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CONTRIBUTION OF COMBUSTION PRODUCTS

PAUL L. MAGILL AND ROBERT W. BENOLIEL
Stanford Research Institute, Stanford, Calif.
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+ Angeles, Calif., the most disagreeable effects of bhiggest single source, sends 550 tons of organic materials
s prurkiness and irritation of the eyes, noses, and into the air every 24 hours. Approximately two thirds of
aof the inhabitants. The most apparent economic the chemicals entering the_air from combustion are or-
& the daomage to certain crops. Combustion prod- ganic in nature. Exhaust fumes from approximately
-atribute materially to the atmespheric im purities. 2,000,000 automobiles, busses, and trucks in the county,
“mately 50,000 tons per duy of fuel and rubbish are which drive an average of 50,000,000 miles per day, con-
1in Los Angeles County. Public and industrial tribute another 330 tons of organic substances as well as
- of these materiuls emits to the area each day at 30 tons of aldehydes and 40 tons of nitrogen oxides. De-
=0 tons of these impurities, not including carbon tailed data are presented showing the sources of the vari-
.de. Household burnimg of 4000 tons of trash, the ous impurities and the quantity each source emits.

4 Angeles smog characteristically causes irritation to the  venled that the products of combustion of approximately 50,000

arg and respiratory eystem and is accompanied by odor tons per day of various materials are put into the atmosphere

szht haze that restricts visibility. Under certain weather (Table I).

sy, air pollutants resulting from human activity in the Unlike many other industrial areas, practically no coal is burned

-reles basin are discharged into the air faster than natural in Loa Angeles. Consumption of coke, Diesel oil, and agricul-

ringical es can curry them away. When the huiid-ui) tural petroleum is less than 250 tons per day each, and was not

“gatly g‘smog results. . ~=- _ considered large enough to warrant detailed investigation. Dur- =
‘msuon operations were studied as sources of atmospheric ing frost periods, relatively large quantities of petroleum are used

i=es, beeanse they are certainly not insignificant in quan- to heat orchards, thus releasing considerable quantities of smoke.

1s Angeles; in other cities the producta of combustion are However, these conditions, slthough frequently resulting in nui-

rreipal contributors to air pollution. Furthermore, sances to the surrounding area, are not occasio.s of typical smog.

‘ove analysis of the combustion products from typical in-
zes showed that they were similar to the impurities found
wmosphere. Combustion products are not only those ma- 1.
srmally thought of as products of complete combustion, Tastk . EsTimatep Torai Darny ToNNAGES oF MATERIALS

zany cases are incompletely burned produets, such as un-

BurnED N Los ANGELES X
Fuel gas 20,400 i

v hydrocarbons that escape from automobile exhaust pipes. ’ Fuel oit . 7.300 el
rr types of combustion operations were studied, domestic ' : g:;s:‘e“ 10,200 ‘ o

:ay industrial. This paper summarizes the results of this
= shows, perhaps for the first time, that certain com-
mwuperations that previously had not been considered im- ] .
- contribute in 2 major way to air pollution. This paper COMBUSTION SOURCES
= findings concerning the nature and origin of combustion
«4 that enter the Los Angeles atmosphere. The collec-
ki analytical techniques employed are not a part of the

. The data that follow are believed to be approximately repre- :
sentative of the over-all combustion emissions to the atmos- f
phere. Care was taken to select as nearly representative instal-

oeww e o e e b

- dscusgion. lations as possible and to cover as wide a range of operating con- ' '
: ) ditions ns necessary to yield indicative average values. It is
BROAD ASPECTS recognized that the data are not true average values for any
L-r-eml, an atmosphere is considered polluted if it contains singla short-time interval, It is conceivable that such data could .
+ material—gaseous, liquid, or solid—in quantities sufficient be obtained by means of a statistical sampling, and by taking ' -
+Guisance, During periods of smog, the Los Angeles at- into account all the variables contributed by the changing habits §
¢ contains each of these types of impurities. It is the of approximately 4,000,000 people. However, accuracy of thia £
~ate matter—such as the small liquid and solid particles— degree was beyond the scope of the present survey.
wricta the visibility; the gaseous components appear to be Fuer Gas anp Fuen OiL. Determinations of the effuents
sponsible for eye irritation (1), from fuel gas and fie) Bil Were made on typical large industrial
ntitatigmmetudy of the impurities that exist in the atmos- ~ heating units, such as power plants and oil refinery heating
<d 5 'ative study of materinls preduced in combus- operations. The effluents from domestic and small commer-
~tations revealed that the products of incomplete com- cia] hot water space heating units were also determined. Typi-
- vomprige only a part of the man-made impurities found cal data obtained in such tests are presented in Table IL ’
4. Even combustion that is usually considered to he Approximately one third of the fuel gases consumed in the
= ia 8 gource of products that are identifiable in smog. area are burned in domestic and small commercial heaters,

ey of the material burned in the Los Angeles area re- There was little difference in the nature of products of com-
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TaeLe II. AwnaLvsis oF FueL Gas axp Foer OiL COMBUSTION,

EFfFLUENT .
. Emission to Los Angeles
Concentrations, Atmosphere
Mg./Cu. Meter Lb./Ton Ton/Day
Gas 0il Gas 0Oil Gas=  Qijld
Aldchydes 60 75 2, 2.4, 20 L]
Ammonia 0.4 0.4 T .. T
Nitrogen pxides 410 80O 14 26 140 160
Acida (as HOAc) 75 $00 2.5 30 26 100
Organics 80 300 3 10 30 35
Solida 18 . 0.5+ .. ..
Sulfur oxides 10 2000 0.3 60 3¢ 220

s Based on consumption rate of 20,400 tons per day of fuel gas estimated
from Southern California Gas Co. report for 1949 and information from
petroleutn refiners in Los Angeles area, .

& Based cn consumption rate of 7300 tons per day of fuel oil estimated,
from 1949 U. 8. Buresu of Mines report. . E

¢ Information from petroleum refiners indicates an sadditiona] 80 tons
per day of suliur oxides (as 50#) emitted from combustion of their pro-

duced gas.

bustion from large scale industrial units and from small household
gas-fired, hot water heaters. The quantities of impurities pro-
duced per unit quantity of gas burned were also comparable.

AvutomosiLe Exuausrs. It is not unusuzl to sense foul odors
emanating from large busses, trucks, and Diesels, or to see clouds
of fume pouring forth from the exhaust pipe of an ill-conditioned
jalopy. It is common knowledge that the exbaust fumes from
all automotive vehicles contain toxic quantities of carbon mon-
oxide as well as Jarge quantities of carbon dioxide and water vapor.

It has been suspected for some time that the automobile pro-
duces exhaust fumes containing other substances which, in the
nggregate, contribute in a significant manner to the air pollution
in a city.

-The composition of automobile engine exhaust gases was
examined in tests on a blocked engine under simulated driving
conditions of constant speed, acceleration, and deceleration.
Tests were aleo conducted on actua) operating vehicles, Figure
1 illustrates the manner in which the tests were made.
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The results of these tests showed that the predomss, a :
LTS

sion is volatile organic material, representing alwas b
gasoline consumed. The method of collecting und mm‘;“‘ .
material resulted in & measure of only the material brais ot
the C,; hydrocarbon types (approximately 40° C.). ¢ s

Measurements have been continued on the effucot byge, o
" .

bons from automabile exhausts, employing & mure nggug,
tistical approach to the problem and using mas .;.,,..,hm__,‘
gas analyses for a more detailed measurement and ides.t g, -
of the various constituents. These results will e T tirag
at a later date. Although they are not yet complete, thas .
that automobile operations in the Los Angeles ana rvve s
hydrocarbone than were indicated by the technique Y —
sbove. ‘

The data further show that the emissions of organs g

or deceleration, the combustion is much less efficietst {ates 140 .
ganic emission relatively much greater) than at cotuwlast mmer
power operation. The emission of the oxides of titmga &
greatest under power conditions, probably because of the tiynm
combustion temperatures in the eylinders. The nithagra wsive
must be produced by the fixation of atmospheric nitrgre. dusiy
the combustion, as purified hydrocarbons free from orgatn ai.m
gen compounds produce simildr quantities of nitrsgrs su..a
when used in place of gasoline,

REeFUse. In the Los Angeles area, combustible rrfve o ...

. posed of by burying, burning in small incinerators at ttele v

dwelling places, burning in industrial silo-type incinerstony oo
burning in a Tew engineered municipal incinerators. lants
tained in a survey of the amount of materials burned by the <.
ous methods are shown in Table IV.

DouesTic INCINERATORS. There are approximately wa e
domestic incinerators in the Los Angeles area. Must of \avewm o
cinerators are of a stafidard type with a volume of apjmanpe. +
6 cubic feet. Most householders have an incinerator 1z the b
' yard for disposing of waste puw.=e
and garden and gras. o
The operation of the innoersu: -
subject to widely varving e
tion conditions, More o -
than not, the incineralor w rrem.aid
full of whatever mixture of mater.iv
is at hand. The comjvestsn &

smolder and eventually disapgewes sus

of the stack.
From observation of the inrcurs:

tors in the area and a general hzeeed
g edge of the quantities of malm.®
disposed of by this mrans, it v

the average charge consistes] of jui=t
and half of garden trimmings. The
composition of the eMuent gases <
| pends upon many fartors, sl =

'II weight, composition, and mwmei
i content of the charge, and the dre

Figure 1. Sampling Procedure for Automobile Exhaust Gases

Sampling equipment consisted of a condensing system to re-
move most of the water and a freeze-out train composed of ves-
sels cooled successively with ice and dry ice. A measured stream
‘of exhaust gas was drawn through this system. Samples of gos
for analysis were taken at points 4, B, and C in the diagram.

The condensates and materials frozen out were analyzed for
aldehydes, acids, nitrogen oxides in solid earbonaceous materials,
and volatile organic matter. The results are shown in Table I1L
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conditions for the fire.

Tests were conducted unde &
: : variety of conditions using eye
ment shown in Figure 2.

In a typical test 9 pounds of paper or 6 pounds of green o
clippings were burned and samplings made of the efflucnt £
The volume of air was measured with a rotating vane aneneee e
in the draft door. The average data: obtained in sevens) v
run are shown in Table V. _

On & weight basis, organics were found to be the largest f“""
of materials in the effluent. The organic materisls consu® ”
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Figure 2. Diagram of Equipment Used to Test Effluents from Backyard Incinerators

4 prticulate material, including tars and carbonized prod-
4+ AMehydes and acids were present in considerable quan-
+ 0 the materials emitted by the paper fires. Effluents
s be garden clippings contained appreciable quantities of
sais and possibly amines.
mopts were made to differentiate between tarlike particu-
.matter and solid materials. It was not possible to make a
s«paration between the tar and the solid carbonaceous and
#z particles. However, microscopic observations made it
that the solid materials comprised a relatively small
. %:f the total particulate matter.
E AL Woop Waste INCINERATORS. A typieal silo-
#adustria) wood waste incinerator is shown in Figure 3. The
s#tained in tests on emissions from such an incinerator are
«a Table VI. .
twcreal INCINERATOR. A municipal incinerator, rated at
by per 24 hours, was also sampled to obtain data on the

TasLe III. ANALYSIS OF AUTOMOBILE EXHAGST
Operating Conditions Chf,;',}‘;‘ff‘t‘f, CI',I_A_
Road Accel.- 1dlin Atmoaphere®
. Speed Decel. Spee Lb./ton
: Concentration,- naoline
mg./cu. mater urned Tons/day?
ey (CHO) 200 250 100 i) 30
- md“')( NOy) 750 3 YA 8’ 0
ldes 1 L 4
/Ut S RN S T
® arbon [} § 0.1 .
’l‘n:idq) 3 38‘5

"Niaiated on basis of 40%, fuel used under road apeed conditions, 40%
‘:Cdfltrauon-deceleration. and 20% at idling speed.

Jerd on conaumption of 10,500 tons per day of autemotive gasoline.
“iculated oo basis of sulfur in gasoline currently marketed.

L

&IV, Estivarep Darny Toxyaces or REFuse Burnep
. 18 Los ANGELES AREA

Domestic incinerators®

Garden trimmings 2000
Paperd . 2000
Industrial wood waste® 5000
Municipal incineratorsd 185
2165

urned based con data from paper importers, salvage operators,
- bovernment burean figures on nationsl paper movements,
‘W"P Los Angeles County Air Pollution Control District survey of
Y o ng industries, 1948. L.
o8 weighings and estimates at four municipal incinerators.

—
N 1852

Qon typical weighings for 1047—48 for City of Long Beach, Calif.
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third major source of combustion products from refuse. Thedata
obtained in the tests are shown in Table VII.

Solid emissions are indicated to be high, but this may have been

due to the manual agitation of the fire bed during the period of
the tests, as the mechanical agitator was out of order.

For purposes of comparison, the guantities of the various com-
ponents found in the effluent from a ton of refuse burned in each
of the three principal processes are presented in Table VIIL.

Figure 5. Typical Silo-Type Industrial Wood
Incinerator
Field chemist at work on sampling platform

The greater emission of organic material and the lesser emis-
sion of nitrogen oxides {rom the domestic incinerator are clearly
evident. ' : :

Dgorrers FroM Comsustion Sources. Combustion oper-
ations. also release to the atmosphere large numbers of liquid
droplets. It has not been passible to measure the mass of the
material emitted in this form, but their possible importance is
suggested by the close resemblance of many of the droplets that
are found in the atmosphere to those that are produced by com-
bustion operations (2). -Figure 4 shows a photograph of droplets

collected from the Los Angeles atmosphere on a glass slide by an’
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Figure4. Droplets Collected on Glass Slide by Alternating
Potential Electrostatic Precipitator
March 9, 1951, 550X, oblique illumination

alternating current electrostatic precipitator. Figure 5 shows
liquid material collected from the atmosphere on a glass slide by
a jet impactor. Shown in Figure 6 are globules of liquid mate-
rial collected from a stack gas produced by an oil-fired boiler at an
industrial power plant. These droplets are hydrophilie, are much
less volatile than water, and produce a charred residue on mild
heating. Drroplets such as these are produced by all the com-
bustion operations studied. They are present in the effluent of
pure methane burning with a ¢clear blue flame. The ekin, shown
clearly in Figure 6, is characteristic of all the droplets'observed.

Droplets that appear to be largely aqueous and immiscible with
kerosene or chloroforin are present in the atmosphere on all days,
but in much greater quantities during periods of smog. Some

TapLe V. Doumestic INCINERATOR EFFLUENT
" Concentrationse, _ Emistion to Los Angeles Atmosphere
Mg./Cu, Meter Lb./Ton Tons/Dayb
Trim- Trim- Trim-

. Paper minge Paper mings Paper mings Total
Aldehydes , 60 12h 2.1 5.7 2 6 8
Ammonia 3 100 0.1 4.4 0.1 4 4
Nitrogen oxides 13 13 0.5 0.6 0.5 0.8 1
Acida 44 1.5 .... 1 1.5
Organics 4000 9000 145 415 150 400 550
Solids 130 4.7 ] ¢
Bulfur oxides 40 O 1.2 0 . 35 .... 4

& Estimated average concentrations for duration of fire. L.
» Based on conaumption of 4000 tons per day of refuse by domestie in-

cineratora. L. L.
¢ Indefinite, because it is difficult to measure emission accurately from

combustion of trimminga.

TasrLe VI. Woop WasTE INCINERATOR EFFLUENT
' Emission of Chemicals
to Loa Angeles Atmosphere

Concentration, Lb./ton of

Mg./Cu. Meter wood burned Tons/day®
Aldehydes 44 1.8 5
A mmonia 0.8 0 0
Nitrogen oxides 33 1.8 - 3
Acids {HOAc) 11 0.4 1.6
QOrganics 500 20 50
Sulfur oxides 3 0.16 Q.4

« Baaed on combuntion of 5000 tons per day of wood wante.
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TapLe VII. Municipar INCINERATOR EFFLUENT
Eminssion of Chem;j
Los Angeles Al:n(;.e;#u‘:
Concentration, Lb./ton
Mg./Cu Meter of waste Tons/days
Aldehydes &0 . 1.1 K .
Ammonia 20 0.8 H 1 ugustlru
e i N N -
ci [} . .
Organics ~ 80 1.4 o_?s Refuse
1ids 1300 23 2 Tott
Sulfur oxides 25 1.9 0.2 3 rvtic
a Based on combustion of 165 tons per day of material in Mmubicipat . 3 Fur} &
¢inerators. ; g“‘:oﬁ’
—— Refuse
Tapre VIII. Esssron pEr Tox oF REFUSE BURNED 1y Tots
~ DIFFERENT MANNERS —
Domestic ' Todustras
Paper Trimmings Municipal an-‘t‘;:‘ q .
Aldehydes 2.1 5.7 1.1 18 refineric
Ammonis 0.1 4.4 - 0.3 0 mdustri
Nitrogen oxides 0.5 0.8 2.1 1.3 .
oci . 3” .5 " ?.2 0.4 adustri
rganics 4 4 . 20 ;
Sobida i TS 23 riduals
Sulfur oxides 1.2~ [ 1.9 0.2 wucks ¢
— bouseho
Bﬂsec
"o - nots pu
oil-miseible dropleta also exist in the Los Angeles atmosphere, b wemge:
those that are cil-immiscible appear to be present in far gra- ¥ organ
pumbers. 'They exist in the atmosphere at relative bumiditio s -me2 oor
low as 209, The impurities present in them range from o
plex organic substances to simple inorganic materials such w
ammonium sulfate. These impurities probably account in pas
for the incor-plete evaporation of the droplets in dry air. . A sur
otle pr
SUMMARY OF FINDINGS nrious :
. . . . . wofents
The various contributions to air poliution of the severaltie 1 sip 4
of materinls widely burned in Los Angeles are tabulated in Taw  § .0y
IX. A division has been made between industrial and genen Aduals «
or public, sources. "en ms
The division between industrin! and public sources is ne .. |
sarily an arbitrary one. In general, fuel gas and fuel oil combr Th e,h'
tion produets from large industrial users, power plants, ssda F 0 o
7stion ¢
Lepye
Aegus
¢ 2at all ¢
*main g
v iyse

Figure 5. Liquid Aerosol Collected from Los Aoe¥
Atmosphere

Showing particalarly distinet liquid globules
20 X . oblique illumination
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¢ IX. Toxs oF PorLurayts Evorven Damny 10 Los
* ANGELES ATMOSPHERE BY COMBUSTION PROCESSES

Or-
Alde- Am- Nitrogen BSulfur gan-
hydes monis Oxides Oxides ° Acida ica Solids
24 s 4 o 84 7 2 0.
& g5 .. 2 180 73 25 o
- 5 0_2. _3 0.5 _1 50 Y
wtal 25 .2 169 244.5 21 95 0.5
. .
6.3 s 47 9 10 ..
,:,;," LN 27 80 27 10 05
Sie 30 4 4 a0 3 350 @3
= 8 4 1 2 2 30 ...
al 7 8 115 b2 41 920 T
—

ories are classed as industrial emissions. Refuse burned in
atrial and large commercial incinerators is also classed as
srisl. Al gasoline consumption, whether by private indi-
pb i pleasure cars or commereial vehieles such as delivery
e and taxi cabs, is classed as public. Refuse burned in
adold incinerators is considered a responsibility of the public.
wed on the findings of this study, the total amount of pollu-
mput into the Los Angeles atmosphere by eombustion sources
waes 1850 tons per day. Approximately 709, of this total
guiic in nature, 15%; consists of the oxides of nitrogen, and
£, congists of sulfur dioxide. :

IMPORTANCE OF COMBUSTION PRODUCTS

vwrvey of impurities introduced into the atmosphere is of
& practical value without knowledge of the effects of the
&y substances, To assess their relative importance as com-
oats of smog it is necessary to understand the manner in
wh they act and the type of nuisance value of the various
wrrisls. There i3 considerable disagreement among indi-
dnl 88 to what is most bothersome. Although progress has
am made toward correlating combustion products with smog

much more remains to be learned.

quid droplets produced by all combustion processes, the
o sulfuric acid, and the carbon and tar particles in com-
=on efffuents are important factors in restriction of visibility.
Y% eveirritation in the city is produced at least partially by the
#u yroducts of combustion (/). Tt would be unwise to say
#1ll the gaseous impurities in smog have been discovered, but
#us combinations of those that have been identified are known
¥ eye irritation at the concentrations at which they are

Ailr Pollution

Figure 6. Liguid Material Collected with Jet Impactor
from Stock Gas from OQil-Fired Boiler

Oblique illumination

Further studies are needed to show the origin of what appears
to be unaccountably Iarge amounts of ozone (or at least some ma-
terial similar to ozone in that it produces severe cracking of
rubber) in the Los Angeles atmosphere. The mechanism by
which the aldehydes are formed in the atmosphere, and the sources
and significance of the organie products that are principally re-
sponsible for their existence also need further attention. '
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