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Note

Background Information Documentation for
Flare Emission Estimates

Only one reference with actual test measurement was available
for use in this study. This reference identified as Reference 1
in AP-42 Section 11.5 - Industrial Flares, is as follows:

Engineering Science, Inc., Flare Efficiency Study.
Industrial Environmental Research Laboratory
Report No. EPA-600/2-83-052. July 1983.

Data Presented in Table 11.5.1 Emission Factors for Flare Operation

The hydrocarbon emission data presented in Table 11.5.1 were
obtained as follows: (The emission rate data were presented in ppm
because the test data available in Reference 1 were in ppm,

0 Soot emissions data are taken from page 46. Reference 1,

o THC emission data are taken from Tables 7 and 8 (pages 41

and 42), Reference 1.

The following modifications were made to the THC emission
test data: Reference 1 contained data on total of 22
steam-assisted flare tests and 10 air-assisted flare tests.
The report discarded six steam-assisted test runs (Nos. 61,
55, 54, 23, 52, and 53) and three air-assisted test runs
(66/29, 33, and 32) for the following reasons:

- Tests 61 and 55 were conducted at usually high steam-
to-gas ratio (i.e., at ratios of 6.67 and 6.86,
respectively), resulting in lower combustion efficiencies.,

- Tests 54, 23, 52, and 53 were conducted burn1ng
mostly natural gas and purge gas.

- Tests 66 and 29 burned the relief gas with the
Towest contents (146 to 158 Btu/scf).

- Tests 33 and 32 evaluated the performance of the
air-assisted flarel in burning purge rate flows of low
Btu content gases.

Data presented in Table 11.5.2. Flare Emission Hydrocarbon Composition

The hydrocarbon emission analysis data presented in Table 11.5.2
were obtained as follows:

o The data were taken from Tables 7 and 8 of Reference 1,

with the following modifications:

- The composition data reported as methane equivalent were
converted to individual component basis. Tables 1 and 2
present hydrocarbon data on individual component basis.
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Table 2, STATISTICAL AVERAGES OF MEASURED HYDROCARBON COMPOSITION?

Compound . Average Standard of duration

‘ % n-1

Methane - 59.35 24.6

Ethane/ethylene 6.78 3.5

Acetylene 5.14 6.6

Propane | 5.98 4,1

Propylene 22.73 17.9

Butane 0.01

a
Total number of test points with valid readings was 18, (i.e., n = 18).



"W33sSAS aJe[J-PI3BRAI|d SSI|MOWS PIISLSSe-wWeals 40 wedberg [ G [[ a4nbiry

cr 0 INIT YIJSNYEL ONY
$30Y3H NOILIITI00 S¥H| / sy9
/<~ 3unos
~_, / TNOISSIWI

WOYG LNIWNIVHINISIO \_—]
_ .

BVEN mN.Exfl\\\\\
| .

|
S¥9 1071d |-> N (7

maA . - Wyals |
NOLLINDT ™ L_J . is1ssv |
S HOLINSI _ o

“oyn 19und \

v

- 4

[ V1S 3uv1d /
E

WIS NOVLS \.\\\_.
£ ___
dIL ¥wang

38NL w_o:zﬁ/\, Y

o 513
S/ - WY3LS LSISSY /

_Syanung 1071d J_




v - 2991 %20 2 h 2720 b b b
bst - bbho Le-o 20 he-o T2 s
PP o WS Ss

wqpo~ b Nt - oo~y
Oonan —do vy PR ovag ‘9
S5 - cE€ ! Lr-o g0 ({9 990 h 95
it - byvy-b ce - (. 8o | be- ¢ oS
_k.o\w.r;ies ¥ - - goo = €0 Ls T Ll
e Aol T At PR o g s
€9-r - I¢-a 1 Q \p A gi-o bl L
Sh-ol - 9 bi-o b LSO SYAR 8
Sb'b - cgx ¥ 0] 4o- 29-0 £ 4 h
I AFTTEN AN wup..i,njn.b&u((m T

o e )

~asThony PG S Aol Prasone —~

ﬂ wq\ddﬁ._(t./_./\w!p\qq 3(0._13"

20 M vy YAV \
QA SHY 25 5 €5 o | /o ' g
B _ _ _ 172

. - o o~ WV Iy 7 CNRTNALY ey ) ,
Reodl Advwwns SishTyny oYy 0YIAR | D\Gol
i G



| o
Frvj g Qs) v SBIY k
Y D qn)z%%%;o&&«d. e
e 9 ) 2 b |
gG—ge 2L 0 o¢-0 S0°9 bh -0 bs L ho
B png 09 e S ~H \T\qﬁ@&.ﬁ
eapeay wiq g vy P T | b2]99
be ~ _ : ‘ |
e SY 2¢C 3b o L b s8h 'e
b ,
3b Lh o L)@ Yoo ARN- Sioh 3T
Sb-b S0 0 90 0 _S1-0 90-0 9 h <9
T..w.w - Ly i9-0 T\ o L0 9¢ ¢ 9%
royt N o et S
.?Q,\égﬁgﬁﬂbw oty ek 2z
popeegee g T G My S :
Yo vveo ) P Lyp R TS P "
2¢ 52 ‘s W\d\u.._vé(% VYvr FeRL hs
€1 b b 8- bs-o Hto o 90-9 -1
% . .
8 95 9h 0 ch o s @ 28 8 'S
s12) hbh-s | se h. : |
=h-o 9% -1 Sl-¢ Q9
bb-g1 eh-8 ¢o-¢ Sg @ 39-% o-b b &
G e SH ). 5 €5 o | 2o/ '> ™
e SN D S A
o N _ o\.)\.\y.lu\z\.vhlal\u:?( - ~nrgef Q(lv\qlr\.n._.((ﬁ.:)?-
25 Agvwwns sishOyncy oYy 0YIAR | 2\GoL



o gt Dopvadd e e T

t .«H-é\?(., J?n\/)_tzw,b@. gj

' £90) &
1 g

e T so-

ﬂ,m ‘Q\)\ué

L8~ &/ 009

-\ﬁ\m“\J .._.....qd

V)2 on

¥y
g .i\i)r =

Cr RN

o~ T

. wl\(bkw\l..b o d/\(f..ﬁrw.

Yoy TN ) ok,
e Trrenaas P

et co-a ch Lb- S
S - <z 21 j .
QAR SHY Lﬂ "5 20/ 'D
..‘ll.iu - o o~y eIy 7 CANRTRAL et )
Apvwwns giIgshyoy  ~ModYeo 0YJIAN | R\GoL




11,5 INDUSTRIAL FLARES
11.5.1 Process Déscription

Flaring is a high temperature oxidation process used to burn combustible
components of waste gases from industrial operations. Hydrocarbons are the
major combustibles in most waste gases flared. In some waste gases, carbon
monoxide (CO) is the major combustible component. Waste gases composed of
natural gas, propane, ethylene, propylene, butadiene and butane constitute
over 95 percent of the material flared. In combustion, gaseous hydrocarbons
react with atmospheric oxygen to form carbon dioxide (COj) and water. Presented
below as an example is the combustion reaction of propane.

C3g + 5 0 =—==> 3 COy + 4 H50

During a combustion reaction, several intermediate products are formed and
eventually, most of them are converted to COy and water, Some quantities of
stable intermediate products such as carbon monoxide, hydrogen and hydrocarbons
escape as emissions.

Flares are used extensively to burn purged and waste products from
refineries, unrecoverable gases emerging with oil from oil wells, vented gases
from blast furnaces, unused gases from coke ovens, and gaseous wastes from
chemical industries. Gases flared from refineries, petroleum production,
chemical industries and, to some extent, those flared from coke ovens are
composed largely of low molecular weight hydrocarbons with high heating value,
The gases flared from blast furnaces are composed largely of inert species and
CO and have low heating value. Flares are also used for burning waste gases
generated by sewage digesters, coal gasification, rocket engine testing, nuclear
power plants with sodium/water heat exchangers, heavy water plants and ammonia
fertilizer plants.

There are two types of flares: elevated and ground flares. Elevated
flares, the most common type, have larger capacities than ground flares. In
elevated flares a waste gas stream is fed through a stack 10 to over 100 meters
tall and combusted at the tip of the stack., The flame is exposed to atmospheric
disturbances such as wind and precipitation. In ground flares combustion
takes place at ground level. Ground flares vary in complexity and may consist
either of conventional flare burners discharging horizontally with no enclosures
or multiple burners in refractory-lined steel enclosures,

The flare system typically consists of 1) a gas collection header and
piping for collecting gases from process units, 2) a knockout drum (disentrain-
ment drum) to remove and store condensables and entrained liquids, 3) proprietary
seal, water seal, or purge gas supply to prevent flash back, 4) a single or
multiple burner unit and a flare stack, 5) gas pilots and an ignitor to ignite
the mixture of waste gas and air, and, if required, 6) a provision for external
momentum force (steam injection or forced air) for smokeless flaring. Natural
gas, fuel gas, inert gas or nitrogen can be used as purge gas. Figure 11.5-1
is a diagram of steam—assisted elevated smokeless flare systems with typical
components.

5/85 Miscellaneous Sources 11.5-1
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Sufficient combustion air and proper mixing of air and waste gas are
required for complete combustion. Smoking may result from combustion depending .
upon the waste gas components and the quantity and distribution of combustion
air. Waste gases containing methane, hydrogen, CO and ammonia usually burn
without smoke. Waste gases containing heavy hydrocarbons such as paraffins
above methane, olefins and aromatics cause smoke. External momentum force such
as steam injection, the most common method, or blowing air is used for efficient
air/waste gas mixing and turbulence for smokeless flaring of heavy hydrocarbon
waste gas. Other external forces used for this purpose include water spray,
high velocity vortex action or natural gas. External momentum force is rarely
required in ground flares.

Steam injection is accomplished either by nozzles on an external ring
around the top of the flare tip or by a single nozzle located concentrically
within the tip., At some flare ingtallations, these two methods are combined
for use with varied waste gas flow conditions. The internal nozzle provides
steam at low waste gas flow rates while the external jets are used for large
waste gas flow rates. There are several other special purpose flare tips
commercially available. One of these is for injecting both steam and air.
Typical steam usage ratio varies from 7:1 to 2:1 on a weight basis,

Waste gases to be burned in flares must have a fuel value of at least
7,500 to 9,300 kJ/m3 (200 to 250 Btu/ft3) for complete combustion. If lacking
such fuel value they must be supplemented with additional fuel, Flares
providing supplemental fuel to waste gas are known as fired or endothermic
flares, Some cases of waste gases having higher than minimum heat contents
also reguire supplemental heat. One such case is ammonia flaring with a heating
value of 13,600 kJ/m3 (365 Btu/ft3) and the presence of fuel-bound nitrogen
which has a quenching effect on the flare. A higher heat content is required
to minimize nitrogen oxide (NOy) formation.

At many locations, flares are intended and designed to handle large
quantities of intermittent waste gases generated during plant emergencies.
These flares usually dispose of low volume continuous emissions during normal
operations. Typical flare gas volumes vary from a few cubic meters per hour
during regular flaring to several thousand cubic meters per hour during major
upsets, For example, flow rates at a typical refinery could range from
45-90 kg/hr (100-200 1b/hr) for relief valve leakage to full plant emergency
rate of 700 Mg/hr (750 tons/hr). Normal process blowdowns may release
450-900 kg/hr (1,000~2,000 1b/hr) and unit maintenance or minor failures may
release 25-35 Mg/hr (27-39 tons/hr). At these typical flow rates, a waste gas
of 40 molecular weight represents a minimum of 0.012 Nm3/sec (25 scfm) to as
high as 115 Nm3/sec (241,000 scfm). The required flare turndown ratio for this
typical case is over 15,000 to 1. )

Many flare systems have two flares connected in parallel or in series.
Parallel flares have the advantage that one flare can be shut down for main-
tenance while the other serves the system. In systems of flares in series, omne
flare, usually a low~level ground flare, is intended to handle regular low gas
volumes and the other, an elevated flare, handles excess gas flows resulting
from emergencies,

5/85 Miscellaneous Soutces 11.5-3



11.5.2 Emissions

Noise and heat are the most apparent undesirable effects of flare
operation. Usually flares are located away from populated areas or sufficiently
isolated, thus minimizing noise and heat effects on populations,

Emissions from flaring include carbon particles (soot), unburned hydro—
carbons, and CO and other partially burned and altered hydrocarbons., Also
released from the flares are emissions of nitrogen oxides (NOy) and, if sulfur-
containing material such as hydrogen sulfide or mercaptans is flared, sulfur
dioxide (SO3). The quantities of hydrocarbon emissions generated are related
to the degree of combustion. The degree of combustion depends largely on the
rate and extent of fuel-air mixing and the flame temperatures achieved and
maintained. Properly operated flares achieve at least 98 percent combustion
efficiency in the flare plume, meaning that the emissions of hydrocarbons and
CO amount to less than 2 percent of input hydrocarbons.

The tendency of a fuel to smoke or soot is influenced by fuel character-
istics as well as the amount and distribution of oxygen in the combustion zone.
For complete combustion, at least the stoichiometric amount of oxygen must be
provided in the combustion zone. The theoretical amount of oxygen required
increases with the molecular weight of the gas burned. The oxygen supplied as
air ranges from 9.6 units of air per unit of methane to 38.3 units of air per
unit of pentane on a volume basis. Air is supplied to the flame as primary air
and secondary air. Primary air is premixed with the gas prior to combustion,
whereas secondary air is that drawn into the flame. For smokeless combustion,
sufficient amount of air must be supplied as primary air. The amount of primary
air required varies from about 20 percent of stoichiometric air for a paraffin
to about 30 percent for an olefin. If the amount of primary air is insuf-
ficient, the gases entering the base of the flame are preheated by the heat
from the combustion zone. As a result, larger hydrocarbon molecules crack to
form hydrogen, unsaturated hydrocarbons and carbon. The carbon particles may
escape further combustion and cool down to form soot or smoke. Olefins and
other unsaturated hydrocarbons may polymerize to form larger molecules which
crack, in turn forming more carbon,

The fuel characteristics that influence soot formation include the carbon-
to-hydrogen ratio and the molecular structure of the gases to be burnmed. All
hydrocarbons above methane, i.e., those with a C-to-H ratio of greater than
0.33 tend to soot. Branched chain paraffins smoke more readily than corre-
sponding normal isomers. The more highly branched the paraffin, the greater
the tendency to smoke. Unsaturated hydrocarbons tend more toward soot formation
than saturated ones, The addition of steam or air eliminates soot; for this
reason most industrial flares are steam—assisted and some are air-assisted,

The flare gas composition is a critical factor in determinimg the amount of
steam necessary.

Since flares do not lend themselves to conventional emission testing

techniques, only a few attempts have been made to characterize flare emissions,
Recent EPA tests using propylene as flare gas indicated that efficiencies of
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98 percent can be achieved when burning an offgas with at least 11,200 kJ/m3
(300 Btu/ft3). The tests conducted on steam—assisted flares at velocities as
low as 0.66 m/sec (130 ft/min) to 19 m/sec (3,750 ft/min), and on air-assisted
flares atv velocities of 3 m/sec (617 ft/min) to 66 m/sec (13,087 £t/ min)
indicated that variations in incoming gas flow rates have no effect on the
combustion efficiency. Flare gases with less than 16,770 kJ/m3 (450 Btu/ft3)
do not smoke.

Table 11.5-1 presents flare emission factors and Table 11.5-2 presents
emission composition data obtained from the EPA tests.l Crude propylene was
used as flare gas during the tests, Methane was a major fraction of hydrocarbons
present in the flare emissions, and acetylene was a predominant intermediate
hydrocarbon species. Many other reports on flares indicate that acetylene is
always formed as a stable intermediate product. The acetylene formed in the
combustion reactions may further react with hydrocarbon radicals to form poly-
acetylenes followed by polycyclic hydrocarbons.?

Reference 2 reported that in the case of flaring waste gases containing no
nitrogen compounds, NO is formed by either the fixation of atmospheric nitrogen
with oxygen or the reaction between the hydrocarbon radicals present in the
reaction products with atmospheric nitrogen by way of the intermediate stages
HCN, CN, and OCN,

Table 11.5-1. EMISSION FACTORS FOR FLARE OPERATIONS@

Tht'S 15 noV TIRE Fppdts e (mbla e

Emission factor,

Component average (range),
Zhie ﬁmﬁ&aﬁﬁ/ e/ o RBG5n
Soot 0 to 274b
THC¢ 63 (2 to 315)
co 19

/NO = 2 (0.5 to 8.2) .
kL Lo 04, fyotsr i Soternils /) 06 6.

a) Reference 1. Based on tests using crude propylene containing
80 percent propylene and, of the remaining, up to 20 percent
propane and 2 percent ethane and ethylene.

b) Zero for nonsmoking flares, 40 pg/f for lightly smoking flares,
177 pg/p for average smoking flares, and 274 ug/f for heavily
smoking flares.

¢) Measured as methane equivalent.
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Table 11.5-2. FLARE EMISSION HYDROCARBON COMPOSITIONZ

CompositionP Average (range), 7%
Methane 59 (12-94)
Ethane/Etylene 7 (1-14)
Acetylene 5 (0.3-23)
Propane 6 (0-16)
Propylene 23 (1-65)

a)Reference 1. The composition presented is an average of a number of
test results obtained under the following sets of test conditions:
steam—assisted flare using high Btu content feed, steam-assisted
flare using low Btu content feed, air—assisted flare using high Btu
content feed, and air—assisted flare using low Btu content feed., In
all tests waste gas was a synthetic gas consisting of propane
and propylene,

b)NOZ occurs for the most part only in the atmosphere. Water is
sometimes added to reduce the formation of nitrogen and for soot-
free combustion. Sulfur compounds contained in a flare gas stream
are converted to SOp upon burning. The amount of 50, emitted may
vary from a trace to very large amounts depending upon the flaring,
if regular or irregular, such as during upsets,
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