method used in
this report for graphically pre: ’entmg the data.

. Several factors were used to convert yalues found in the lit-
erature to uniform terms for this report, wher necessary These
factors were as follows: .

} '
1-bbl oil | .42 gal
1-1b oil ﬁred 215 sef of stack gas at 12 percent CO2 (dry)
1,000 hp 34, 500-1b steam hr = 2, 500-1b oil hr (assuming
75 percent efficiticy)
Percent. COo 16.2 - 0,775 X (wherc X - percent Og in the
stack)
When data on composition of residual vil were not given in material
reviewed, the. following fuel analysis was assumed:

36 percent carbon, 10 percent hydrogen, and the balance
H20, 0Qg, N, sulfur, and ash: 18, 300 Btu 1b; 12° API* or
8.2 b gal. | .

i f
FUELS ,
| ) o .
Crude oil used as raw material in petroteum refining consists
ol a whele series of hydrocarbons varying from dissolved, fixed
gases to heavy, nearly solid compounds. ' Certain fractlons of
crude petroleum, which may ‘be separated by simple distillation,
have the .ecessary properties for use as a fuel oil. Some hydro-
carbons syitable for fuel vil are also produced by thermal or
catalytic cracking, Except in unusual and relatively unimportant
‘circumstances, the only commervcial ligu:d fuels sufﬁcienm '
cheap for power generation and for industrial heating are certain
fractions of petroleum oil. 2 '

I
[

CATE A |-Il 1 ary Tue titate
I




FROM FUEL OIL COMBUSTION 5

The fuel oils used in small installations {smaller than 1, 000
hp, or 34, 500-1b steam/hr, or 2, 500-1b oil/hr) are generally
kerosene, diescl fuel, and grades 1 through 6 fuel oils. The
kind of fuel oil usec depends upon the size of the unit. The mcst
common fuel for domestic units is grade 2, Larger units, up to
200 hp, generally take grade 4; up to 1,000 hp, grades 4 to 6;
above 1,000 hp, grade 6 exclusxvely, or residual oils. Use of
kerosene and diesel vil is usually confined to units smaller
than 200 hp.

Typical properties of the light petroleum fuels are shown in
Table 3. Tables 4 and 5 shzw the NBS* Commercial Standards
Specifications for fuel oils and general classifications of fuel
oils, respectively. Table 6 shows the maximuin, minimum, and
average gravity (in © API) und sulfur content for juel oils used in
five regions of the United States. The regions are shown in
Figure 1. Table 7 shows the sales of distillate fuel oils (grades 1
through 4 and kerosene) and residual fuel oils (grades 5 and 6
and some crude oil) in each state for 1960.

The fuel oil used most in boilers producing steam at a rate
of 34, 500 1b/hr or greater (1, 000 hp or more) is called Bunker
C. Other names for Bunker C and similar oils are: residual,
high-viscosity, heavy, grade 6, ar Pacific Standard 400.2, 4
The range of properties for this fuel, as used in the nited States
in 1961, is listed in Table 8,

Grade 6 fuel oil is residual oil — a residue left after the
lighter fractions, fuel-oil distillates, kerosene, and gasoline
have been removed from the crude oil by distillati y»n. During this
process tie ash-forming constituents and sulfur-bearing com-
pounds originally present in the crude oil are concentrated in the
residual portion. With the development of improved refining
processes, larger proportions of the charged crul~ ure removed
as distillate ard motor fuel stock, leaving less res.uaual oil, which
may contain higher concentrations of sulfur and ash than romdual
oils of a few years ago. 7

Bulk fuel oil is sold in the United States in multiples of the
42-gallon barrel, at 60°F. The heat content ranges from 18, 000
to 19, 000 Btu/lb the average being 18, 300. 2, 4,7 Resmual fuel
oil is approximately 86 percent carbon 10 percent hydrogen,

1.0 percsnt water, 0.5 percent nitrogen, and the remainder sulfur
and ash, The sulfur content of residual oils is usually about
1.6 percent, 5 In 1961, however, the suifur concentration varied
in The United States from 0. 34 to 4 percent, by weight (Table 8),

*NHS: Natonad Burenu of Srten:fords,




ATMOSPHERIC EMISSIOND

Table 3. TYPICAL PROPERTIES OF LIGHT PETROLEUM
PRODUCTS (Reference 3)
Premium
Fuel properties Kerosene diesel oil
Gravity, API, 600 F 41.9 37.1
Initial boiling point, OF 336 360
Distillation:
10% recovered at °F 370 426
50% recovered at OF 437 502
90% recovered at OF 510 585
End point, °F 546 646
Flash point (P-M)3, oF 130(TCC)®| 164
Viscosity, Saybolt se(;, 100°F 35.1
Diesel index | 55. 8
Sulfur, % 0.037 0. 41
Cetane No., ASTMC® 52
Conradson carbon residue,
10% bottoms 0. 01 0. 07

a ('P-M) - Pensky-Martens closed tester (ASTM L33-42).

b (TCC) - Tag closed-cup tester (ASTM D56-36).

€ ASTM - American Society for Testing Materials.
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FROM FUEL OIL COMBUSTION 7

The composition of the ash in fuel oils varies greatly: the
presence of a large number of elements has been detected.
Normally, sulfur, aluminum, calcium, iron, nickel, silicon,
sodium, and vanadium are found in complex organic forms in the
oil. Other elements have also been found in the ash in very small
quantities: barium, chlorine, chromium, copper, gold, lead,
molybdenum, silver, strontium, thallium, tin, uranium, and
zinc. 7, 8 A general analysis of the ash from oils (after burning
under laboratory conditions) from different areas is shown in
Table 9.

; Rachy
. tMountain |

~
Wastern
Region

)
\Lg_c_g"ol Regi

.- an “{\

[4

Figure 1. Geographical arecs of the national survey of Lutner tuel oils,
Bureuy of Mines regions, 1941 (Reterence 5).




a Low-sulfur tuel oils used in connection with heat treatment, nonferrovs metal, glass and ceramic furi icen. and other special uses may be specified in accordance with
the following:

Distillate fuel, grade Sulfur {max), % Residual tuel, grade Sulfur (max), %
| S 005 L No iimit
2 1.0 L S No limit
L I No timit

Other sulfur lim:ts may be specifted only by mutual agreement between the purchaser and the selier.

btis the intent of these classifications that failure to meet any requirement of a given grade does not sutomatically place an oll in the next lower Erade unless, in fact,
it meets all requirements of the lower grade.

€ The exposed copper strip shall show no gray or black deposit.

9 Lower or higher pour points may be specified whenever required by eraditions of storage or use: these specifications shall not require a pour point lower than O°'F
under any conditions.

¢ The 10% point may be specified at 440°F maximum for use in other than atomizing burners,

[ The amount of water by distiliation plus the sediment by extraction shail not exceed 2% The amount of sediment by extraction shall not exceed 0.50%. A reduction in
quantity shall be made for all water and sediment in oxcess of 1R - - :

€ Formerly, a distillate cil for use in burners requiring a low-viscosity fuel. Now incorporated as part of No. 2 oil. ‘iot now part of NBS std.




M Table 4. NBS COMMEHRCIAL STANDARDS SPECIFICATIONS FOR FUEL OILS® CS12-48 (EFFECTIVE SEPT. 25, 1948, REPLACING STANDARD CS12-40), {Reference 4;
2 J—
- Max Max distribution Saybolt viscosity, sec, Kincmatic viscosity,
k Grade water Max temp, OF centiatokes, Cur:
2 of Description Flash Pour and carbon Max —e— Cray- S
H fuei point, point, sedi- residue ash, 10g 907, Ead Universal, Furol, iy, fcop;
oilb min °F max °F ment, on 10T T point, point, point, {| a1 100°F at 1220F At 100°F Al 122°F min str;
't by bottoms, wt CAP dhr
valume % Max Min  Max Min | Max Min [Max Min 122
1 A distiliate oil intended 100
for vaparizing pot-type or
iairners and other turn- legal [+] Trace 0.15 .. 420 . 625 .. .. . 2.2 1.4 }- 35 Pa-
€rs requiring this grade
of fuel
2 A distillate oi! for 150
general-purpose domes- or
tic heating, for use in legal 209  o0.10 0.35 . e 8.75 ... o . L LA L 26
urners not requiring
No 1 iuel gii -
&
4 An it for burner instal- 130
lati.ns.not equipped with or 20 0.50 . 0.10 . . .. 125 45 .. ..o ] (26.4) (5.8)] .. .
preheating {acilities legal
5 A residual-type oil for 130
burner instaliztions or 1.00 0.10 . . .. .. 150 49 . (3210 B1) e .
equipped with preteat- legal A
ing facilities
6 An oil for use in burners
equipped with preheaters | 150 2. 00! . . .. . cee ... 300 45 . .. | (6381 (92;
permitting use of high-
visce: ity fue]
1] ’ ¢
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4 An oil for burner installa-
tions nct equipped with pre-
heating facilities

5 A residual-type oil for
burners equipped with pre-
heating facilities. Sold as
Bunker B. Preheat sug-
gested: 1709 to 220°F

6 An oil for use in burners
equipped with preheaters
permitting use of high-
viscosity fuel. Bunker C.
Preheat suggested: 220°to
260°F,

24-25

18-22

14-16

7.538-7. 587

7.686-7,£91

7.998-8, 108

145, 000-145, 600 24-26

146, 800-149, 400 18-22

150, 700-152, 000 14-16

7.490-7, 587

7.686-7, 891

7.998-8. 108

144, 300-145, 600

146, 800-149, 00

150, 700-152, 000

 Since gravities are not included in commercial standards (excepting minimum

oil), this table is unofficial, based on trade practices under code CS12-40.

gravities of 35 for No. 1 oil and 26 for No. 2




Table 5, GENERAL CLASSIFICATION OF FUET, OILS 2 (with range of gravities, heat values, and comparison of old
specifications, CS12-40, with those of Sept. 25, 1948, C512-48). (Reference 4) -
Present specifications, CS12-48 Former specifications, CS12-40
Grade Description -
Gravity, Lb/gal Btu/gal Grav:ty, Lb/gal Btu/gal
CAPI OAP]
1 A distiliate sil intended for 35-40 6.879-7. 085 | 135, 800-138, 800 38-40 | 6.879-6.960 | 135, 800-137, 000
vaporizing pot-type burners
and other uses raquiring a
volatile fuel
2 A distillate oil for general 26-34 7.128-7.490 | 139, 400-144, 300 34-36 7.043-7.128 | 138, 200 -139, 400
purpose domestic heating,
for use in burners not re-
quiring No. 1, Moderatety
volatile
3 Formerly, a distiliate oil ceu e P e, 28-32 7.215-7. 396 | 140, 600-143, 100

for use in burners requiring
a low-viscosity fuel. Now
incorporated as part of new
No. 2 cil standards

[




Table 6. PROYERTIES OF FUEL OILS USED IN THE U. 8, - 1961 tRelerence 5)

|

b

LIy

Py Eastern region Southern region Central region
el
ol Property ; i
grade Min Avg Max Min Avg Max Min Avg Max
1 SAP1, 80OF | 30,5 42,9 46,2 28.8 42.7 4.7 3.5 42.5 48.1
sulfur, wt/% | 9.007 0. 069 0.17 0.01 0.088 0.21 0. 005 0.107 0,48
2 OAP1, 60°F | 26.8 35,3 4%.8 -} 90 | 5.8 41.7 28,6 3.1 3.3
saifur. wt/% | 0.04 0.228 ©0.85 0,04 0.249 0.72 0.071 0. 299 0, 81
4 Saf1, 60°F | 5.0 3.4 3.6 18.9 a 2.9 |14 20,5 27.9
sulfur, wt/% | 0.18 0.84 2.12 0.27 a " 1.92 0.27 0.90 2.12
$ %ar1, 0°F 7.1 17.2 21.9 12.5 15.2 17.6 12. 4 16,5 20.1
sulfur, wt/% | 0.28 .17 2,5 G.28 1.77 -3.10 0. 57 1,52 s
§ oapr, 80°F | -3.23 12.7 19.2 5.4 1.3 14,3 -3. 93 10,1 23,0
sulfur, wt/% 0. 53 1. 34 3. 40 0. 34 1. 58 ‘3,38 0. 43 1. 47 4.0
Rocky Mountain region Western region ASTM Combined
Fuel Alapdards
ol Property Number
grade Min Avg: Max Min Avg Max Min Max of Avg
. samples
1 ®AP1, 60°F [30.5  41.8 45,7 | 5.8 407  48.7 s .- 163 42.3
sulfur, wt/% | 0. 00& 0.113 0.41 | <0.001 0.1 o .- 0.5 183 0.094
2 OAPI, 65°F | 27,1 35,7 40.7 21.1 34.9 43.0 26 - 188 35.3
sulfur, wt/% | 0.029 0.324 1,00 0.029 0.419 0.53 .- 1.0 186 0. 286
4 Ca¥i, #80°F |10.0 19.6 31.0 10.0 18,4 1,0 - -- N 20,17
sulfur, wt.q, 1.32 1.4 1.5 1.32 a 1.3 - - n 0.99
5 SAPL, 80°F 1.9 12,7 20.¢ 2.7 12.6 17.8 .- . o4 15.0
sulfur, wt/%. 0.28 1. 84 3.5 0. 90 1.8% 1.3 .- - 84 1.%8
] OAp1, 60°F 1.5 9.3 19.1 L5 7.6 13. 4 - e 144 105
sulfur, wt'% 0. 516 2.02 4.0 0. 80 1.9t 4.0 . - 144 1. 80

A No averages were computed since obly (wo samples were repreaented for this test.
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Table 7. SALES OF FUEL OILS IN 1960, thousand barrels

(Reference 6)

Distillate fuel olls

Residua! fuel olls

States {Grades t 1o 4 and kerosene) | {Grades % and 8 and crude
oit used as fuels)

Alabama 1,007 4, 202
Alaska 1,723 695
Arizona 546 85
Arkansas 307 474
Calilornia 4, M 78, 860
Colorado 1,197 1,785
Connecticut 21, 643 14, 450
Delaware 2,478 6, 081
District of Columbia 2, 544 2,387
Florida 3,126 28,978
Georgla 1,673 6,413
Hawall 145 5,613
{daho 2,625 201
INinots 32, 490 25,676
Indlana 20, 415 12, 856
Iowa 8, 445 1, 021
Kansas 1,039 2,248
Kentucky 1,476 314
Louisiana 1,484 8,598
Majne 8,539 5,142
Maryland 10, 660 16, 490
Massachusetts 48, 594 38, 942
Michigan 26,739 11,242
Minnesota 11,339 6, 363
Mississippl 89 kAT
Missouri 7,202 2,970
Montana 1,205 1,950
Nebraska 2,064 an?
Nevada 589 202
New Hampshire 4, 240 2,324
New Jersey 40, 799 42,705
New Mexico 764 166
New York 71,488 76, 586
North Carolina 9,665 4, 537
North Dakota 2,376 855
Ohio 13,833 11, 382
Oklahoma 617 1,108
Oregon 8,083 5, 453
Pennsylvania 38, 627 42,643
Rhode Island 7,619 9, 502
South Carolina 3,375 4,634
South Dakota 2,254 88
Tennessee 526 184
Texas 5,340 21, 483
Utah 1,112 5, 552
Vermont r 2,814 498
Virginia : 9,312 17, 448
Washington 13, 228 9,179
West Virginia 467 1, 451
Wisconsin 19,322 4,275
Wynming 1,015 1,110

U. 8. total 477, 402 548,072




Table 8. PROPERTIES OF GRADE 6 FUEL OIL, 1961 2
(Refeience 5) . _
JProperty l\?!rin Max

Gravity, CAPI -3.33 23.0
Flash point‘,’ Pensky;Martens closed

tester, “F 15.2 365
Viscosity, Furol, at 122°F, sec 13.7 415
Sulfur content, wt % 0. 34 4,00
Ramsbottom carbon residue on

100% sample, 4.9 23.6
Ash, wt % 0. 002 0.3
Water and sediment, vol % 0.0 1.0
Pour point, OF -10 90

2 The extreme ranges of various properties of fuel vil

found in the "'nited States in 1961.

Table 9. ANALYSIS OF ASH IN VARIOUS OILS, 3P a5 wt %

(Reference 9)

- —

Reported Ml; T

as Calif. | Cont | Tex. Pa, | Kan. |lIran [lran
Si0Op 3s.8 31.7 1.6 0.8 |10.0 |52.8 |i12.1
Fep03
Al904 17.3 31.8 8.9 | 97.5 |19.1 |13.1 [18.1
TiOy ‘
Ca0 8.1 12.6 5.3 0.7 4.8 6.1 12,7
MgO 1.8 4.2 2.5 0.2 1.3 9.1 | 0.2
MnO 0.3 0.4 0.3 0.2 | Trace| Trace| Trace
V205 5.1 Trace| 1.4 -- 0.4 | 14.0 138.5
NiO 4.4 0.5 1.5 -- 0.6 1.4 10.7
Naz0 9.5 6.9 |30.8 0.1} 23.6 .- .-
K90 -- -- 1.0 -- 0.9 -- --
504 15,0 10.8 | 42.1 0.9 | 36.4 2.6 | 7.0
Chloride -- .- 4.6 .n 6. ! - --

4 After burning under laboratory condition.

b 1u3H data.
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ASPECTS OF OIL COMBUSTION
« Oil Preparation

Fuel oils must he vaporized before they can be burned.
There are two different ways of doing this. The oil may be
vaporized by heating;within the burner unit or the oil may be
atomized mechanically, producing fine oil droplets that may be
vaporized. Burners in the first group, usually called vaporizing
burners, are {ired ohly with light oils. They are sometimes
used in smaller space heaters with pot-type burners. They have
very little application in the power field.zy}orsl\l

If oil is to burn in the short time it is in the combustion
chamber of a furnace, it must be in the form of small particles
that expose as much surface per unit of volume of oil as possible
to the heat in the chamber. The necessary atomization of the oil
may be effected in three basic ways: by forcing oil under pressure
through a nozzle, as in the ''gun~type'' burner; by use of centri-
fugal force, as in the "rotary-cup” burner; and by use of steam
or air under pressure to inject the oil into the combustion cham-
ber, as in ""steam-atomization. '™ Mechanical means that effect
the atomization of oil in "rotary-cup' burners consist essentially
of an oil cup, which'is driven by a motor or air turbine, and an
air nozzle or ring. The cup spins at speeds from 3, 500 to
10,000 rpm. This motion tears the oil into droplets by centri-
fugal action. The steam- _r air-atomizing burners use pressures
ranging from 100 to 1, 000 psi, as do the "gun-type'" burners.10, 12

Besides atomiziﬁg the oil to achieve rapid vaporization, the
burner must also disperse the particles of oil in such a manner
that they mix with air, stripping off layers of oil from the drop-
lets as they move through the air. This requires a high degree of
turbulence. The great relative motion between the oil and the air
also produces a uniform mixture in the combustion zone, 10

Before the oil reaches the burner it is passed through a
strainer or filter to remove sludge. This {iltering process pro-

. longs pump life, reduces burner wear, and increases the com-

bustion efficiency.

Grades 5 and 6 oil must be heated before they can be pumped
to the burner efficiently. For good atomization, viscosity of

these oils must be maintained in the range of 130 to 150 Saybolt
Universal, This requires heating the oil to temperatures of 170

to 260°F. &, 10, 1

15
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Oil Combustion
L .

There are two kmds of hydrooarbun combusuon hydroxyla-
tion and decomposition. Hydroxylation or blue-flame burning
‘takes place when the hydrocarbcn molecules combine with oxygen
‘and produce alcohols or peroxides that split into aldehydes,
mainly formaldehyde, and water. The aldehydes burn to form
€02 and H20. "Decomposition or yellow-flame burning takes
place when the hydrocarbons "crack” or decompose into lighter
compounds, The lighter compounds then "crack"” into ca"b"%
end hydrogen, which byrn to form COg and Hy0.

A mixture of yellowa and blie-flame burning is ideal; This:
type of burning is indicated when CO2 in the dry stack gas is 12
to 14 percent This stack gas composition corresponds to pro-
nsxon of approximately 15 to 30 percent excess.air, depending
on pruperties of the oil, 2, 4, 10, 12°

: Smoke Formation ! | ‘
! | : | ; ’ :‘ o
Smoke from aqil-burning units is the result of incomplete
combustxon., An efficiently operated furnace should not smoke,
since smoke is a sign that unburned and partially burned hydro-

. carbons are being emitted to the atmosphere. Incomplete atomi-

zation of the oil caused by improper fuel temperature; dirty,
worn, or damaged burner tips: or improper fiuel or steam pres-
sure may cause the furnace to smoke, ' A poor draft or improper
fuel-to-air ratio may also cause a furnace to smoke. Other
factors that may cause a smokmp fire are: poor mixing and,
insufficient turbulence of the air and oil mixture, low furnace

- temperatures, and insufficient time for fuel to burn completely

in the cnmbustion chamber, 10, 12
|

Acidic Smut Formation

" Acidic smuts"’ are generally large partlcles, approximately
one-fourth inch in diameter, containing metallic sulfates (usually
iron sulfate) and carbonaceous material. Smut formation is a
result of the condensation of water vapor and $03 on cold metal
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surfaces. The metal surface is definéd as cold when 1ts tempera-
ture is below the flue-gas dew point, which is8 approxi mately 300°F,
The metal is corroded, f,rming the metallic sulfate. The metallic
sulfate in turn' absnrbs carbonaceous particulates from the flue

gas. The smut eventually l'lakes off and is carrlpd out of the stack

by the flue gas, 13

m e r e e



————

i

EMISSIONS FROM LA\{{GE INSTALLATIONS
Oxides of Nitrogen (NO,)

THEORETICAL CONSIDERATIONS

Air contains approxlmately 21 Ipercent oxygen (O2) and 79
percent nitrogen (Nz) by' volume, When oil is oxidized with air
at high temperatures, the composmon of the main combustion
products is essentially 12 percent CO2, 5 percent Oy, and 83
percent Nz, by volume, : Other compounds, however, are also
formed in small concentratxons, some of which are air pollutants,
One class of pollutants is reierred to as NOx— a general term
that includes the oxides of nitrogen, 'such as NO, NOj, N9Oy,
and N205. During combustion, oxygen and n1$rogen gas combine
to form NO as follows: '

N3 + O = 2NO | (1)

If time permits, this reaction will continue to equilibrmm, but

it does not go to completion as does the carbon to carbon dioxide
reaction, The NO will, however, react with more oxygen and
form NOg and other NO Jproducts. The N toiNO equilibrium
may shift in either dir ection, depending upon many variables. If
the concentration of cne of the gases is increased, the equilibrium
will shift to the opposite side, There is an abu'ndance of nitrogen
but very little oxygen present for this reaction. If the amount of
oxygen {excess air) is increased {without reducing the flame
temperature), the NO concentration will increase also, and the
reverse is true. As the NO reacts with oxygen to produce NOj,
there is a reduction in the concentration of NO, which removes

it frcm the equilibrium in reaction (1) above. The NO is replaced
by reaction (1) returning to equilibrium, ,

i’

H

Another variable that complicates this equilibrium is the
motion of the gases through zones of different temperatures,
pressures, and concentrations. Most of the NO is formed in the
flame where very high temperatures are present, The residence
time of the gases at this temperature is relatively short, however,
and thus the NO reaction is prevented from reaching equilibrium,
Figure 2 shows the theoretical concentration of. NO, assuming
typical fuel analysis, typical excess air, and a'residence time of
0. 5 second at various flame temperatures.

17
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The main factors in NOy production are:_ the flame temper-
ature (usually between 2, 400 and 3,600°F), the length of time that
combustion gases are maintalned at the flame temperature, and
the amount of excess air present in the {lame, Distinctly different
NOy concentrations have been reported for two different basic
designs of furnace, however. These designs are referred to as
tangentially and horizontally fired fireboxes. The tangentiaily
fired unit is built in such a manner that the {lame is propagated
in a cylindrical form, The unit is constructed to produce a
spiral upward motion of the flame and combustion products around
the walls of the cylindrical firebox. li is a relatively new and
infrequently used design.

1000

900 1~

800 |-

700 |-

600 i

NG, ppm

400

300 |-

200+

100 |-

FLLAME TEMPERATURE, °F

Figure 2. ?Theore!ical formation of nitric oxide vs flome temperature
{Reference 14).
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FROM FUEL OIL Cé)MBUS’I‘ION ; /‘ 19
. ﬁ‘ 1
Units fired other than tangentially are classified as horizon-
tally fired units. These units are usually fired at right angles to
the walls of the firebox but they may be fired at various angles.
They may be fired on one or more sides, ‘or from the bottom of
the firebox. The firebox may be squire, rectangular, or

cylindrical. Horizontal firing tends |to concentrate the hot gases
in the center of the ‘firebox.

EMISSION RATES
’I‘angentially Fired Units . f

/

NO, emissions, Irom tangentially fired units appear to be
about one-hali as great as those normally reported for horizon-
tally fired units. Only a few authors have reported on emissions
from tangentially fired units. Sensenbaugh reported a range of
200- to 400-ppm NOy in the stack for this type of unit, 19
Sensenbaugh and Jonakin compiled many literature values for tan-
gentially and horizontally fired units. | These values ranged from
160~ to 362-ppm NOy in stacks from tangentially fired units,

All the data, 1ncluding the experimental values, found in the
literature for tangentlally fired units are shown in Figure 3. The
numeral 2 designates two-stage combustion, which will be dis-
cussed later.” Figure 3 shows an extreme NO, concentration
range of 160 to 400 ppm in stack gas from tangentially fired units,
The most common range is 180 to 280 ppm. The most common
values reported in the literature are between 200 and 220 ppm,
which may be lower than normal; the few references available,
however, permit no better representation. ~

Horizontally Fired Units

All emission data, exclusive of that relating to tangentially
fired units, are grouped under the classification ""Horizontally
fired units.” Many general ranges for emissions from horizon-
tally fired boilers have been reported, as follows:

]

Range NOy as NQOs, ppﬁ) References

330 to 915 ' 1

500 to 700 15
100 to 900 15, 16
© 310 to 915 17, 18
i 275 to 600* | 19+
' 400 to 600 20

*AL stk comndiniona,
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Figure 3. NO_ emissions from large, tangentially fired units.
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The most extensive NOx study was done in Los Angeles
County in a joint district, federal, state, and industry project, 19
In this study, the effects of many variables were studied. Results
from this project showed a normal range of 275- to 600-ppm NOy
at stack conditions on 63 large sources. (This included 130 tests
comprising 554 stack sam 6ples.) The average emission rate was
0.78 pound of NOy per 10Y Btu, or 14, 2 pounds of NOy per 1, 000
pounds of oil fired calculated on the basis of 18, 300 Btu per
pound of oil fired. Other studies showed similar results,

All the data collected for NO, emissions for units, other
than tangentially fired, are shown in Figure 4. These data show
an extreme range of 0 to 1,020 ppm. The normal range is 300 to
700 ppm, and the most Lommonly reported values are between

460- and 480-ppm NOy.
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Figuwe 4. NO, emissions from lorge, horizontolly fired units.

VARIABLES AFFECTING EMISSIONS

Firirm Rate v '

One author 22 ahowed that the NOx emissions varied with the
firing rate. His equation may be written as:

L]

'- 1.18
1b NOy/hr = [x (C) ] ()
, 213

where X is the firing rate in pounds of oil per hour, C is the
percent of carbon in the oil, and NOy is nitrogen oxides as NOy,
Since oil usually contains about 86 percent carbon, the equation

could read:

1.18
1b NOy/hr = [ X ] (3)
248

Data for horizontally nred units conformed to this equ.tion
rather closely.
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Two-Stage Combustion,.

Two-stage combustion reduces NOy\emissions. In two-stage
combustion, as in other types of combustion, normally 115 to
130 percent of the theoretical air is nece’ssary for good combustion,
it only 90 to 95 percent is introduced thx]ough the burners with
the fuel. The remainder of the necessary combustion air is
introduced through auxiliary air ports in the |walls of the fire-
box. 17, 19, 23 One author found that this)method of combustion
reduced the NO, ccncentration by 27 to 47 percent in a horizon-
tally fired unit, 24 Other studies showed that, under normal
conditions, in a horizontally fired unit, the average NOy concen-
tration was reduced by 45 percent, 19, 23 ]One author who
reported data for two-stage combustion in a tangentially fired unit
indicated a reduction of 22 percent in NOx concentrations, 23
In two-stage combustion, the limited oxygen supply near the burn-
er probably inhibits the formation of NOy.

Lead Factor '
i '
!

Large boilers often have a power demalid fluctuation, They
normally run at about 85 percent of their designed load, which
provides a reserve for peak power demand.? Several studies
indicated an average NOx decrease from 0.6 to 0.9 percent per
1 percent load decrease below a 70 percent load; and an average
NOy increase from 0. 6 to 1. 1 percent per 1' percent load’'increase
above a 70 percent load. 19, 25 The increase in NOx concentra-
tion is caused by the increased flame temperature at the higher
firing rate.

Excess Air i ‘

In electric power f)lants, the amount of excess air used in the
combustion of oil may vary from 8 to 30 percent, in a given plant,
The amount of excess air used in large modern plants is about
16 to 20 percent, equivalent to approximately 14 percent.CO2
concentration in the stack gas. This concentration varies with
fuel composition and burner design. One author reported on a
tangentially fired unit that emitted 13 percent COy and 258-ppm
NOy {corrected to 12 percent COg). A linear relationship was
established indicating that, as the CO2 concentration was in-
creased by 1.6 percent (decrease in excess air), the NOx con-
centration was reduced by 29 percent. This is equivalent to a -I
18 percent decrease in NO4 per 1 percent increase in CO,y. !

The same author reported on a horizontally fired unit that
emitted 13, 6 -percent CO9 and 700-ppm NOy (corrected to 12

percent COg). An approximate linear relationship was established
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indicating that, as the COg concentration was increased by 0.9

percent, the NOy concentration was reduced by 32 percent. This
is equivalent to a 35 percent decrease in NOx per 1 percent in-
crease in CO2. 14 i |

The joint pro;ect% conducted in Los Angeles County investi-
gated the relationship of excess air to Nox‘ formation, This
relationship is shown’, on the basis of COz;}concentration, in
Figure 5. 19 The I\O concentration increases with a decrease
in CO2 concentratlon* because NOx formatglon is promoted by
surplus oxygen.

'

o
i
i 1

Windbox Pressure ‘5 {

The plenum chan;ber, through which the supply of combustion
air is provided to all .burners, is the "windbox." Air pressure
in the windbox is controlled by opening or closmg the air registers.
The air registers regulate the flow of air in the windbox in much
the same manner as an air damper regulates the flow of’hot air
in domestic heating units. In one study it was found that the NO,
concentration in tne stack gas was decreased considerably when
the windbox pressure 1was increased by 1 inch of water. 19

i } X
Flue Gas Recirculation

d

Some plants permlt a portion of the Ilule gas to be recycled
through the firebox. Onre author found an average NO, reduction
of 1,3 percent per 1 percent flue gas recycled in a tangentlally
fired unit. 14 In another study it was found that NOx was reduced
approximately 2.5 percent per 1 f’ercent increase in the opening
of the recirculating fan damper. Since recirculating the flue
gas reduced the oxygen concentration and flame temperature in
the firebox, the amount of NOy formed was also reduced.

f
Fuel Pressure and Temperature ‘ |

One study revealed that, when the fuel feed rate was kept
constant and the pressure of the fuel oil was increased either by
decreasing the size of the burner orifices or by decreaslng the
number of burners for the same fuel rate, NOx concentration was
decreased. The study showed an averave decrease of 0,17 per-
cent NOx per one-psi‘increase in fuel pressure, when smaller
orifice tips were used, 19 but these tips do not last or stay clean
as well as larger tips. 14 The study also showed that, when the
number of burners in‘a firebox was increased from the normal 12
to 14, resulting in a 50-psi decrease in fuel pressure, NOy

*lucrease in excess gir.
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concentration increased 15 percent, Whe\ the number of burners
was decreased from 12 to 10, resulting in a 100-psi increase in
fuel pressure, NOy co’ncentration decreased 4 perceat.

One author found that oil temperature had a small effect on
NO, concentration, His data showed an average of 0.3 percent
decrease in NO, per °F increase in oil temperature in the range
of 207 to 2770F, 14

o

i

Other Variables

— e

t

NOy production mcreases if deposits on boiler tubes are not
removed frequently by lancing or by other 'means. 14, 19 Clean-
ing the tubes increases heat transfer rates,{ which might be
followed by a reductlon in the flame temperature and in NO,
emissions for a gnverr load. ‘

Approach-cone vanes direct the air Iloiw either through or
around the burner to the flame to promote efficient combustion.
One author found that by removing the approach -cone vanes
from the burners and operating with the a1r registers wide open,
NOx concentration was reduced 16 percent.’ 24 This may have
been a peculiarity of a specific firebox design,

Sulfur Dioxide (502)
i

THEORETICAL CONSIDE RATIONS : ;

Oil contains many complex organic forms of sulfur, in con-
centrations ranging frrom a trace to more than 5 percent by
weight., During the combustion of oil, the sulfur in the oil is ox-
idized to sulfur dioxide (SOg) in much the same way as carbon is
oxidized to carbon dioxide (COg2). In other words, the oxidation is
virtually complete. The SO2 may react with more oxygen, how-
ever, forming sulfur trioxide (SO3) or sulfate radicals in a com-
plex equilibrium similar to those of the NOyx compounds. This
means that not all the sulfur in the oil is emitted as SOg, The
variables controlling the SO2 emissions are those controlling the
formation of SO3 and metzallic sulfates. 7, 26, 27

The amount of sulfur emitted as SO9 may be inferred irom a
material balance. Fly ash contains around 10 percent sulfur,
and oil contains around 0.1 percent ash. Thus, about 1 percent
of the sulfur in the oil ends up in the fly ash. Sulfur emitted as
S04 is probably about 1 percent of the sulfur in the oil. Thus, 98
percent of the sulfur in the oil is probably emitted as SOy,
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EMISSION RATES |

The data collected on sulfur emissions:are presented in
Figure 6. The extreme range is from 12 to more than 100 percent
of the sulfur in the fuel emitted as SO3. The normal range is 85
to 100 percent, The most common value is 100 percent. The
100 percent value is questxonable as are those values above 100
percent. One of the values plotted at 100 percent or greater
represents a calculated value of approximately 120 percent; this
impossibility indicates inaccurate sampling and analyzing prac-
tices. It would appear:from the data and the material balance
that the SO emitted in the flue gas represents about 98 percent
of the sulfur in the oil.

i
.

Suffur Trioxide (SO3)

.
! .
;

THEORETICAL CONSIDERATIONS |
¢

Thecretical equilibrium considerations dor the reaction
2 802, + Og == 2 803 t (4)
}

inarcate a tendency toward SO3 formation as the temperature of
the combustion gas stream becomes increasingly lower than the
flame temperature, Catalytic surfaces consisting of iron oxides
from the boiler tubes and the vanadium- and iron-bearing ash
deposits are present to accelerate the reactmn. This reaction
is similar to that used lm producing SOg in a contact sulfuric acid
plant; in a combustxon, chamber, however, there is less catalyst
and contact time, 26 \

As the products of ;combustion travel toward the stack exit,
and as heat is transferred to the boiler, preheater, and
economizer, the temperature of the gases isireduced. If the SO
comes in contact with surfaces below the dew point of the gas,
the SO3 combines with water vapor to produce sulfuric acid.

The sulfuric acid reacts in turn to produce metalluc sulfates on
the surface that it contdcts, which reduces the SO3 concentration,
The 80q markedly increases the dew point of the flue gases to
about 300°F. This high dew point of the exhaust gases may result
in corrosion of the boiler and stack, and in formation of acidic
smuts, as discussed in'a previous section, 26, 28,29, 30, 31, 32, 33

l.
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. The emission of 303 to the at osphere ‘does not appear to be
a function of the percent sulfur in he oil only, as does 509
.emission. To illustrate this, the concentration of 503 in‘the
‘stack gas is plotted agamst the sulcﬁr content of oil (Figure 7).
Lines are arbitrarily drawn to represent 0.4, 1.2,land 2. 5 per-
cent of the sulfur in the oil'emitted as SOj3. Thesel lines show
the wide range of the pért of the sulfur in the oil emxtted as SO3.
The majority of the data indicate that there is more than 6-ppm
and less than 25-ppm 8O3 in the stac|k gas. For this réason, the
SO emission data are/represented by two histograms. thure 8
shows the percent sulfur in the oil emttted 2s SO3 and Figure 9
shows the concentration of 803 in the stack.. Values in Figure 9
are not correlated with the sulfur content of the oil. The ranges
found in the literature are as follows (S is the percent sulfur in

- .the oil, byweight) . - ;

] . ' Ty
Lo , Range ¢ , Reference )

T

90% S converted to SOp and =,
1 to 5% SOg converted to SO3

! 100% S converted to SOz and
'1to 2% SO converted to 503
o

1to 5% S converted to 03 o

"1t02.51b so3/1 000 1b oil, for
oli with'S of 1 5% ' '

i

' Figure 8 shows an extreme range of 0. 25 to 11. 5 pqrcent of
the sulfur in the oil emitted as SO3. The normal range varies
from 0, 25 to 2. 75 percent, ‘and the ‘most common value is be-
tween 1.0 and 1.25 percent of the sulfur in the oil emttted as SO3.
Figure & shows that stack concentration varies from 0 to 76 ppm.
The normal range varies between 6 and 24 ppm, The most com-
mon are betweén 14- and 22-ppm SO3. i

When the gases leave the stack they are cooled below the
dew point, causing much of the SO3 to combine with water vapor

" in'the surrounding gas stréam, sometimes producing a visible .

plume. One author reported a visible plume at 3-ppm and a’
conspicuous plume at 15-ppm S03. 17, 18 The particle size of
sulfuric acid mist varies from 0, 5 to 6 microns, depending upon
the amount of water vapor present
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VARIABLES AFFECTING EMISSIONS

One author found that variation of flame temperature affected
SO3 concentrations in the stack gas. Thi experiment was done in
a pilot plant study and not with actual large furnaces or power
plants. A plot of SO3 content (ppm) versus the flame temperature
is shown in Figure 10. 35 This author also indicated that the per-
cent sulfur in the fuel converted to SOg decreased with an increase
in the percent CO4 in the stack gas. These data do not agree, /

. ¥
however, with other data collected for thxsﬂ report. /
. l f'."
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Figue 10. Effect of flame temperature on 503 emission (Reference 35).
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Other factors that may have a small effect on SO3 emission

are boiler load, fuel pressure, excess air, and percent ash in the
fuel. 7,26,29,30,31,32,33,35,36,37 These variables seem to

have little significance in the formation of SO3, however.,

. ] !
Other Gaseous Emissions
A i ;

Large power plants are usually efficient operations, and
therefore, should not emit unburned or partially burned hydro-
carbons in significant quantities. Several references, however,
have given values for emission of various organic compounds or
groups of organic compounds., Since investigators have not re-
ported the organic compounds in a consistent manner, e.g.,
hydrocarbons measured as hexane, no comparison of the results
is possible. Table 10iists organic compounds found in emissions
from large units, as reported by several investigators. Table
10 also shows some values for inorganic gases,

Particulate Emissions
i :

EMISSION RATES .

The particulate loading of stack gases depends primarily
upon the efficiency of combustion and the rate of build-up of
boiler deposits. The data do not follow any trend when the per- :
cent ash in the oil is plotted against stack loadings. When oil ]
containing one pound of ash is introduced into a large boiler, as
little as one-half pound or as much as 10 pounds of particulates
could be emitted. This emission may result from a build-up or
detachment of boiler deposits, carbon in the fly ash, HySOy4
reacting with the boiler or stack, or from a combinati_qn of ‘ 1
these factors.

Particulate loading ranges cited in the literature are 0.02 to v o
0. 04 grains per cubic foot 19 and 1 to 5 pounds per 1,000 pounds of
oil fired (0. 0325 to 0. 1625 gr/scf, calculated). The latter value 1
is for low-pressure atomization. The loading was reduced by
two-thirds when high-pressure atomizing was used. 20 All the ;
literature values for particulate matter are represented in Figure |
11. This figure shows an extreme range between 0. 005 and 0. 205 i
gr/scf. The normal range is between 0. 025 and 0. 060 gr/scf. i
The most ¢ ymmonly reported values are between 0.030 and !
0. 035 gr/scf. i
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PARTICLE SIZE /

The size distribution depends upon the degree of;atomization
of the oil, the efficiency of mixing, the number of collisions be-
tween fly ash particles, the flame temperature, the design of the
firebox, and the flue gas path through the boiler to the stack.7
The lighter particles usually contain less carbon anch are smaller
in size. The literature shows an assortment of sizes {Table 11),

f 1
The larger particles are skeletons of burned-out fuel parti-
cles. cailed cenospheres, which are hollow,! black, coke-like
spherical particles. 46 The smaller particles formed by the
condensation of vapors:are of regular shape and usually haVe a
maximurm dimension of-about 0.01 micron. 7 Good atomization
usually reduces the number of cenospheres. ,
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FROM FUEL OIL COMBUSTION 35
Table 11, SIZE OF PARTICULATES EMITTED FRO{ LARGE UNITS

Size and welght percent, as reporteﬂ ! Reference
0.4 ! { 2
0. 4. (estimate)
or 90% less than 0. 5. 1
95% less thin 0. 5. § /\ " 43
iu or less \ l 4817
less than 1..to 40, 1 y 16
47% less than 3. ]‘
53%, 3to 4.
%. 3to L 45
53% greater ithan 4. 2 }1 46
h ]
85%, 10 to 1,000, 20
Method Percent by pumbe Largest ¢
of coltection | 0-1. 1-20 | 2-5. 5+u size Remarks //
Millipore 48, 4 28.8 J16.7 | 6.1 15, | Most particles /
il black in color: |/47
: ., afew 80. in
Millipore 64.2 [18.8 10,0 | 7.0 15. | size ;
Millipore 93.5 | 3. g\ 2.0 | 1.3 20, i Most particles
& light in coior
Glass cloth 94.8 | 2. 2 1.5 § 1.0 20. K

A Carban particles only. z .
CHEMICAL composimon AND DESCRIPTION

No general statement can be made on the highly variable
composition of fly ash from oil combustion. The probable
constituents of fly ash that may be found in/flue gas are as follows:

Alg03, Alp(804)3, Ca0, CaSOy4, FegOa, Feq(SO4)3, MpQ,

MgSOy4, NiO, NiSCy4,i85i09, NagSO4, NaHSO4, NapS307, V303,
V904, V205, ZnO, ZnSO4, Na20-V205, 2Na20.V205, 3NayO- vzob,
2NiO- V205, 3NiO- V9Og, FegOq- V9Os5. FegOg- 2V205,

Na20- VoO4- 5V205 and, 5NasO- VaOyq- 11V905.48 The average
compositions of ash {ound in various oils before firing are given

in Table 9. '

The composition of the fly ash changes as the gas lecaves the
firebox and travels through the boiler and the internal parts of
the power plant, As the gas cools, some of the f{ly ash condenses
and solidifies, some reacts with the boiler and stack, and some is
deposited within the unit. The fly ash composition varies from
plant to plant and from oil to vil, Table 12 shows analyses of fly
ash from a plant using residual vil, 46 Vanadium is usually
present in the {ly ash:and has been considered for use an an indi-
cator of the presence of fly ash from oil-fired units, Ranpes
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reported for percent combustibles in the fly ash are 50 to 75
percent; 20 30 to 40 percent (but up to 94 percent); 46 and, in 31
tests in one plant, a variation from 61.1 to 95. 2 percent. '23 The
amount of combustibles in fly ash decreases with increased
atomization pressure and flame temperature. 49 A decrease in
the percent combustzbles in fly ash should accompany a decrease
in stack loading; not enough data are available, however, to make
a definite statement.

Recently, much attention has been focused on the emission
of potentially carcinogenic substances from various operations.
These substances are ‘'usually polynuclear hydrocarbons of which
3,4-benzpyrene is the most studied example. Only one author
has reported information on emission of these materials from oil-
burning units. Gurmov, a Russian investigator, found 3, 4-benz-
pyrene in concentrations of 0.01 percent of the soot emxtted from
the combustion of petroleum introduced in a; furnace through a
spray burner, 70 Some as yet unpublished sampling data indicate
that about 0, 004 percent of the soot is 3, 4-benzpyrene when oil
is burned by means of:an air-atomized oil burner, 45 These
limited data indicate that about 0, 04 to 0. 10 pounds of 3, 4-benz-
pyvrene is emitted per- million pounds of oil burned. , i

I
¥

h
‘

Other properties of the {ly ash given in the literature are an
initial pH of 3; 20 7 to 25 percent SOg3 (which includes HySO4
droplets): 46 and a specific gravity of 2, 5 20 The amount of
soluble solids reported in one reference ranged from 30 to 60
percent. 19 This range of soluble solids and other values from
references (50) and (42) are represented in Figure 12, The values
range between 1.3 and 68 percent soluble solids, .

VARIABLES AFFECTING EMISSIONS

Efficiency of Combustion

Poor mixing, turbulence of the air and oil, low flame tem-
peratures, and short residence time in the combustion zone cause
larger particles hxgher combustible content, and higher particu-
late loadings. 2 : ,
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Table 12. ELEMEN

(Data in percent)

L 'ANALYSES OF TOTAL PARTICULATES {Reference 48)

Elements

Test A

a laboratory electrical
precip!‘ator at 230°F)/

Total solids {rom burning
Psa 400 oi] (collected in

/

i
3

Test B
Total solids from burning
4° API 0il (collected in a
glass filter sock at 300°F)

Carbon

Ether, soluble
Hydrogen

Ash (900°C)

Sulfates as SOg
(incl H2S50y4)

Chlorides as C}
Nitrogen as NOg
Iron as FeyQ0g
Chromiuny as CrOy
Nickel as N1O
Vanadium as V304
Cobalt as Cog04
Stlicon as 8109
Aluminum as Ala03
Barium as BaO
Magnesium as l_\ng
Lead as PbO
Calcium as CaO
Sodium as Nag0
Copper as CuO-
Titanlum as TlOz
Molybdenum as MoO2
Boron as ByO3
Manganese as MnO;
Zinc as Zn0
Phosphorus as P0g
Strontium as SrO

Titanium as THO

58.1°
L

" 17.4
L 17.5

2.5
.08

.02
. 01
.04

.03

18.1%
4.4

. 004

.08’
/

LN B

2 pacific Standard.

f
b value probably includes minor amount of hydrogen.
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Atomization . _,1 :

The degree of atomization kas an important effect on particu-
late emissions. - Low-pressure atomizatxon produces larger f{ly
ash particles and a higher particulate loading. 49 High-pressure
atomization (400 psig or greater) produces amaller particles,
fewer cenospheres, and lower particulate loadings. 2? g;:«

o 0‘7 i~ a ', “J‘ ‘L 'F":")l".. e O\ £

- Oil viscosity has a major ‘effect’on atomlzatlon. 0il viscosity
is a function of temperature, for a given oili _In two experiments
on a 186- megawatt plant, seven'tests showed that increasing the
oil temperature (whlch was, normally between 230 and 2400F) by
approxlmately 359F. halved the fly ash emtsslon and reduced the
combustlble portion by 15 to 17 percent 23r A (a::-*«:;; -

The stze of. the burner oriﬁce aftects atomization, an.l thus
the particle size and loadlng. ‘*‘Also, clean burners promote good
aton'lizatlon.u 2e, - ’

LM% ’ x\ ;
NI @ .fP o [
\)% C"fd ovu“ *3g7ﬁ i o,
Wlndbox Afr Admlttance o"? s

\rr ( "Do : d\’"w'rf J)‘v‘z,"” U’} - 7’, v '\ FQﬂ & ;
Varying thefs”etttngs on the maln and auxlltary?‘alr dampers
caused pronounced effects on ash emissions ‘in two’ series of. tests

ona lae-megawatt plant. - In the first series o! tésts’ (3 tests), N

the main- dampers were not completely opened,‘ but the: auxillary
dampers were: pened qulckly. 'This produced large lncreases in
 the fly ash loading and combustible content. n23vln the second "

- gerles, ot tests (5 tests), a' much widet, range otvdamper settlngs
was. used“ ) ={rheany ‘ash loadings did not rise as sharply 2s under
‘conditions of the Yirst series of tests.” The, combustible content
stayed essentlally‘L constant in the second series of’ tests. (83.n0
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Burner Tilt Y _ L

One invescigator conducted several seriés of tests involving
change.in burner tilt, with ar d without flue: gas recirculation.
There was very little effect on either the fly ash loading or com-
bustible content of the fly ash when flue gas was not recirculated.
When some flue gas was recirculated, however, the combustible
content and loading of fly ash tended to reach a maximum with the
burner tilted zero degrees from the horizontal. This would in-
dicate that best operation, from the air pollution standpoint,
would result with burners inclined either up or down. No con-
clusion has.been reached on thé combined effect of burner tilt
and flue gas recirculatlon 23.1 )

. o , : .-L-'r v [ I ;. rf;‘
Excess Air o e ' , o

,I

Increasing the amount of excess air usually decreases the
fly ash loading and combustible content of the fly ash since more
complete combustion results. In a series of four tests it was
-found that, as the oxygen concentration in the stack gas increased
from 2 to 4 percent the particulate loading Fecreased from 0. 140
to 0. 020 g /8cf, respectively. Or stated another way, an
increase in the COz content in the stack gas from 13.1 to 14, 'I
percent resulted in a 7-iold increase in particulate mading.

Cw (}r u.?_-? M ‘ AR i”' N
Flue Gas Recirculation or it } -‘{;‘?---

s T U Wi
Fly ash emission increases as more flue gas is recirculated
into the iirebox:*“This is owing to a cooling.of the flame ard of
combustion gases. .One author found that, when the burners of a
188-megawatt plant were at a zero tilt Irom the horizontal, and
when flue gas recirculation was increased from 0'to 15 percent
the fly ash loading increased 100 percent. * The combustible
content of the fly ash stayed essentially constant 23 33y
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Sootliloiving T e

Sootblowing increases the particulate loadiné in stack gases.
One author reportnd a 1, 7-fold increase in particulate loading
during sootblowing in one operation and a 3, 3-fold increase in
another, above élormal emissions of 0. 11 and 0. 039 gr/acf,
rospectively. Another author found an increase 2.3 times the
normal emission of 0,028 gr/scf during sootblowlng.
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i:MlSSlO\NS FROM SMA lNSTALLATlONS

|

The term small sources" refers o sources of less than ;
1, boo hp (equivalent to 34, 500-pounds 'steam production per hour
cr 2,500 pounds of oit fired perthour). These units are used in
domestic heating, commercial heating, and in supplying heat and
power to small industrial processes. Because of the smaller
sizes of the units, flime temperature islusually lower than in
larger sources. i In many cases, less attention is given to treat-
ment of fuel and regulation of combustion'air for small units than
is usually theé case for large units. . This often results in less //
efficient combustion in smaller units. //
! P A ! 4

Small units, in general produce less'NOy and more fly ash

and unburned hydrocarbons than the large sources because Of
the reduction in flame temperature and in combustion ei‘ﬁcxency
Since there is a wide variation in fuels used in the small sburces,
emissions are reported in pounds per 1, 000 pounds of oil fired
Descriptions of emissions and variables affecting emissmn rates
. are similar to those for large sources and are covi- d there.

] i { 2 |

. d ' £ .
R
1 | .

A
. 1 i o )
! ' S ' ' :‘I ! ! f

k i i

- Oxi des of N|trogen (NO ) ;f k
[! f : ], /

. ‘The literature values for NOy emitted Irom small units are
considerably less than those for large units. Ina. ;joint/district
iederal state, and ihdustry project involving measurement of
emissions from 530 units producing 500 horsepower or less, an
’ emnssion factor was established. : This factor was 0. 49 -pounds
per 106 Btu, or 9-pounds NO, per'1, 000 phpimds of oil fired
(cafculated on the basis of 18, 300-Btu/Ib'oil); 51 Inanother .
program, which included many tests on both large and small
sources, a general value of 7. 2-pounds NOQy per 1, 000'pounds of
oil fired was established for small sources, 21 Other general
values found in the literature are 13~ 44:and 7-pounds NO,
per 1, 000 pounds of oil'fired. The values reported in the literature
range from 0 to 18 pounds per 1,000 pounds of -oil fired,- and these
are shown in Figuré 13. The data presentation method used in
the figure indicates that the most common value is between 0 and
4. . A more reliable average valye, however, would be about

9-pounds N ,Lper 1,000-pounds oilgir'ed, based on the joint project

conducted in o8 Angeles County. A ‘
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. Sulfur Dioxide (802) /
; {

Sulfur dloxide'emission data for small units’ are/shown in
Figure 14. This dlstributlon of values is similar to'that for large
sources. The extreme range is 0 to 100 percent of: the sulfur in
the fuel oil emltted as SO,. Values up to 254 percent were re-
ported. This is 1mposs.b e, however, and such values are as-
sumed to be 100 percent. (The error is' probably fowing to
inaccuracies in sampling and analyzing practices ) ‘The normal
range is from 70 to 100 percent, and the; most common value is
100 percent of the sulfur emitted as SOg, as it was for the large
sources. For reasons discussed previously under large source
emissions, 98 percent of the sulfur emitted as SOy is considered
a more reasonable figure.

b e
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Sulfur Trioxide (SO3) “ o /

Values found in the literature for sulfur trioxide emissions '

are shown in Figure 15. This figure shows an extreme range of ‘

0 to 13.75 percent of sulfur in the fuel oil emitted ac SO3. The ]

normal range is between 0 and 1.25 percent and the most common !

value is between 0 and 0. 25 percent of the sulfur emitted ds. 303. !

Figure 15 indicates, however, that there are sufnclent values ‘

reported to support the conclusion that about 1 percent of the sul-

o Tom..

fur in the oil is emitted as SO3. This conclusion would be in more
general agreement with the SO3 emission from large sources.
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Figure 15. Sulfur tricxide emissions from smoll units.
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FROM FUEL OIL CO%BUSTION 43
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¢ . .
Other Gaseous Emissions

Smaller sources tend to emit more organic compounds than
larger sources, This is owing to loweriflame temperature and
lower combustion efficiency in smaller upits. Literature values
for carbon monoxide are shown in Figure 16 and for aldehydes,
as formaldehyde, in Figure 17. The extreme range for CO
emissions is 0 to 194 pounds per 1,000 poﬁnds of oil fired. The
normal range is between 0 and 1, and the most common values y
are between 0- and 0. 5-pound CO emitted pler 1,000-pounds oil
fired. The extreme range for the aldehydes, as formaldehyde,
is 0 to 3. 3 pounds'per 1, 000 pounds of oil flred The normal
range is 0 to 0.6 pound,.and the most common values are between
0.2 and 0.3 pcund per 1 ,000 pounds of oil fired
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than those for large sources,

Particulate’ Emissions;

The fly ash loadings Tor small sources are slightly higher
The data are presented %‘n Figure
18. The extreme range is between 0 and 10 pounds of particulate
per 1,000 pounds of 0il fired. The normal range is between 1 and
4 pounds of particulate per 1,000 pounds of oil fired, and the most

common values are between 1 and 2 pounds of partlcul'ate-per
1,000 pounds of oil fired. !

One author reported a variation of hydrpgen (Hg)kfrom 0. 58
to 0.011 percent in the stack gas when the
to 10. 8 percent, respectively. The Hp incrgased to 0,215 percent
when the CO9 was reduced to 8. 3 percent.
of 0. 58 percent corresponded to a Number
which is equivalent to Ringelmann Number 1
smoke number has been reported as the beg nning of the visible
range. 92 Data for othér pollutants are listed in Table 10, In
addition to these data, another program thatjincluded many tests
on commercial and domestic sources established the following
emissions in pounds per 1,000 pounds of oil ‘
0.080; aldehydes and ketones, 0.063; and other organic gases,
0.177. These figures are believed to be the
for small sources, :

2 varied from 12.4
he highest Hy content

Shell smoke number, *
., Number 8 Shell

red: hydrocarbons,

ost nearly correct

o

4]

,'j | I Individval values reported

: g Typicol values reported
4

'.] Represents many tes

on small sources

NO. OF REPORTED VALUES
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Figuu.::IS. Particvlate emissions from small sources.

*The Shell smoke number is determined by drawing u ssmpie of flue gas through & filter paper and
atandards of spproximately rqual steps of reflectivity,
The shades range from light to durk, the darkest being Number 9, which corresponds to Number |
Ringelmann, °
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CONTROL OF EMISSIONS
Oxides of Nitrogen (NO, )

The formation of nitrogen oxides\increases with the flame
temperiture, the length of time the gases remain in the flame,
and the amount of oxygen available. The flame temperature is
influenced by many vasriables available oxygen is related to the
amount of excess air present. The most important factor in
reducing NO, formation is furnace design. Tangential firing and
two-stage combustion*— either one alone or both in combination
— reportedly produce\ ignificantly less Nox than other procedures.
By decreasing the flame temperature or ‘avs;llable oxygen, the
NO, concentration may be decreased. This' decrease may be
achieved by reducing the amount of excess air, recirculating

. combustion gases, or changing burner conditions. These

measures may, however, increase particulate loading because
of less efficient combustion. _
Sulfur Dioxide (sog) /

" R ’
Emission of sulfu dioxide is a direct function of the sulfur in

the fuel. Emission of jsulfur dioxide may be reduced either by
using low-sulfur crude oxls or by removing the sulfur.

r

e

Sulfur Trioxide (SO3) /)

f

Sulfur trioxide formatlon is initially a functlon of'the SOg
concentration and temperature (provided there is a catalyst
present). As a result of reactions of the SO3 with other com--
bustion products and with the combustion and heat transfer equip-
ment, however, the 504 actually emitted to the atmosphere shows
no direct correlation with the sulfur content of the oil. ‘Effective
ways of controlling emissions of SOg include the use of additives
and the use of an electrostatic precipitator in the exit gas stream.

The basic objective of using additives is to reduce boiler

deposits and corrosion. The additives are usually added with the
fuel or added to the flue gases directly after combustion. These
compounds usually react with the SO3 and tie it up in the form of
neutral salts. Some of the more common additives are oxides,
carbonates, soaps, and naphthenates of calcium, zin¢, magnesium,
sodium, and other metals. The additives, by forming sulfate

45
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46 4 ATMOSPHERIC EMISSIONS

¥

: -
salts, usually redice the SO3 concentration| sometimes up to 50
percent, but increase the particulate loading to 1.5 to 7 times the

normal loading. Carbon, pulverized coal, and fly ash from

gulverized coal have alsc been used as additives. » 1,26,29, 30,
13233505455?\5758 ; J

|
Smoke and Organic Gases !

)

Emission of smoée d organic gases is the result of in-
complete or lnefficient, ! ombustion of the oil. Some of the more
cornmon causes of pogr combustion are listed in Table 13. By
prcper adjustment ang o ration, smoke enission can be !
eliminated. :i ‘ ;1 /

W )
, Acidic Smuts //
Acidic smuts are: caused by the flue gas coming in cc{ntact
with a surface whose temperature is below the dew pomt' of the
flue gas. By maintaimng surface temperatures and flue gas
temperatures above the diew point of the flue gas, these smuts

may be prevented. One author insulated the stack of an installa-
tion and prevented formation of smuts. 1 { .
| /

Particulates | (

f

3 f

Particulate emissions decrease as combustion efficiency
increases. Good comﬁbushon efficiency is obtamed by high flame
and firebox temperature, high-pressure atormzation, high excess
air, and low flue gas recirculation. These measures may,
however, increase the NOy formation. When the particulate
emission is decreased by adjustment of some of these variables,
the NOx emission may increase. B

f l '

Use of collectors, such as multiple cyclones, on oil-fired
units is usually limited to periods when sootblowing operations
are in progress. Cyclones collect particles of around 10 microns
and larger, but they do not efficiently collect particles of §
microns or leas,

The use of electrostatic precipitators is at present,
limited. They are found only in those areas where restrictive
legislation requires low particulate loadings and low opacity of

stack effluents. Electrostatic precipitators are generally used
continuously. They collect nearly all the particulates, including
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liquid droplets, Such as
decreased 90 percent or

decreased a ch 5 cent of the ori
i by as mu as per '1, 7g42 43, 59, 60, 61, 62

f

Table 13. COMMON "AUSES "AND RESULTS OF POOR COMBUSTION

(Reference 12) }

Cause

S04.

47

The partnculate loading may be

ore and the SO3 emission may be

when electrostatic preciplt tors are used

Result |

inal concentration

Smokvg
fire

Carbon ?ormatlon

in the boiller

Pulsating
fire

Insufficient air or too
much oil (improper air-
_fuel ratio)

X

f

Poor draft

= [

x|
imes

3 R

Excess air {causing white
smoke)

Dirty or carbonized burner
tip (caused by improper
location, insufficient
cleaning at regular inter-
vals)

x >

Carbonized or damaged.

atomizing cup (rotary cup)

Worn or damaged orifice
hole

Xi
X

Improper burner adjustment
(diffuser plate protruding
improper distance}

x&

Semetimes

Oil pressure to burner too
_high or too low

X

L

Ol viscosity toe high

] b

Sometimes

01l viscosity too low (téo
high fuel ofl temperature}

¥ r

Forcing burner (especlally
after initlal light-off or
when combustion space is

relatively cold)

-

Insufficient atomizing steam

1 W)
e
tat [al

Water in fuel oil

Dlrty fuel oil

X

Lal (el

wallua
> Pl

FE R

Intermittent

:

Fluctuatin? oil pressure

ncorrect furnace con-
struction causing {lame
and ofl impingement *

Carbon clinker on furnace
floor or walls ‘

Incorrect atomizer tip size

Condensate in atomizing
steam

Atomlzing steam pressure
too high

Furnace cone angle too

Xide

Furnace cone angle too
narrow (making it neces-
sary to have atomizer in

u

Atomizer not immediately
removed from burner
being secured :
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0% gas recircuiation
7.9% gas recirculation
15. 4% gas recirculation
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000

207°F oil temperature
Nuwo F " "
.N‘NO“- " [
2430F-t "
N.NQOM. " "o

{
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§
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Gmoad

152 General -- - - -- -- -- -- 90% sullfur to SOy

. _ 1-5% SO2 to SO3
. I e SR I RSOV T 4 - -]0.02-0,04 gr/ scf_ . . .. . -
- - ” 100-900 ppm NO,

Tangential | -- i 200-400 ppm NOy --
-- -~ -- g -- R 600 ppm SO3/1% sulfur | Ash, < 1 to 40.
i e in fuel

. 1-2% S02 to 503
- 100-900 ppm NOyx

1 L NoE | 198 | .- | -- I A | -1 120 1o/mr dum .| Dust, 0. 4. ;

general : | 13.1 ppm (average} SO3

310-915 ppm NOy

_ Two-stage combustion

_ reduced from 685 to
350 ppm NO,

[ CQO, 100 ppm or less in

inefficient boiler

18 Typical .- .- e .- -- - - 310-915 ppm NOyx 4% sulfur in oil

Dust, 0. 14 Ib/1,000 1b

' oil

“ 1-5% sulfur to £03

! 502, 2,200 ppm & 14% |
)

| COp
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APPENDIX A. DETAILED DATA ON LARGE SOURCE EMISSIONS

| i ISC—
Boiier Flue gas Emissions _
Nominal | Steam | Firing |  Type Voiume,
Refer- | Original{ turbine rate, rate, of 1, 000 Temp, Orsat (%) Particulates and gases| Notes and miscellaneous
ence work load, 1,000 | &, 000 firing —1._scim OF CO, COz, 02
mw Ib/hr | 1b/hr s e T
12 ..b 175 -- .- - - - .- 75 Ib/hr solids Dust 0, 4 (about)
- T 113.1 ppm S0 indicates
330 - 815 ppm NO, 80% <0.5.
> 100 ppm CO R
I - - (For poor combustinn) - )
1 -1 ppm NO_ Plant:
i 'L I -- .- -- Horizontal -- -- -- 685 El Segunda
- . " 567 A
" 505 B
" _ 482 C Normal full load
Tangential 382 E
" 309 F
e *” 209 G
\\\\\\.\ . N it phdebe b DL L LT TR E R Peescccnsccnnce e ncen e
\ Horizontal -- -- - 38s El Segunda
- ‘ " S R B 1 3 .. B - [Two-stage combustion
SN SR . - - - ' I*Tangential ‘ o 160 G
D [ [ P IR T lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
Horizontal - -- 3.5% O 681 & 699 C
” : 3.1%02 |637 & ¢81 C
" 2.3% O 456 & 508 C
Tangential 4.2% 02 258 G Excess air variation
" 3.0% O 202 G
" 2.9% 0q 219 G
" .; 2.2% 09 184 G
.......... Rt NS PSSR SRS

T e et g B K el AR g S n ot e m
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.
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D 0O DD st s wr e LD L G e
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497
300
266
240
381
369
347
420
411
394
377
540
531
548
557
381
300

55%.1cad
12 burners

55% load
16 hurners
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APPENDIX A. DETAILED DATA ON LARGE SOURCE EMISSIONS (continued)
I|I|||I||.I|I1HHJH e n = “J
_Boiler TS Flue gas Emissions
Nominal | Steam | Firing Type Volume, [ , .
Refer- | Original | turbine | rate, rate, of 1,066 ["Temp | Orsat (%) Particulates and pases | Notes and miscelianeous
ence work load, 1,000 § &, 000 firing scfm oF 1"C0xCO02,~02!. .

mw b/ hr | Ib/hr %/l . ~ B

- lr.ll.ul,

—

19 Yesd e e .- - --

~— . ppm NOy:
642 100% load,
634 - _ 1& burners

634 :

=R
A7

{
L
i
0
L}
!
i
8980 09090 0 103 19
P h e G G303 b
&
n
©°
3

.

-l

o

o
i

437 85% load,
531 16 burners

h

DD
NN OoOWWLTD
g

4 420 70% load,
6 - 420 16 burners
6

1

s gl e e LA it Y e T VIS - Tt ety e Fombrra et o1 m e e 4% T AR S e Al < e AL e e e+ i e S A - e

R g L e
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.

-

2.0
2.2

e L LR T LT L

471
< 462
~— __ 450

437-

471
432
Al
402
407
394
385
364

P T T T Ty p—

454
4N
497
4
497
535
548
540
557
561
325
342

2.8

37

30
S cececeeem—
45
e ————n ccececen—a-

60 ...
15
Qil pressure at burner
tip. 390 psig_
1' |||||||| W W AW
Qil pressure at burner
tip, 480 psig




APPENDIX A. DETAILED DATA ON LARGE SOURCE EMISSIONS (continued)
lllJ
Nominal { Steam | Firing Type Volume

Refer- | Original | turbine | rate, | rate, ~.of 1,000 ! Temp, Orsat (%) Particulates and gases | Notes and miscellaneous
ence work load, 1,000 | 1,000 :..Ew,/fﬂ. seim |- _OF CO, COz, O2

Emissions

19 Ty T m oy
{cont’d) 95 - -- - o S N ATT -

‘uo -
T—

— 342

llllllll L EEL T TR B R N e ey prcos - -|IIIII'llllll-llllllllll-llll‘b“l“llllltllll el bl et R D L L KR

L | matie o

] \_ llllllll L T T ey e L R i Ll L T g S, L T Y J rRsdmc e e —-- e .-
] 175 -- -- -- -- -- 3.0 578 --

CELE R P Lt T RUEE TR R L X L LS - - - - - ----- rES - --—-—-- - me - .- - - -

156 -- - -- -- -- .- 514 ; Air register, % open:
492 15




W KT 4T o ar———— e RS R n ey Rl bR dett Ll L RN oy -
P e f.uhpf
150 -- 74 .
.

—_— ) | r./nl\ll. - - -

- _.=Yes -- -- - .
| (general ~ -

= average) .

] 20 | Generai 100 | -- about -
1 or 50~
greater i

bl e Bl il el
g

QO Wil ~3Wwo

¥

i n oo

+
[
'
[}
[}
]
4

IR WA Y RY N X

b

b G2 G0 63 K0 0D N

@

few e et mm---

552
514
561
561
600
608 .
638 .
621- o
=~.. 651
~.664
454
- 4
492 -
475
505
- 53%
- 548
539
557
557
0.78 tb NO, 105 Btu
or 14.2 1b NO,. 1,000 1b
oil fi. 1, calculated
using 18,300
Btu/1b oil

——

—

T L L L L R

O.mn:g:mn

L L R T

Based on 130 tests ard
554 individual samples

Dust, 1-5 1b/1,000 Ib oil
at low pressure .-
atnmization

2/3 reduced with good
atomization i

5§02, 30 1b/1,000 1b oil

503, 1-2.5 1b/1,000 1b-
oil

NOx, 400-600 ppm’

1.5% sulfur in oil_

Particles are both solid
and liquid.- Ligquid part
is HaSO4

Typical size distribution
for carbon particles,
957 is-10-1,000. -

Specific gravity, 2.5 of
particulates.

50-75% carbon, rest ash




APPENDIX A DETAILED DATA ON LARGE SOURCE EMISSIONS (continued)

THHHW\

Boiler Flue zas Emissions
Nominal ! Steam | Firing Type Volume,
Refer- | Original | turbine | rate, rate, of i. 002 Temp, Orsat (%) Particulates and gases | Notes and miscelianenus
ence work load, 1.000 | 1.000 firing scfm OF CO, COz, Og

mw 1b‘hr b hr i - ——

~ T e

19 e %0g: ppm NOy: h T~
(cont'd} - 372
as

= - 475 14 burners, oil pressure
\!\\.T 462 g at burner tip, 345 psig

1.\\ 411 12 burners, «il pressure

— 420 at burner tip, 405 psig
) 407 10 burners, oil pressure
402 at burner tip, 505 psig
150 -- .- .- -- -- 16 burners
Air register, Y, open:
ORI I .- S — : -3 © 41 . 65
) 471 70
497 80
505 90
535 100
cem——a-n SO SRR R e I 5 AR S S ceend
126 - -- .= -- -- 3 ¢4 65
372 70
411 80
428 u
437 100
|||||||| ¢||.jnlg-llnlrt;lillllliln||ll||||l|||||-llxltuqllrlnllol‘lnllllunn|||l!||l04|||r||00il(l|n||||ullllltnl
e ettt et <, . N e e bR s 5 E A Kmiten Ravmmemwamd o b et e ey et b R s Crmm A« ot s -
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252 | Typical -- 1,170 | 86 (Mechanical! -- - 1 -- 450 ppm NOy as NO2 Fuel analysis:
atomizing 55 ppm SO3 Fall 6.2 APL a—m.mmn
0. 022 go/scf dust lead Furol at 122°F,
loading 1. 3% sulfur,
0. 06% ash,
18, 040 Btu/lb
e 325 ppm, NOy as NO2 Light plume
TS 35 ppm, SOy V2oad o oo stack
) fﬁfj . 740 ppm SO2 An»_ncgi Boiler pressure)
B Y R, — - _lamlvads 85° psi, temp,
| N T - ) 1, 0000F
26 Yes - 450 ! 30 -- .- - |7 [38 ppm SOy, air heater .
0. inlet 2.4-3.3
28 ppm SO3, air heater fuld load sulfur (n oil
outlet
37 ppm SO3, air heater
I inlet 1/2 load
R 29 ppm SO3, air heater
— outlet
.. il = e e e e e
=21 ERls --- -- S=- - == - - —-- 100% sulfur in oil out .
stack
298 Yes -- -- -- -- -- - 15.4% CO2 503, ppm, S03, ppm,| 4.2% sulfur in the oil
0.7% 02 without with
0.033% CO | additives: additives:
40 18
15 3-5
15 8-10
44 10
38 18
General -- -- -- -~ -- -- .- 2% of the sulfur to SO3 -
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APPENDIX A. DETAILED DATA ON LARGE SOURCE EMISSIONS (continved)

A At LT R ety S 238y O D sy it T B g i

st e e et e = e e =

Boiler Flue gan Emissions
Nominal [ Steam [ Firing] Type Volume,
Refer- | Original | turbine rate, rate, of 1,000 | Temp, Orsat (%) Particulates and gases; Notes and miscellaneous
ence | work load, | 1,000 | 1,000 | (iring scfm OF | CoO, Oy, O2
mw Io/he | 1b/hr
31* Yes -- - -- - .- -- - S03, ppm: % sulfur | Added sulfur to some of
in oll: the oils, Data was
- taken frora a curve

10 0.2

12 0.2

14 0.5

17 0.5

8 1.2

18 - 12—

S | L — 10 1.7

/ = —e e 17 1.7
e e—g—= Eai 21 1.75
[ "] RO atent SnUY IR S 23 1.75
| 18 1.8
. . 20 1.8

- T T 15 1.9

22 2.2

3 2.3

18 2.7

20 2.7

22 3.7

30 2.7

18 32

25 .2

32 3.2

e e A e o, At e =
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462 Yes

Yes

-
-
L7 4

pr— — e

Horizontal
mechanical
atomizing

ooy ll-lll“lL

283

300

prerasacecssne

gr/scf dust Plant:
0.11 A
0.16 A
0.18 A
0.20 A
0.03 B
0.09 B
0. 05 - C
0.05 C
0.04 C
gr/sct: ppm:
599 NO,
703 SO2
12.5 803
0.0316 Total dust
loading;
0. 0075 Soluble
solids

droplets)

Fuael, type:

PS400
PS400
P5400
PS400
PsS400
PS400
40 APl
40 AP1
40 API

During lancing]

During tancing]

Plant B had collection
device called a Multi-
c¢lone that removed
nearly ail the ceno-
spheres. A plume was
stiil visible

53% greater 4.. 30-40%
combustible {general),
but has found 947
combustible, 0.0% to
0. 29 ash in fuel total
loading 17 to 25%-504
in ash (include H3SO4

g

Fuel analysis: 87. 137 C,
9. 647 Hp, 1.35% S,
1. 10% N2, 0.017 ash
Steam®: 1,000’1, 000°F
and 2, 000 psig
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APPENDIX A DETAILED DATA ON LARGE SOURCE EMISSIONS {continved}

+

P L S

—n

cyclone, 0.0580 gr/sct

Particles collected in
precioitator, 0, 1083
gr/sct

Boiler flue Emissions
Nomina! [ Steam | Firing| 1ype Voiume, .
Refer- | Original| turbine | rate, rate, of 1,000 | Temp, Orsat (%) Particulates and gases| Notes and miscellaneous
ence work load, | 1,000 | 1,000 | firing scim oF | CO, CO2, O2
mw ! ib/he | I/he
44 | General -- -- - .- -- -- .- 1b/1,000 | Solids 1. in diam or less.
Ib oil: Literature research for
- -~ _ L — all olls
TINOx as NO3 13 ot
‘ SO2 . 16 times
R % sulfur
N in oil
S03 2 times
, 2. sulfur
in oil
Soltds 0.25
Ammonia 0. 0086
. - Oreanic Acids
- - {as acetic) 15
Aldehydes (as
formaldehyde) 1, 23
Total hydro-
carbons 5
452 Yes -- ‘- - -- 182 325 -- Particles collected in | Particle size,

above 3-4. = 53%

under 3. = 4T
Particle analysis:

Free carbon 63.2¢

Vul combustible {ether

soluble) 2.3%
Acid soluble volatile
noacombustible 18.9%

Loss nn ignition 84. 47,
Ash 15. 6%

100. 0%




R R L e e L

-~ 20 215 12.5 | Horizontal 47.3 300 {.12,2COq 0. D446 Total dust | Fuel analysis: 87. 13% C,
. -1 - - | mechanical ) 5.4 02 . loading 9.95% Ho, 1.58% S,
] . atomizing | _ . 82.4 N, 0.00057  Soluble 1.08% Np, 0.06% Ash
- - solids Steam: 900°F and 1, 150
- . _ - : - - - - umi _
o e F CEE TR p= - P - R i data e reacomea . [ TR P e G mE .- - -
s h 175 1,150 82.5 |Hovizonta! 281 300 12.9 CO» u.z NOx as n./_on analysis: 87. uu,m C,
mechanical| = _ LT 4002 - - NOg © 9737% Ha, 1.53%S,
: i atomizing 83.1 Ny - 796 SOz 1. ;ﬁ Na, 0.12% Ash
- . S DU N _ N - 8.7503 | Steam®: 1,000/1, 000°F
R : - - ST I _ ]-0:0354 Total dust |1 and2, ooa psig --
- . . . loading . :
‘ - - 0.0026 - Soluble -
. - ) - ” - © _solids B
Common| 410 29.6 { Horizontal| 118 ;ﬁ 330 1,4CO2__ | mm_ an as | Fuel analysis: 87.33% C,
steam _— mechanical] = J——|7 €502 NO2 o 37% Hy, 1.53%S,
heater B _atomizing—{— 1 82.1 Ngy = . 709 SO 1. 18% N2, 0.12% Ash
to Pl : - 8.5503 _ | Steam: 900°F and 850
- .  turbing. f———|_ . : - 0.0855  Total dust | PSi®
S = - o loading -
R PR = - : - : 0.0074  Soluble -
It DRI oGty WU U ISV RSOt SR NRAPPOUA ) PO _solids_ . - Semaiia
) _215 1,400 105 | Horizontal 309 | 280 | 14.6COy - Fuel Eﬁ_%ﬁa" 86. w& C,
- mechanical 2.40 508 NOx as | 9.6% Hy, 1.4% S, 0.9
- : atomizing f - 83.0Ny Xy - Na, 0.08% Ash =
- . - " 763 SO Steam®: 1,050/1, 000CF
- - . - 14.0 503 and 2,500 psig -
- - 0.0294 - Total dust
= 4 - - . - - . loading - S
. b 0.0141.  Soluble _ )
- 3 B solids I - )
—  leemmrmesedeseene- temecsechocenesvman LETTL LR T TET PP R JF S reecsommemsammans bevcacecnn mmemsssseea——-




APPENDIX A. DETAILED DATA ON LARGE SQURCE EMISSIONS {continued)

Boiler Flue gas Emissions
Nemingl | Steam | Firing Type Volume, .
Reler- | Original | turbine ! rate, rate, of 1, 000 Temp, Orsat (%) Particulates and gases | Notes and miscelluneous
ence work load, | 1.000 | 1,000 (iring scim GF CO, CO2, On
mw Itvhr | 1b/hr
50 gr/scf: ppm:
{(cont'd} Tt .
173 1,150 86 Horlzontal 303 300 12.9 CO2 317 NOy | Fuel analysis: 87.36% C,
mechanical 4202 732 507 9.53% H2, 1.50% S,
.| atomizing 82.9 Na 20. 6 503 1.14% N3, 0.07% ash
0. 0428 Total dust [ Steam®: 1. 000/1, 0CO°F
—_— . loading and 2, 000 nx__n
: B ’ 0. 0079 Soluble
solids
llllllllllllllll Tllllil# - llllll;llllllllllllirlln—lllllllllllll; btk e Ll L L e R Y T R L L
30 275 18.5 | Horizontal 69 310 11.6 COy Fuel analysis: 88. 66% C,
mechanical 6.6 Oy 8.33% Ha, 0.88% S,
atomizing 81.8 Np 0, 0140 Total dust 1.04% N2, 0.01% Ash
e — 1l - = loading Steam: 900°F and 950
— T~ - - —~10.00235  sojubte psig
o T e = . T solids
= - T  eseeeesreaResrmens s v m e s m .- L - Sttt Skt S L el T S
41 400 21,7 | Horizontal! 91.2 "320° | 12.2CO0n 0.0178 Touwal dust m.co_ analysis: 85.84% C,
mechanical 5.502 . loading 10.76% Hp, 1.34% 8,
W ol e - bl —moeef— - - P-atomizing ‘ = | 82.3 N2 0.0012 - * Soluble 0.78% Na, 0.088% >n=
- solids Steam: 8500F and 1, 500
] ] psig
220 1,410 102 | Hortzontal 334 280 13.5 COp 464 NNy Fuel analysis: 87.24% C,
mechanical 2.9 09 812 SO9 9.52% H3, 1.52% S,
atomizing 83.6 Ny 10. 4 S0y m 3@ N2, 0.08% Asn
0. 0350 Total dust 1,050/1, 000°F
loading E& u uoo psig
0. 098 Solub'~:
; solids
........ EELOR T T TP DI I I S e et me s s e mcmcaacmacescarmcashottacrccccrrnancna: caca

e e Tl L ve e ik iR e




215 1,390 105 | Horizontal 315 280 14.6 COy 476 NO, as Fuel analysis: 86.9% C,
mechanical 2,302 NO2 | 9.6%Hy, 1.4%S, 0.5%
atomizing 83.1 N2 812 SOy N2, 0.08% Ash
9.0 SO3 Steam®: 1,050/1, 000°F
.A and 2, 500 psig
IR (U SUUNUN B BUNPRN U RUSSSISSTEEED (It  ofeccaememcccemme—a=e==

215 1,420 107 | Horizortal] 320 280 13.8 CO2 421 NO, as | Fuel analysis: 86. 9% C,
mechanical 3.202 NO2 9.6% Ha, 1.4% S, 0.9%
atomizing 83.0 Np T14 SOy N2, 0.08% Ash o

15. 4 SO Steam®: 1,050/i,000°F
0.0210 Total dust and 2, SO0 psaF
loading
0.0092 Soluble
solids
IUUUY DU BRI AP BEPOTRTEYE TEETEEE (Eit ot PP SRR SRR T EELL Dbty
215 1,400 | 104 | Horizontal| 351 280 14.1 COy 279 NOy as | Fuel analysis: 88.Th C,
mechanical 2.209 NOy 12.2% Ha, 0.2%5,0.3%
atomizing 83.7 Ng 118 S0 N2, 0.01% Ash
5.3S SteamC: 1, 050/1, 000°F
0.0128 Tota! dust and 2, 500 psig
: loading
e _ 0.00217  Suluble
solids -

215 | 1,400 | 105 | Horizontal| 313 280 15.4 COp 479 NOy as | Fuel analysie: 86.9% C,
mechanical 1.9 0z Ny 9.6% Hy, 1.4%3, 0.9%
atomizing 82.7 Na 786 SOz Na, 0.06% Ash

17.0 SOg Steam®: 1,050/1,000°F
0. 0334 Total dust and 2, 500 psig
loading
0. 0137 Soluble
solids
| - - cmemmrmpomn—- lll‘f‘llllll‘ femmecmrfranmcoeneee= |—Illlllllllllllllllllll vlllll.llll!ll'!llllllll




APPENDIX A. DETAILED DATA ON LARGE SQURCE EMISSIONS (continued)

Bler Flue gas Emissions
Nomiral | Steam Firing Type Volume,
Refer- | Original | turbine rate, rate, ol L,000 | Temp, Orszat (%} Particulates and guses! Notes and miscellaneous
ence work lond, 1,000 | i, 0600 firing sefm oF Co, Coz, 02
mw b/hr [ ib/hr<f.
50 T~ gr/nct: ppm:

(cont’d) 215 1,400 | 107 |Horizontal | T34 | 280 14.3COp 451 NOy s Fuel analysis: 86.9% C,
mechanical] - ). 2.809 NO2 + 9.6%L Ha, 1.4 S, 0.9%
atomizing 82.9 N 765 S0, N2, 0.08% Ash

28.2 SOy Steam®: 1,050/1, 500°F
nx 00328 Total dust and 2, 500 psig
lcading
- 0.0135 Soluble
L solids

- 1 lheasea LA AR TN R R A el R rrrsevceabriseccsrsnnran ltoollnllltllollllllllfulltclo.llllll lllllllll

I R 215 1,390 105 | Horizontal | 309 280 1.9 (O 438 NO, as | Fuel analysis: 88, m@ 0
mechanieal | 22302 ANQN 8. 6% hp, 1.4% s, 0. oﬁ
atumizing 82.8 X, 790 N2, 0.08% Ash

17.7 504 Steam®: 1,050/1, GOOVF
i 0.0330  Total dust ard 2, 500 psig
— _DDQ:.-N
= 0.0064  Soluble
| . - - - - - : solids  --- -
. Y!!lV\n\ DS T T ot ..-.\oh.u..c...-:u-aun..lunn..—.-.i-u...ca-.--un:!-.i:n: ||||| ) e b S
215 1,400 | 104 |Horizontal 309 280 14.6 OO~ 385 NOy as | Fuel ana! mm_m mm % C,
mechanical N .. Ou NO; 9.8% Ha, 1.4% S, 0. 9%
alomizing 758 SO N2, 0.08% Ash
15.8 503 | steam®: 1,050/1, 00cOF
0.0347  Total dual j and 2, uoo psig
_Bn-zﬂ |
0.0116  Solubte :
solids
lllllll‘glllllll‘Illlll;IQIIIIIIOOLIIIOIIIIItllllll.il!-llll!l‘llLlllllll.!llllllllllll'lﬁll-lllllllllI...Iil...llll.c
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530

1,200

1,200
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46

e
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89 1

87

Horizontal |

mechanical
atomizing
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‘Horizental
mechanical
atomizing

Horizontal
mechanicall
atomizing

Eo.w_.»z.nn;
atomizing-
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155

268

ke o’ o

289

]

praccccscsmparris e

Tangential r 206
mechanical
atrmizing
r |||||| LN B R R o
Rorizontal 322
mechanjcal
atomizing

280

- -

300

300

U
e

270

b e

300

. N S

12.7C0p | 328 NOx as| Fuel analysis: 87.53% C,
. 4,702 NO2 9.77% Ha, 1.57% S,
82.6 Ny 651 SO2 1. 17% N2, 0.14% Ash
7.4 503 Steam€: 1, 000/1, 0G0° F
and 2, 060 psig
13.8 COy 561 NOy as | Fuel analysis: 87. 53% C,
3.5 02 NO, 9.71% Ha, 1.57% S,
82.7 N2 701 SO2 1.17% H2, 0.14% Ash
4.6 50, Steam€®: 1, 000/1, 0GOOF
and 2, G390 psig
13.8 CO2 301 NOy as | Fuel analysis: 87. 53% C,
3.409 NO2 9. 77% Ha, 1.57% 5,
82.8 Ny 685 509 1.17% N3, 0.14% Ash
oo ——— -2.8 80 Steam¢€: 1, 000/1, 000VF
- ) and 2, 000 psig
10.8 COp 357 NOy as | Fuel analysis: 87. 15% C,
6.8 02 NO2 9.78% Ha, 1.35% S,
82.4 Ng 1.25% Np, 0.07% Ash
SteamC: 1, 000/1, 000°F
and 1,950 psig
11:1CO2 279 NOy as | Fuel analysis: 87, 15% C,
6.6 02 NO2 9.78% H2, 1.50 o8,
82.3 N2 1.25% Ng, 0.07% Ash
Steam®: 1, 000/1, 000CF
1, 950 psig
12.6 CO2 431 NOy as | Fuel analysis: 87.03% C,
4.0 02 NO 11.84% Ha, 0.47% S,
83.4 N 216 SOz 0. 48'% Ng,.0.039% Ash
6.2 503 Steam®: 1, 000/1, 000°F
0.0194 Total dust and 2, 000 psig
loading
0. 0107 Soluble
] solids ]




APPENDIX A. DETAILED DATA ON LARGE SOURCE EMISSIONS (continued)

B I P I

Boiler Flue gas Emissions
Nominal | Steam | Firing Type Volume, .
Refer- | Original | turbine | rate, rate, of 1, 000 Temp, Orsat (%) Particulates and gases| Notes and miscellanecus
ence work load, 1,000 | 1,000 firing scfm oF CO, CO2, O2
mw Ib/hr | Ib/hr
50 gr,/ scf: ppm:
(cont'd} 75 430 | 37 |Horizontal] 141 200- | 11.7COy 315 NO, as | Fuel analysis: 56.9% C,
mechanical 5.9 0. NOg 8.6% Hp, 1.4% S, 0.9%
1tomizing 82.4 N, N2, 0.08% Ash
Steam€: 1, 03071, 000°F
and 2. 002 psig
e e e S A i eme e m e ... peeneccduaccncanw sHdrmssan - ————- aletdeL L B LA E L s e L R LR e L AL LR E AL Lt R dalr - Al Sl -1
173 1,150 87 | Horizontal 330 300 12.3 CO 332 NOy as Fuet analysis: 87. nna C.
T mechanical 4.0 Oy NOp 12.58°p H2, 0.38% S
s T ~| atomizing 83.7 Ng 128 SO 0. 329, Ng, 0.04%, Ash
s — . S 7.5 503 Steam®: 1, 000/1, 000°F
T TR 0. 0159 Total dust amd 2, aoo vu.n
T loading
173 1,200 40 | Horlzontal T 387 200 14.1 COy 524 NOy as -.dm_ analysis: 87.53% C,
mechanical 3.10y NOg 9, 770 Ha, 1.57% 5,
atomizing 82,8 N3 725 SOy 18 3@ Ha, 0.14% Ash
12,5 S04 Steam®: 1, 000/1, 000°F
. . i . and 2, ooo psig
173 1,200 90 | Horizontal 287 300 14.2 COy 370 NOx as T-“.:..._ analysis: 87, 53% C,
mechanical 3.102 NO29 9.77% Hz2, 1.51% S,
atomizing 82.7 Ny 733 502 1.17% N2, 0. 14% Ash
11.2.50q Steam®: 1, 0600/1, 000°F
and 2, 000 psig
_I lllllll e e ———— F llllllllll rprssseses uietatatatiaiet niaiadatethebeietiediaietiads hafeiefe b bttt .I|||l_
90 550 46 | Horizontal| 150.5 280 12,1 COp 441 NOy as | Fuel analysis: 87, 53% C,
mechanical 4.402 NG 8.77% Ha, 1.57% S,
atomizing 83.5 Ny 639 SO2 1.17% N3, 0.14% Ash
10.8 S03 SteamC®: 1, 000/1, 000°F
and 2, coo psig
llllllll e mme- vlllrllAll|Ill!|lllf...lllltlSfl't-llllittllililIICAullllllll!lllllllilllllllll!lllnlI||!lll|lll||l_
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No. -- Actual } --- -- - - Norma! steam
Reports | , steam e % CO: % O3: | SO3, ppm: SO, ppm: | rate, 1000
other rate:’ ' ‘ . : - © I ke Plant:
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20.3 7.0 132 1,530 23 n 20 A
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APPENDIX A. DETAILED DATA ON LARGE SOURCF. EMISSIONS (continued)

- -y R
‘-H Boiler Flue gas Emiasions
Nominal | Steam | Firing | Voiume,
Refer- | Original %..E:m rate, 38.@ qw.%o 1, 000 Temp, Orsat (%) Particulates and gases| Notes and miscellaneocus
ence work load, 1,000 | 1,000 firing scim oF COo, COp, 2
mw ib/hr | tb/hr
50 gr/sck: ppm: °
cont'd) 5 | Horizontal| 306 300 12.7 CO2 393 NOx as ! Fuel analysis: 86.78% C,
ﬁ 173 LISO |  eehanical 3.8 02 NO2 11.99% Hz, 0.68% S,
atomizing 83.5 Na 269 302 0.59% N2, 0.028% Ash
7.1 803 Steam®: 1, 000/1, GGOOF
.. wazobopeg
e e S s : L -
59 | General | 175 -- 167 - -800 ~-- - 11 1b NOx/1,000 Ib oil | Residual oil with 1. 5%
C o= "1,C00 ppm SO3 {approx-| sulfur in oil
- Te— ] imate)
0.5 1b dust/ 1,000 1b oil
30 1bs SO2/1,000 1b ofl
83 Yes -- -- -- -- - ~- .- Without additives, Data were read from a
S03, ppm: B sulfur | graph
in ofl:
2 1.5
. . 13 1.5
[ R L - - - e — - m_ﬂ u-u-v....
22 2.2
23 2.2
33 2.2
35 2.2
18 2.4
20 2.4
31 2.4
18 2.5

———— e e ek lr
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- - -

- -

39.3

39.7

50.95

- -

38.9

LR T

-
- -

e e e prcojm -
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foeeeree=

-
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-
R T Y

L R

-

|_oo..f.1e8 60 |
e (125 -

e - -

.

L

llllllllllilwmn MIIII.IQ'IA
oo o128 44
- {10 58

e cece -

prooreaa

e m e s - -

13.3  --

e e - -——- -

7.6 10.6

8.6 8.8

e e - - -

————

"10.8 6.4

b e —-———— -

1,340

1, 'S0
_1,150
1, 350

-—

1,260
1,260

1, 400
1,120

~ 1,110
1,330

1,150
..1,150

1,030
1,038

71,310
.. 1,000
1,030
1, 200

.

18.5

11.5
14

24. 5

22
25

—E LR BB AR LRSS

R R ]

24
10

12
11

10.5
7.3

3.5
7.5

13
14

8.5

IIIIII - -

LR AT

LT A== T A

40 H

L L L L e T R ]

40 I

e T L R L L ]

Maximum J

_— e r Y A T LR R

Fuel analysis: 22. 12 AP1
85.6% C, 11.92% H2,
2.00% S, 0.22% Na,

0. 03% Ash

Low viscosity fuel oil

from asphaltic crude

20 A

T N L L T L R

30 B

s N L L L L o Ll

30 c

Y T LY T R E L L R

30

A Y L L L L L L X

40 H

e s s s rsvrremccnvcoerscunws

40 I

D e

Maximum Jd

| Fuel analysis: 210 AP
86.3% C, 11.92% Hy,
2.10% S, 0.23% Np,
0. 03% Ash

Medium viscosity fuel

from mixed base crude

e e et e e RS r— rma s a - -




APPENDIX A. DETAILED DATA ON LARGE SOURCE EMISSIONS {continued)

Boiler Flue gas Emissions

Nomina! [ Steam | Firing| Type Volume,
Refer- | Original | turbine | rate, rate, of 1,000 | Temp, Orsat (%) Particulates and gases | Notes and inisceilancous
ence work load, 1,000 | 1,000 firing scim oF CO, CO2, O2
mw Ib/hr | 1b/hr

64 No; " Normal steam
(cont'd){ reports Actual rate, 1000

t . .
rher m_, m.wa S02, ppm: SO3, ppm: | |p/pr: Plant:

work 1, 600 18
8 -- - -- - - 12.8 3.4 1,310 19 30 G

.
iilllﬁll||llllltlllllllllllfillll-ltlllllllllltlllllllnll|%lllllll||lllllllllvlllllullillllllllllll!l

3 -- -- -- ~= 10.8 -= 1, 450 23.5 40 H

- - 1. - - litl.lllllllllll.tlllllllllllll-Illllll.ll lllllllll o o o i o e e e o I . A ———— T

B AR ‘1,110 - 26.5 ~| - .-
6 | - .- .- -- | 140 4.8 -~ s | 40 I

II|I|I|T!|‘|IIIIIII‘IIIIIII|G|Illll1|1ll||l|||-llIlllllll-ll-lllllllill P = . L L L L L T A T

50. 6 - -- -- .- 13.7 -- 1, 400 20 Maximum J

N llll"lillll-lll“IIlllll‘lvlIllillllllllllllllllIllll!-lllllllllllllllv(l-lllll-lllll-ll'tllll

Fuel analvsis: 2. 6% S,
. 0.08% Ash, 85% C,
: | I 11.17% #2, 0.39% N,

— - i 14.39 AP
b Marine fuel oil from
\X\\\\ asphaltic crude \
. P Y Y T TN T T S Tk Rk lllllt'l-llllll"lllllllllllllIllll'lll-lll‘llllllllIlll‘llllll!t..itlnltllk
—— [ 750 22.% !

S gl . 20.2 | -- T T -- .0 __ 9.8 750 24 20 A

— : . o Y T LT T T armm e ————— = = e e Y LT T R R R P . . I NIPN +

950 20.9% ’ - '
1, 100 19 n | |
+

sbrrndonscccrrnrerneae e -

1,200 13 H '
30.3 - -- -- -- 1.0 _-- 1,200 18.% { » C

30,5 -- -- -- = .8 _

-lllllll'lllll’nll-lllllllll-f‘llllgllllllllll

-5

1=

—rm - PR B gty R TSR R B RS DL R et b A A bt bl e A et \
-.u.m..q.-d --nu---.---.....----.--.....---.--.....--..wu...._..---.mh.oi-...c.m«.o...--..m_.u.......1....?‘... ... B

800 8 :

1

31.3 -- -- - -- 10.8 6.5 900 9 : » |

LA WU MNP SRty EGHREPES PSS EESSE RS ELL S L bt et e aiihain ettt - . - e

320 10.7 ‘
31.0 -- - -- .- 11.2 -- 440 10.7 ” ’

e, LR L L LR kil rEEE. —~ e me swm s anle e - .o -

940 12
30.7 -- - -- -- 12.8 4.3 _ 940 12 0 G

-4 B -cnn|n|||—t||||||rt|||||||a.|:J ||||| Pl R i Y e
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Fue! analysis: 85.20% C,
11, 6% Hp, 3.55% 5,
0.15% N, 0.02% Ash

Heavy fuel oi! from mixed

base crude of higher

sulfur content

69

No,
general

13. 5 1b' NO,/1,000 Iboil
or i

17 1b MOx/1,000 b oil
or

10 1b NOx/1,000 1b oil

Author reports thal these
values have been estab-
lished for fuel oil

General

30 Ib S09/1,000 Ib oil

13.5 Ib NO, as NO2/
1, 000 1b oil

2.5 1b soltds/1,000 b
oll

Fuel analysis: 1.5%
sulfur

Yes

S$07, SO, Theoretical

ppm: ppm: sulfur:
1,140 33 1,260
1,280 23 1,280
- 1,230 32 1,260
_“. 930 20 1,900
890 19 1,800
870 20 860
890 14 860
830 17 8¢0

Test

K

x
kg b

4
+

‘A G S N N

& 12% COy correction not known.

b ..No data.

€ Super heat temperature/rcheat temperature,

9d Data read from a graph and corrected {rom 3% O9 to 12, CO,.




APPENDIX A. DETAILED DATA ON LARGE SOURCE EMISSIONS (continued)

- .
Boiler Flue gas Emissions
Nominal | Steam [ Firing Type Voiume,
Refer- | Original| turbine | rate, rate, of 1,000 | Temp, Orsat (%) Particuiates and gases| Notes and miscellaneous
ence vork - load, "}~1,000 } 1,000 | firing scim oF CO, COz2, O
mw ib/he_ | 1b/hr
64 Actual Normal steam
(cont'd) steam ppm: opm: | rate, 1000
rote: %2, 03 _F.\:ﬂ Plant:
1,220 i4
195 | SRSt S 7 NN IO 161 SO - SN SO 1 N A
- -~ - -t - Tammee | 1,240 - - 16.5-- - 1 - —- .
. A sl st o) ovae 1 [ se B
1, 580 18
3.4 | -- o o ..ofles &3t Le0 125 g % .Co.
- 30.8 | 10.8 4.8 1,330 14.5 30

s cma=

SRR TR S it 63, it SR e S AR g 41 Y i s mer s P A T e et e 8o o

1,570 7.5

[ 13.0__3.3 . L,530 __ _..85 __
1,590 12.5

AR TL St R VS L N I

Tt s e e W




[ L ] [
620 | 0.8 o.c:,— 0.011 69 s ]
| 630 | 9.3 0.025 0.025 ] 66 1 ;
700 8.3 0.72% 0. 217 - 63 0
=== P L L L L T T T T T R T L L L I e TR T T b b hh -
i : .. R - _ - Domestic fuel
llllllll - — - i — - - s = . - el
68 Yes - -« |.2,070 | 65.2 | Pressure 368 250 0.01 CO _|1t/1,000 gases in ppm, Fuel afalysis: PS 200,
b 1b/hr atomizing . - 7.0C0Oy - |0 o:..fi_!.:n_oa ingr/oct: | "31. 070 API, 1.05% S,
c - } . N ‘ 7.9 Og s 35 8op—. .| -0.02% Ash_
=l d - ‘ . 2133 1.8 503 “Excess air, 65%
lrl:m RE - T . : w.ﬂ_ uq. n.%”..usv-on Moisture in stack gas;
- < ) ) as
i !.fN“Il.,lr | i-2,15 0,083 ...—v-ﬂnﬂ_n. OA—-—. Wmaa—.va.-_ T00F
N ) ) ) | Steam, 70 psig .
— - T - i Cyclotherm steam gener-
_ 4T - : . . - - . ator boiler, lire tube,
T e LT : 60 hp )
. prmw - -_T llllllllll e B R e L L L E T T ammeaee= Po o - ol.llllll!llllll-.lllll-lllI-!Ollllllg
) 3,450 | 44.7 | Pressure 480 | -290 0.000CO |11.4 902 3803 Fuel analysis: PS 200,
-~ | Wb/hr atomizing ] 3.9COp 0.206 1.4 Jw... 28.710 AP1, 0.1 S,
_ 15.705, | 007 S Aidetydes | cnagn
. N ' 1.02 35.8 NOy as NO3
- ) 2.2¢  5.08T Purticles Excess air, 197%
- -Moisture in stack gas,
, . . ) _ 4, da vo! H
o D i T IR N I B 0Oll temp, T0CF :
B . ) 77 "V Brayan No. 315 -- 100 hp
- _ SRS . . D S SO L ) ﬁ water tube (hot water)
.“m- \-““.u 288 .w:..u:. 1,700 710 0.003CO [218® 414 ~30p Fuel analysis: PS 300,
_ . atomizing B 7.0 COg n.w“" 4.7 SO0y 16.51° AP, 1,00 S,
- . - - 1.8 . 2 7 - Aldehydes
LT . ON 18.1 -3¢3 NOx as NO2 0% Ash -
- ) 279  0.070 Pariscles | Excess air, 68%
i . - - ’ Moisture in stack gas,
. : C - 12. 7% vol
. B o Oil temp, 160°F
- N - B I Steam, 100 psig
: ' Locomotive type boller
-~ ) . _ A -- 120 hp, single pass
I S | R N I U RSO | fire tube
ewecepleose SEaEESDS - k- 1




APPFXDIX B. DETAILED DATA ON SMALL SOLRCE EMISSIONS

FrrANtlel PSR LY LR RN STCIIE L PSRN Iy SR oD S e

P

B ¥ PRI

N o Baler i m.._wm as T |.m||[ Emissions
Nominal | Steam | Firing Type Volume, k— _
Refer-| Original { turbine | rate rate, of scfm Temp, | Orsat (% Particulates and gases| Notes and miscellaneous
ence work load, Ib/hr | liring ofF | €O, CO2, O2
mw
21 Yes -t .- .- -- -- -- -- 1u/1,000 Ib | Domestic and commercial
oil fired: sources
4 NO, as NO2 7.2
S02 21.2
: CcO nil
Aerosal 1.7
1 Hydrocarbons 0. 080
| Aldehydes and
ketones 0. 063
1 Other_organics 0.177
e - I ST
46 Yes .- iSORp| -- \\m.\bwuf.lll.\.\.\l. -- .- 0.06 gr/sc! dust Horizontal return tube
or | _.—{atomizing boiler, PS400 ol
5,1607
—1"1b/hr
\J\.\l\!\. steam i
== o o } : T B - 7 T T -
| 57T Yes . tsoonp| - o . e ==~ -]0.49 b, NOL/10% B - .- -
(519 or or
] tests), less 9 1b NOy/1,400 1b of1®
general
s e i - — -— —— e r el i . v - — s —— & o — we o
52 Yes -- 380,000 -- -- -- -~ 10C02: FCO; Y Ha: Thermal Shell
Btu/hr elticiency, & smoke nn:
550 [12.4 1,16 0.58 65.5 9
620 {11.5 0.156 0. 104 70 8 H

-




8, 900 88.5 { Pressure | 1,200
1b/hr atomizing

1b/hr |_ ~

— et b w e T efq eaae.a S ﬁ llllllll
10,350} 165 [Centrifugal| 1,230
1b/hr

(s csadecnssnssh i s e s ccerh o e ca.

370

- - mw-

lllllll

0.002 CQ u. 033 “.. 509
~MM CO2 0.58% 8 m&g&-
-3 02 .45 549 NG, as NOy
.80  0.245 Particles
cemeeecmeeed I
0.(9 CO u_.__u wowa SOy
0.0344
““ WnOu 0.24¢¢ & ?-
. . 1475 W7 NOy as NOy
1.82  0.0805 Particles
............ 5
00024 CO | 020 103 20y
5.5 COq 0.048% 0.9 50y
10.9 9 0342 T - Aldehydes
‘ 1.88 3.8 NO, s NOZ
1.33  0.0388 Purticles

Fuel analysis: 35,090 AP1
0.55% 5, 0%, Ash

Excess air, 3709

Moisture in stack gas,
3.0% vol

Oil temp, T0°F

Steam, 120 psig

Diesel (ucl, B&W boller,
mode! FM-27 -- 200 hp,
water tube

Fuel analysis: PS 400,
11,100 AP1, 0.94% S,
0. 13% Ash

Excess alr, 43%

Moisture in atack gas,
10, 7% vol

Otl temp, 205°F
Steam, 120 psig

Erie City boller, mndel

46-14 -- 245 hp watar

Fuel analysis: PS 200,
33.01° AP1, 0.21% S,
0.07% Ash

Excess air, 115%

Moisture in stack gas,
6.9% vol

Ol temp, 70°F

Steam, 600 psig

B & W boiler type FM-t
-« 300 hp, water tube

LR IR




APPENDIX B, DETAILED DATA ON SMALL SOURCE EMISSIONS (continued)

p— ———

Refer-
ence

Original
work

Boiler

Flue gas

T

Emissicns

Nominal
turbine
load,
mw

Steam
rate

Firing
rate,
Ib/hr

Type
of

firing

Volume,
scfm

Orsat (%)
Cco, CO2, O2

Temp,
oF

Particulates and ga:es

Notes and miscellaneous

68

{cont'd)

4,310
tb/hr

190.5

150

™

R

Pressure
atomizing

Centrifugal
atomizing

1,700

Centrifugal] 1,390

alomizing

0.000 CO

5.0 COy
13.3 Oy

330

||||||| g ——

_0.001.CO

2.7 COp
16.2 07

0.02 CO
4.3 COy

13.8 Oy

268.2

L Lk D T Py ey (R —"

i%/1,000 gases in ppm,
lboil:  particles in gr/sct:
64 503
32 50y
9 Aldehydes
128 NOyx as NO2
0,104 Particles

0.30%
0. 420
8.82
3. 58

50z
5 wmwganu

20 NO, as N0y
0.038 icles

0.348)
. 280

.3

1.14

‘

~I Diesei-fuel, Gabrial

lllllllllllll L

e R R L ]

Fuel analysis: PS 300,
11. 390 API, 1.78% S,
0.18% Ash

Excess air, 180%

Moisture in stack gas,

4, 8% vol

Oil temp, 70°F

Steam, 90 psig

Pioneer boller -- 125 hp,
Scotch Marine

Fuel analysis: 40, 10° >E‘
0.09% S, 0% Ash

Excess air, 150'%

Moisture in stack gas,
4. 4% vol

Oil temp, 70°F

Steam, 10 psig

botler -- 150 hp, Scotch
Marine

LR e N

Fuel analysis: 33. 820 AP?
6.97% 5, 0% Ash

Excess alr, 210%

Moisture in stack gas,
5.6% vol

Oll temp, 70°F

Steam, 90 psig

Diesel fuel, Johnson
bojler No. 18 -- 200 hp,
Scotch Marine




AR LA T

15,750| 660 Pressure 4, 560 220 0.0CO 26.7 362 SOy | Fuel analysis: PS 300, "
Ib/ hr atomizing 5.9 CO2 0.197 2.2 50y 12.11° API, 0.78c S,
10.7 02 0.8 7 Aldenydes | () 12 Ach
105 19% NOy as NO2 A -
1.20  0.0388 Particles | EXcess air, 107¢
Moatsture in stack gas,
6. 6% vol
0il temp, 190°F
Steam, 275 psig
— - ! Springfield boiler -- 460
- L : ! L , hp, water tube !
craserrebposccccadecsvanrsraduace: snesnhossvaccdecn=a R L T EE T T Y P L L e L - -
17,250} 1,975 | Steam 12,400 | 560 0.000 CO .“.uo. w..“ % Fuel analysis: PS 300, 1
. . ] 0 g
Ib/hr atomizing ww WNON 0508 17 Alganydes wn.omm >...Mﬂ_. 1.39% S,
. .w.. u» “uu..na wmrzn.._ozon Mx.nmu.“p:. 92'7
e - N . ] v ’ i
E luknlh.m\\ f//iﬂl./l./]f?fﬂlﬂl Moisiure in stack gas,
=1 e = o e e —e - 9. 1% vol
i Ay SN S T~ " Oil temp, 160°F
T e — AT Steam, 145 psig
Sterhing builer, model
477-31 (modified) --
. . 509 hp, water tube
ORI RO R AP — - S P O o emm oo |. ¢drum.
X L P E Ll L et cadarrnreansjrcsscavdrescicnrtsnssndecc s ninSEERAsr RasERE A n. SasSSasES LI R LR i
29, 600 467 Steam 3,030 580 0.0CO 45,0 40 30y Fuel analysis: P3 306,
Ib/hr atomizing 6.4 CO» 0.195 2.1 S0y 13.377 API, 1.307 S,
9.6 02 03 s marmadetn| 0037 Ash
1.86  0.057 1-..:239 Excess air, 95
Maisture in stack gas,
9 .87 vol
| O1l temp, 160"'F
Steam, 15 psif;
Colhins boiler -- 330 hp,
| . | - . » water tube




APPENDIX B. DETAILED DATA ON SMALL SOURCE EMISSIONS (vontinued)

——es e ——— e a—
Boiler B ) Flue gas Emissions
Nominal Firing Type Volume,
Refer- | Original | turbine | Steam rate, of scfm Temp, Orsat {%) Particulates and gases| Noles and miscellaneous
ence work load, rate | Ib/hr firing oF CO, COg, O»
mw |
68 * M 10,350 280 Steam | 2,930 320 0.0 CO 171,000 gases in ppm. Fuel analysis: P'S 200,
{cont’d) Ib/hr atomizing 4.0CO» particles in yrisct: | 34 870 API, 0.29% S,
13.9 0 0.01% Ash
: on.S ““M_ qun Excess air, 220%
ey 0.285 &6 Aldehydes | Moisture in stack gas
TR 118 14.7  NOyas NO3| ¢ 3%, vol
o= = ) 4 47 0.134 Particles Ow— —Qgtw aooma
S S N Steam:, 100 psig
= e ‘ S Kewanee boiler, model
A ! 590 -- 100 hp, 2 pass
- . o - fire tube
lllllll Sl e o i T vln.lll“l.li.rtllillillltll N Rt A s s st r r s e s R AmASs st e re s A m b e -
12,750 612 |Centrifugal| 3.970° 500 0-000 CO (i11.715 17 S03 | Fuel s%u_wm.mu PS 200,
‘he izi . ! 0 0 . . 0.42% §,
e | W atomizing W w COy S os wn_vn._o.._in- _..__:m Wm:s%- %S
— -80y 360 72 NOy 26 NOz| ~°
| 0.425 0.0132 Particles | Exceas air, 94%
| Muigture in stack gas,
, 8.2% vol
Oil temp, 70°F
o e i L . i - _mnowa.._uo psig
- 1 - T B Dixon wet back boiler --
__ N R teeedememeememooo | 350 hp, Scotch Marine
14,7007 1,350 Steam 19, 0CD 630 I 0.00! CO |ss. uo Ho.w % Fuel analysis: PS 400,
i 0. . o
lb/hr atomizing .—ﬂ. w Mvnuwu a...“t “.2 o D.w.uowwcu-Ou M..H.cbmﬂ.—u_. 3. 08% S,
* 14, . as ’
9.94  0.265 Particles | Excess air, 1109
Moisture in stack gas,
10. 6% vol
Oil temp, 210°F
Steam, 180 psig
« Collins boiler -~ 425 hp,
._ i | ) water tube
* L] . ]
T T Tkt Mt L iy ¥yt e s b S S e e e oy emee el - - - . .. v eade - e




llllllllllllllllllllllllllllllllllll

General value for
particulates, 0. 08
gr/sct

Normal steam rate,
8, 000 Ib/hr

Double turnace

Fuel analysis: PS 400,
15.99 API, 3.5% S,
0.05% Ash 18, 700 Btu

\F_.uﬁ CO3z correction is not known, )

€ Steam rate wos calculated from the horsepower.
4 Orsat analysis is on a wet basis.

® Aldehydes are calculated as formaldehydes.

f Dashes {--) indlcate "no data",

Note: Also see references 38 and 44 in Large Sources {Appendix A)




>. PPENDIX B. DETAILED DATA ON SMALL SOURCE L JISSIONS (continueg)

Reler-
ence

Original
work

Nominal

turbine
load,
mw

Boiler

Flue gas

Emissions

Firing
rate,
1b/hr

Type
of
liring

Volume,

scim

Temp,

OF

Orsat (%)

CO, CO2, 02

Particulates and gases

Notes and miscelianeous

88
{cont'd)

1,372

Sleam

atomizing

ﬁl llllllllll

Pressure

atomlizing—|
Il||-||l|\

7, 400

530

000 CO
2 COz
uO»

Iv/1,000 gases in ppm,
particles in gr/act

R
1.}
49

158

Fuel analysts: PS 400,
9.30°API, 1.94% S,
0.03% Ash

Excess air, 13%

Molisture in stack gas,
7.98% vol

Oil temp, 220°F

Steam, 275 psig

B & W boiler, model FM
-9 -- 870 hp, water
tube

Fuel analysis: PS 200,
33.6° API, 0.80% S.
0% Ash

Excess air, 120%

Moisture in stack gas,

T7.8%vol

Oil temp, T0°F

Childers cil heater,
model D-100, oll cir-
culating heat exchanger

Yes

m&% BY g i AR A T,

LIk

v.wo-!..o .
atomizing

lllllllllllll

gr/sct particles:

Excess Shell
air: smoke no:




94 \ / | ATMOSPHERIC EMISSIONS

APPENDIX C, ME\THOD OF REPORTING THE DATA

Emission data far this report fit into three categories: (1)
individual test values) (2) typical or general values, or (3) ranges
of emissions. For ex mple, if the data for a given pollutant were
as follows (values in ppm):

Inddevicdual | Hypothetical, l:I‘_vpiv:ll Hypothetical || Ranges | Hypothetical
Calue s relerences O ]‘v;tlm-s references references
b ! - ‘)29 10 20-50 14
21 2 33t 11 5-45 15
22 3 i!ii 12 20-40 16
2 4 . 3*.|l 13
iy 5 |
i) G
.
7 8 1l i
“Represents 200 sanmiples. !

The histogram presenting these data would be constructed as
shown in the following figure:

10 | | | R | | | | | |

Individual test

values reported

[“1 1 E-u0

Typical values
reparted et

<
B flomens 20,
2

1

NO. OF SAMPLES
[ S+ W

anges reported

.1 1 |
9 100

R T ) 0 8
POLLUTANT CONCENTRATION, ppm
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FROM FUEL OIL COMBUSTION 95

"Ranges™ reported wete plotted first, The rarge 20 to 50
from hypothetical referenceé 14 occupies a row extending from 20
to 50. The range 5 to 45 fron. hypothetical reference 15 was
then plotted in two rows ext¢nding from 5 to;45. The range 20 to
40 from relecence 18 was plotted in a third row. Next, “typical
values” wore plotted in uquare\ﬁ appropriate to their magnitude,
The value 29 from hypatheticai teference 10 is shown as a square
extending from 25 to 30. The vdlue 34 from hypothetical reference
12 is showr a8 a square extendini from 30 to 35 and the value 39
from hypothetical reference 13 48 a square extending from 35 to
40. The typical value of 33 from' ypothetical reference 11 was
given a special notation because it is based on 200 samples.
"Individual” values from references 1 through 8 were then
plotted in a fashion similar to the typical values. For this
histogram, the extreme range would be 5 to 50 ppm, the most
common range 20 to 40 ppm, and tl‘\le most common values
between 30 and 35 ppm. The emiss,h)n value would be chosen as
32.5 or 33 ppm. In this histogram the hypothetical references
are represented inside each squarc for better understanding of
this method of representation. In the text, however, the
references are not represented, for the sake of simplicity.
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