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ABSTRACT

The U.S. Environmental Protection Agenc, has coctracted with Energy and
Environmertal Research Corporation to ccnduct a rasearch pragram which wil?
result in the gquantification of emissions from, and efficiencies of, in-
dustrial flares. The study is being conducted in four vhases:

1 - Experimental Design

Il1 - Design of Test Facilities

111 - Development of Test Farilities
IV - Data Collection and Analysis

EPA Report No. 600/2-83-170) provides the results of Phases I and II ¢f
the study; the results of Phases III and IV are reported herein.

Measurements were made of the combustion efficiency of large pilot-scale

flares. The flame structure ard combustion efficiencies were correlated

with operating conditions of the flare, size of the flare heac, and pryper:ies
of the flared gases, The combustion efficiercy was correlated witl the ratio
of heating value of the gas flared to the heating value reauired to maintain

a stable flame, and wus independent of the fiame head size. In tura, the
heating value required to maintain a :table fiame was correlated with the
recipracal of an ectimated flame temperature based on properties of the

flared gas. Other correlations for the length o the flame, entraimuent into
the flame, and 1iftoff distances were developed usiag cenbinatiors of the
Richardson Number, jet therry, and the properties o1 the {lared cas.
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1.0 INTRopucTION(1)

Flares are used to safely destroy industiial gases when: () the
heating value cannot be recovered economically because of intermittent and
uncertain flow, cr (2) process upsets occur. Large amounts of gases are
flared in the United States. However, even the approximate amount of these
gases is difficult to esteblish, because most of the gas is released as
leaks, purges and emergency vents. Such releases are poorly measured and
reported. Also, the emissions of ircompletely burned hydrocarbors from
flare flames are not know accurtely, because the amount of material flared
is uncertain and the combusticn efficiency of the flare flames is unknown and
difficult to measure. This program has measured the combustion efficiency
of pilot-size flares, whose size anu operating conditions have bea2n scaled
by several different techriques.

1.1 Industrial Flares

The sixe, use, oparating conditions, and geometry of commercial flares
are diverse. Flares can be enclosed, gas-assisted, ajr-assisted, pressure,
cr pipe (without or without steam assist) {i.1 - 1.3). They can be used to
destroy relatively constant purges and leaks of gases and ererge!-vy or inter-
mittent planned releases of large amounts of gases. The size of comrnercial
Tlares can vary from 1-1/2 inches in aiameter to over 12 feet; operating
conditions can include velocities as Tow as 0.005 ft/sec and as high as
sonic; to suppress soot, steam is added at rates of fiom 0- to onc-pound-ov-
steam-per-pound-cf-fuel, water from 0- trn 2-pounds-of-wa‘ter-per-pound-of-
fuel, or air from 0- to 6 -pounds-of-air-per-pound-of-fuel (1.1}. This
study was linited tc meacuring the combustion efficiencies c¢f nipe flares
burning propane-nitrogen mixtures at steady operating conditions with and without
steam injection, in the absence of wind.

(Utne project’s initial report {(1.4), "Evaluction of the Efficiency of In-
dustrial Flares: Becckground-Exoerimental Resfgn Facility" {EPA No. 600/2-83-
070) provides the basis for the research reparted herein. The present Intro-
ductian provides only a brief summary of the earlier report.

1-1



1.2 Amount of Gases Flared in the United States

The amount of gases flared in the United States is uncertain. A partiai
estimate of the amount of gas flared in industries by Xlett and Galeski {1576)
(1.3 indicated that 12 million tons of gascs per year were 7lared in the
United States in 1974, The initial report of this study 2xpanded and updated
this estimate and concluded that approximately 16 millior tons of gas were
flared per year in 1980 from the industries shown in Table i-1 (1.4). ~Cased
on heating value, most gas is flared in the petroleum productisn and refining
industries. However, based on the amournt cf gas, more gas is flared fiom
blast furnaces than any other industrial segment.

1.3 Emissions From Fiares

Direct field measurement of incompletely burned hydrocarbuns from
industrial flare flanes are unavailable and unlikelv to pecome available far
a nuriber ot reasans, The Tlare stacks are high above the ground to protect
materals and personrel from the inteuse radiation of tue flames. In
addition, the flames are very large and in constant motion. These factors
make probing the nlume of a commercial fiare flame, even at a single location,
extremely difficult. A remote sensing system may in the future help indicate
the emissions from fiare flames, but considerably work must be done before
such systems are available (1.5 - 1.9),

In the absence of direct measurements of emissions on operating flare
flames, measurererits have beer made on pilot-scale and small commercial Tlare
heads. The heaps studied have ranged from a 1/2-inch jet to a 27-incn commer-
cial flare head‘i) installed on a slip-stream 47 ¢ refinery. Tab'e 1-Z shows the
rance of flare heads. the operating conditions, and the combustion efficien-
cies mcasured on these heads. The studies indicated that the combustion
efficiency of flares can be very high. However, the studies also

showed that the combustion efficiency of flares can be Yow under some operating
conditions.

The values of combustion efficiency measurec in the previous stuuies were
somewhat uncertaiii. The uncertainties were attributed to:

(])Opening of a cone on an FS-6 Coanda flare head.
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TABLE 1-1.

1l

ESTIMATE OF THE AMOUNT OF GAS FLARED
IN THE UNITED STATES IN 1980 (Ref. 1.4)

PROGUCTION
OF PRODUCT

INDUSTRY 106 TONS/YR
Refineries 1048

PERCENT
FLARED

AMOUNT FLARED
10% Tons/YR

10% MBtu/YR

0.2 2.1 103
Petroleum
Production 584 0.5 2.9 116
Blast Furnaceé‘) 146 6.6 9.6 69
Coke Ovens(®) 55 0.4 0.2 1
Chemical{@)
Industry 60 2.0 1.2 59
TOTAL 16.0 358

(a)

a .
Combustinle gases only
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TABLE 1-2. COMBUSTION CFFICIENCY OF FiARE FLAMES MEASURED IN PREVICUS S1uUIED

t-1

FLARE | MEASURED
SIZE VELOCITY t EF FI(‘YFN(‘V
STUE! DATE (IN) DESIGN (FT,’SEC) GRS FLARED i S ) q
Palmer (1.10) 1972 | 0.5 lExperimenta) Nozzle| 50 - 250 Ethylene > 97.8
Lee & wWhipple {1.11) 1681 2.0  [Holes in 2" Cap 1.8 Propane 9 - 100
Siegel (1.12) 1980 | 27{F) |commercial Flaregas| .7 - 16 Refinery Gasl®) | 97 - > 99
Cnanda FS5-6
Howes, et al (1.8) 198 6¢) commercial Air 40 - 60 Propane 92 - 100
Assict. Zink LH
Howes, et al (1.8) | 1981 3at4(b)gommerc1a1 H.P.Zink| Near Sonic Natura: Gas > 99
LRGO (estimate)
McDaniel (1.13) 1983 8 Commercial Zink 0.03 - €2 Propy‘ene/Nitroge#d) 67 - 100
STF-S-8
. () . (e}
McDaniel (1.13) 1983 6 Commerc1a1 Air 1.4 - 2i8 | Propylene/Nitrogen | 55 - 100

Ass
ZJnKASTF LH-457-5 |

(a)5py hydrogen plus tight hydrocarbons

Eb)Three Spiders, each with an open area of 1.3 in
c)
'd Heating valu= was varied fron 209 to 2183 Btu/scf
(e)Heating value was varied from 83 to 2182 Btu/scf
(f)See foctnote /1), p. 1-2

2

Supplied through spiders; high Btu gas through area of 5.30 inz and low Btu gas through 11.24 in2



Inability to close a material balance.

Soot concentrations were rarely measured.

Samples were typically taken only on the axis.
Difficulties were caused by the intermittent wature of the

flare f.ame.

Approach of This Study

The approach used in this study was designed to eliminate or minimize
many of the uncertainties of previous studies.

The closure of a material balance was verified using a hood to
capture the entire flare plume for small flames and by using S0»
as a tracer Tor large flames.

Soot concentration was measured for all tests.

The average concentration of incompletely burned combustion
species from the flare flame was determined for the entire
plure captured by a hood for small flames, ard samples were
simultareously measured at five radial positicns using the
rake probe for large flames. These values were combined with
velocities calculated from jet theory to estimate the glotal
combustion efficiencies of each flame.

The intermi“tzacy of the flare flames were accaunted for by
mixing a sample taken over a period sufficient tc average flame
luctuatioas {20 minutes).

The experimental test matrix was desioned to determine the validity of
several cormon scaling procedures for three-, six-, and twelve-inch flarc

heads.

The scaling criteria were constant exit velocity, .unstant residence

time, constant Reynolds number, and constant Kichavrdson's number.

Throughout the pregivam, advice and consultation wasS Ssought fiom a

Technical Advisory Committee. The committec aitend2d meetings throughout
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the program to review and criticize test plans, ensure the relevance of
the study and facilitate efficient technology transfer. The Advisory
Committee consisted of:

Zahir Bozai
Peabody Engineering

B. C. Davis
Central Engineering Div.
Exxon Chemical Co.

John J. Dubnowski (1)
Exxon RAE

Leslie Evans

Chemical & Petroleum
Prccess Branch

Office of Air Quality
Planning & Standards

U.S. Envircnmental Protection
Agency

E. Doyle Fowler
Unian Carbide

Allan Goodley
California Air Resources Board

keith Herbert
McGill, Inc.

W. G. Hudsaon

Engineering & Technology
Services Division

Union Carbide Corporation

Mike Keller
John Zink Company

R. W. Ladd .
Getty Refining & Marketing Co.

(1)Rep1aced in December 1983

by John Wang, Exxon R&E
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James G. Seebold
Chevron USA

David Shore
Flaregas Corporation

Larry Thursten
Dow Chemical Company

J. R. Venable
Rohm & Haas Texas, Incorporated
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2.0 CONCLUSTON

2.1 Technical Summary

The EPA Flare Test Facility (FTF) was co.struc:ed at Energy and Environ-
mental Research (EER) Cornaration's {1 Toro test site. The FTF (Figure 2-1)
includes a pad and siructure for installation and testing of flare heads,
screens to shigid tha flame from wind, perallel deiivery systems to accurately
meter the wide range of gas flows to the flare, a hood to sample the entire
plume, a movable rake orobe to simultaneously sample five radial positions,
high-speed movie and photographic equipment to record the structure of the flare
flame, and a roem *rom which *n contro. the flare and analyze gas samgles.

Techniques were drveloped to operate, sample, analyze and reduce the
data. Analysis includes visual and photographic observation of the flare
flame structure, and samples of soot, 0, CO, CCz, total hydrocarben, and SO,p,
which was used as a tracer. The data is corrected ror the ineasured background
of combustior species and for dilution of the flare plume by amtient air.
Dilutior and lccal combustion efficiencies are calcuiated at edach probe
position and the maximum potential error in the dilution and combusticn
efficiencies are estimated for each data point Tke local combustion efficien-
cies are inteyrated usiny vejucity prcfiles estimated by jet theory to yieid a
global combustion efficiency for eack fiare flame.

The combustion efficiencies were measured for © wide range of operating
conditians typical of commercial flares:

* Head type

- 3-inch EER prototype

- 6-inch EER prototyp=

- 12-inch EER protovlype

- 3-inch EER prctotyp: with convergert ring

- 3-inch EER prototype witn divergent ring

12-inch Manufacturer A
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ZPA fiare test facility at EER.



- 12-inch Manufacturer B
- 12-inch Manufacturer C

e Gas
- Propane-nitrogen mixtires
- Natural gas

®  Heating value of the flared gas from 270 - 2350 Btu,/ft3
o Flow rates

- Velocities from 0.2 - 428 ft/sec

- Reynolds Numbers from 337 to 217,000

- Richardson Numbers from 2.9 x 10-% to 8 » 10¢

Tables 2-1 through 2-7 cortain a summary of the test condi-ions and the
ccmbustion efficiencies. Sanpling positions of the hood and rake
probe are shown in Figure 2-2. 1In addition to the combustion evficiencies,
other calculations and correlations werc mede:

®  Combustion intensity was found to be 90,000 Btu/hr/ft<,
independant of flare cr flame conditions.

L The flame length was correlated with the R'chardscn runber,

® The liftoff distance wes correlated w*th ratios of velouities
and concentrations of comdbustible gas.

L The flame stability was correlate! -«ith tlie reciproczl of arn
estimated flame tempcrature.

'} The combustion efficiency was correlated with a dimensianless heating
value of the gas fired,

The term "flame stability”" cimply means that a flame is maintained;
flame instability occurs when the jet velocitv exceeds the flame velocity and
the flame goes out. Figure 2-3 shows the gas heatinj value versus the gas
exit velocity at the point of instability {i.2., at the point where the flzue
starts to "qo out.") This point i5 deterrined by es:anlisking a propane-
nitrogen flame at a given vaiocity and then decreasing the flow of propase
unti! the flaine goes out. The propane flow ‘s ther ‘ncreased slightly, ard
the combuston efficiency is measured at the conditions just prior to the point

where the flama weni aut. 2.3
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(a) Based ar open area uf flare head
(b) Based on velacity of pipe

c) Refer to F’gure 2.2

d) Div. refers to the reiention riny of Flgure 3-1 upside down

(e) Conv. refers to the retention ring of Figure 2-1 in the position shown
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Figure 2-3. Region cf flame instability.

) Confidence interval ot mean.
)} Based on flares hurnirg propane/nitrogen mixtures with no pilot flame.



The region shown in Figure 2-3 indicates the minimum gas heating value
required L0 produce a stahle fleme at the gas exit velocity within the 95 percent
confidence limits of the mean. For any given velocity, a gas with a heating
value above this region would produce a stable flame; a gas witiu a heating
value below this region would prnduce an unstable flame. Ve'ocitv/agas combinations
in the region or below tend to produce flames with icwe: combustion
efficiency. Thus, for any given tast velocity, the minimum gas heating value
for a stable flame can be determined. By dividing the actual gas heating
value by the minimum value required for stability, a ratio is obtained which
is greater than one (1) for stable flames, and is iess than cne (1) for un-
stable flames. Figure 2-4 plets combustion efficizncias versus this ratio
and shows that high combustion efficiencies are achieved when the ratio ex-
ceeds one (1). When the ratio is one 1) or less, lower combustion efficien-
cies are often obtained. Note that even at a ratio less than one (1), high
combustion efficiencies are sometimes achieved; this demonstrates the un-
certainty associated with the stability measurements. In general, however,
stable flames are efficient and unstable flames can be inefficient.

Flames near the stability limit are very sersitive to pe-turcations,
and, when perturbed, can produce high emissions of unburned materiai,

A11 conclusions are besed on the datz of tnis study and are 1.mited to
head geometries, gases and variables examined, Head geometries were 1<mited
to:

o Simple pipe flare of 3-, 6-, and 12-inches in dianeter.

{ Three commerciai 12-inch flare heads of difrerent design and
manuficture.

The gases studied were 1imiiad:
L] Fropane-nitrogen mixtures with heating values ¢f 270 - 2350 Btu/ft3
e One test with natural gas.

The variables examin2d were-
. Velocities from 0.C to 420 ft/cec

L] Reynolds numbers frem 340 - 217,000
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] Richardsor number< {rom 2.9 x 10-5 to 8 x 102
e Steam flow from G to 1 1b-steam/1b-fuel

The Tiare flames vere shielded from the wind and combustion efficiencies were

not measured in winds yreater than 5 mph. The following conclusicrs are based
on the study resu' s:

. Flares operating with unstable flames can have lnrw
coinbustion efficiency.

¥ The combustion efficiency did not depend on flare size or

geometry.
) Successful correlations were developed for flare flemes:
- Flame length was correlated with a modified Richardson
number.,

- Liftoff distances wera correlated with ratios of velocities
and concentrations.

- Flame stability was correlated with a pseudo tlame
temperature.

- Entrainment was correjated with ratios of distances and
the Richardson number or with velo<ity.

e Combustion eificiency was +igh focr {lares with high velocities,
provided the heating value of the gas was in the region of stability

¢ Steam 1njection compietely suppressed soot pracuction bu+t did not
appreciably alter combustion efficiency unless the flame was
oversteamed (>0.5 lb~-steam/1b-fuel), and then the cembustion
efficiency decreased.

~
-



3.0 TEST METHODOLOGY

During this program, the Flare Test Facility testing procedures and
data reduction technicues waere develoyad to characterize tne ermissicns from
several flare heads which were tested over a range of cperating conditions.

3.1 Flare Test Facilit.as (FTF)

A Flare Test Facility was designed and built by Enargy and Environmental
Research Corporation at their F1 Toro Test 5ite for the Environmental Pro-
tection Agency. Details of the FTF are summarized below. A Complete description
of the FTF is contaimed in Apnendix A.

Facility Site

The FTF is located in 2 canycn surrounded by 70-foot cliffs. The layout
of the test site includes 2 pad and structure for testing, Screens for pro-
tecting the flure flames from wind, and a cortrol raom for operating the flare
and analyzing the data, Sufficient water, comoressed air, natural gas and
electricity are available at the test site to operate the flare facijity at
gas fiows up to 24,030 ftalhr.

Delivery Systems

Gases are supplied to thz flare head and auxiliary equipment through
specially designed parallel manifolds. These manifolds allow accurate deter-
mination of the flow rates over the wide iange of operating conditions typical
of flares. Natural gas is supplied by the local utitlity, through a 2-inc§
pipe. Matural gas can be delivered at a maximum flow rate up to 7.300 Ft/
hr. Propane is delivered and ztored as liouid in a 2100 gallen tank. Vapor-
ized propane is suppiied to the flare head. At low flow ‘ates, natural vap-
orization is sufficient; at higher fiow rates, propane-fi-ed vaporizers are
used to increase the flow-rate of gas up tc 15,000 ft3/hr'

nitrogen is fed to the flare nead from liguld ..~*rogen tarks after at-
mospheric venorization. Nitrogen is mixed with propane to vary the heatiug
value of the aas flared. Nitrogen tanks and vaporizers are capable of sup-
plying up to 9,00U ftslhr. Sulfur dioxide is fed iron; jiquid cylinders
through a steemh=ated vaporizer tc the base of the Flare stack. Sulfur
gioxide can be supplied at a ratc of 7 ftH/hr.
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Steam is produced in a 15 hp natural gas-fired doiler. The boiler is
capable of supplying 400 1bs/hr of 100 psig-saturated steam.

Flare Heads

Simple pipe flare head: were designed and buiit by EER for testing.
These heads were designed to simulate the major features ¢ commercial flare
heaas; however, tiase heads did not include the differant proprietary
features of commercial flare heads used (o stabiize flames and imprave
mixing. Three open-ended pipe flares with steam injection viere used “or
most of tha tests. These heavs were 3-, 6-, and 12-inches in diameter. The
steam injector was designed t) provide (.23 1bs steam/ib fuel at 29 percent
of the maximum capacity (0.3% speed of sound) of the flare head. For the 56
percent propane in nitrogen nixture used in manv of thece tests, the maximum ve-
locity of a 12-irch Mzre nead would be 325 fi/sec. the flow at 20 vercent maximun
capacity would be <363 1b/hr, and the maximum steam flow would be 1142.6 1b/hr,
For these conditions, steam would be injected at 1289 ft/sec (Mach Number =
0.92) through sixteen 0.525-inch-diameter nozzles.

A ring was used on the 3-inch flare head to help retain the flame at
higr ve'ocity. The ring was de:iyned after consultation with the advisory
pan:l and consisted of - convergant channel, 1.8 inches in diamever sur-
rounded by twelve even'y snaced 1/2" holes as shown in Figure 3-1. The ring
was initially installa=d upside dowa (divergent). Neither this position nor
the normal position (convergent) impreved the stability of the flare at high
velacities. The ring did, however, increase the nozzle velocity by almost a
factor of two.

Commercia® flare heads were suppiied fur testinc by three flare-head
manufacturers, The specific design of the flars heads is proprietary to the
manufacturers. However, each manufacturer wes reguested to supply a flare
heau with the fullowing specificaticns:

8 The flare head shkall be a 12-inch-diameter pipe flare built
accordirg to commercial design stardards of the manufacturer.

3-2



£-t

5 bocih Flareheed flase

_ID of Flarehead Pipe

e 1/8° Round Hole
12 Spaced Eventy on
2-400" Circle

‘I 1/8"% Round #ole
Drilied at 60°
wWith Mctal Sur-
tace 12 spaced
-. Evealy on 2-1C0"

_Pilot

KRetention Ring }
e T / Burner

=" Fl.are Head

/ Na.¢le
/"_Stem

Injector

\Flane

Retention Ring

. Steam
Mar,if0ld

Center Circie
jﬂule

z-100“

Cia

Beyel ¥

30°With Axis

g;f_/ ~V/2* Thick
i <arban Steef

3‘2'
.. Weld Al)
Around

L Slteaw
" lajectors Pasi-
tisalmy Mechanism

//’Sle-l Inlet

— Pilot
- Gas Inlet

Figure 3-1. Design of Retention Rirg for 3-Inch Flare Head.




Tha steam injection system shall e designed for a maximum

steam flow of 13,000 1bs/hr. (This figure is based on a design
exit velocity of Mach of 0.35 for a hypothetical gas in th2
12-inch flare; cmokeless operation to 20 parcent maximum capacity;
and a steam requirement of greator than (.2 1b stesm/1b fuel.)

Sampling

Samples of the effluent from the flare plumc are withdrawn by two tech-
niques. In the first, samples ere witidrawn from the mixed effluent of che
flare flame in the cirinney of a iood d'signed to capture the complete plume.
Pitot probes, thermocovples. Ind @ samling probe are nositioned in tre
chimney of the hoad. Taesc ~1low the mass fiow through the hood to be de-
termined, a sample ty i withirawn for analysis, and calculation of the mass
flux cf incompletely burned carbon species through the hood. The second
sampling technique uses a “ake probe. Five individual, movable probes are
positioned along the diameter of the flare plume. The eniire probe assembly
can be moved vert cally and horizontally,

The prabe in the chimney and the rake probes are designed similarly
The probes are 1-1/2" 00 tubes. steam-heated to avoid condensation with in-
terchangeable nozzles which ailow isokinetic sampling. Soot is capturad by
filters at the end of the probe, and gases are withdrawn through a central

tude into heated sampling lines. Water is removed near the probe by Perma-
eréEJdryers.

Ambient Cortrcl

Wind can greatly disturb the flare flame and cause difficulty in
measuring emissions. The wind velocity is monitored by a three-cup anemo-
meter, and tne flame is shieldad by wi:d-screens which have 22.7 percent
open area. Flow patterns around the flare flame, as determined by smoke
tracers, are shown by Figure 3-2. Trials are not conducted at high wind
conditiont, and many trials were conducted in the early morning or late at
night to tike advantage of gquiesceni ambient conditions.

Visual Monitors

A number of visuial monitcrs we-~e found useful to record the flane
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structure curing the trials. These included:

® A video tape record-r which was used during the early trials to
continuousi: monitor flame structure, however the usefulness ot
the video recording was limited by slow response times and inade-
quete spatial resclutior, it was not used in later trials.

Photographs of the flave flame were used ts recerd the structure
of the fiame and as an aid to interprating data. Photographs
were taken with exposurc times of 1 millisecond to capture *the
instantaneous structure of the flame and at 10 seconds to record
the average shape and lengtu of the flare 1lame.

High-speed cinematography was very useful for defining tne nature
and evolution of flare flames at speeds o 200 frames/secord.
This speed was determined experimentally to bz capsble of identi-
fying the development and growth of eddy structures in flare
flames.

3.2 Test Procedure

The test precedure irvolves recording background conditions, lighting
the flare flame, establishing the flame condit:ons, setting the sampling
locations, sampling, and analyzing the sample.

Backgrour.d Conditions

The background conditions influence the results of testing because of
the wind and the concentration of the products of incomplete combustion in
the ambient a2ir. Thco wind speeuw is recorded and itz Jdirection noted. The
operator assessaes, based un previous evrerience, the extent to which the
wind will influence the structure ard emissions of the filere flame. Tects
are ucually conducted beforz noon or at night to rcdice the interference
from the wind.

The background ccmpositisn of the ainbient air is sampled before cach
test at the position »f sampiing during tesiing., Tha backyrounc :=ampie is
handled and analyzed exa.tly as samples from the {lare plume.
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The Flame

The flame is 1it with a hand-held torch. and the flow conditions estab-

lisned. The Tlare struzture is reco. ded visuaily and photographically, with
poth still and motion pictures.

Steam

Steam lines are preheatec and drained prior to trials using steam in-
jection.

Sampling

The positicnm

~
- v

f ihe sampiing probes is established from pravious ex-

pertnents. Figure 3-3 shows the optimum position of hood sampling as deter-
mined by a corbon bal2nce. The position is a compromise between being su
close to the flame that the hood disturbs tre fiare and sc far from the
flame that the cumbustion products are diluted. "igure 3-3 shows that some
mzterial is nolL ccilected by the hood at large distances above the flare
~ead. However, Figure 3-4 shows that the calculated wombustion efficiences
did not vary with sampling positions o the hood. This implies that the
material which is not collectad has tihe same composition as that which is
col’acted.

Frobe samp'ing also nas an ostimum position, howey . fcr different
reasons. Positions of the probe in and rear the flame may <ample maierial
wiich is incompletely burned. In positions far from the flame, tne con-
centration of the gases may be so dilute that making an accurate d2termina-
tion »f the composition of combustion preducts s difficult.

The 300%-7aden gases are drawn nearly isokinetizally through a filter
placed in the end of the probe to captu-e soot. This avoids depusitinn of
soot on probe lines. The amount of gas is determined hy a dry gas meter,
and the amourt of soot collected is determined as the weight of material
which can be buined from a previously baked filter.

The gases are drawn through heated sample lines to Permapure(:)dryers
where the water is removed. The dried gases are then coliected in Tedlar
bags. Five samples are drawn simuitanecusly and individually into the bays
fron the rake probes. Samples are taken over a ZC-minute period to average
cut flame fluctuations. Samples are mixed in the bags prior to analysis.
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Carban monoxide and carbon dioxide are analyzed using non-disparsiv2 in-
frared analyzers, tctal hydrocarbon: are analyzed as methane using a flame
ionization detector, sulfur dioxide is anilyzed using absorption in solution
followed by titration and by filame photometry. Details of these techniques
are described in Appendix A.

Mass Balence

A perceived deficiency with previcus studies was the inability to close
a m.ss balance and account for all the carbon. Thae combustion efficiency
in these studies could be lower than implied from the measuremants, because
the carbon efficiency is calculated based on the amount of unburnt material
measured divided by the amount of combustibles fed to the system. This study
showed that carbon balances can be attained under some conditions and es-
timated the importance of closing a material bilance. {See Section 5.2)

Two techniques were used to evaluate the influence of mass balance clo-
sure on the estimate for the emission of unburned hydrocarbons. In one tech-
nique, a hood was used to collect “he entire ef<luent from the flare flame,
and the amount of carbon collected in the hood was determined from the mass
flow in the hood ¢s calculated from thermocouple neasuremznts and pitot
prubes, and by analysis of the CO, C0., and hydrocarbons ir a gas sample with-
drawni from the chimney of *he hood. Eigure 3-8a shows that accurate carbon
balances could be attained between mass flow rates of 20- ind 40-1bs/hr of
oropane, while Figure 3-5b shows that mass balances could be closed for many
trials using voth the 3- and 6-inch flzre neads. The discrepancies snown in
the fiqures are thought to te cause« by inhomogeneities and measur.nent in-
accuracies at low flow rates ard by the loss of material at high flow rates.
The loss of material at high flow rates was confirmed by observations of
flow patterns in tne hood using smoke-tracers. The use of 30, as a tricer
was inappropriate for tests with the hovd. Figure 3-6 shuws *hat carbon
mass balances coi'ld be closed using a rake proce and SO2 as 2 tvacer for
mass fluxes up to 90 1bs/hr. Carbon mass balances could not be obtained
using low flow rates of SO2 (solid points) because of inaccurac:os and
limitationrs of the tecnnique used to measure SO2 concentrations in the
plume.
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3.3 Data Reduction

Reduction of the data raguires:
s Correction for backdrouncd concentrations based on dilution.

° Calculation of lacal combustion efficiencies and maximum
potential errcrs.

] Integration of local combustion efficiencies vo cbtain gloda!
combustion efficiencies.
The procedures used for these reductions are describeu delow.

Correction For Backjround

This Sectian describes the procedures used to calculate the combustion
efficiencies at the sample locations and tu estimate the maximum potential
errors 1ssociated with these efficiencies. The procedure requires:

° Assuiantions on the nature of the combustion products.

° Corraction far concentration »f combustion
species in the background.

. Estimates of the maximum potential error 31ssociated with
each local combustion efficiency.

Combustion Products

Knnowiedge aof the completely and ircompletely burned combustion products
are required to calzulate local! corhuction efficiencies. Clatculaticn of
the local combustion efficiencies are based on the i-complately ourrned
carbon. Carbon dioxide is considered the only comoletely burned carbon
pecies: Carbon monoxide, soot, and nydrocarbons reported as methane 2cuiv-

elents are considered incompietely ourned species. Generally, these assump-
tions are valid.

Dilution Factors and Background Concentrations

The combustion products are mixed with ambient air, whicn may contain
significant levels of the species in the flare plum2. The concentrations
of incompletely burned species must then be corrected for the amount of
material adced by the ambient air. This correction is based on the stoich-
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fometric products of combustion and is accomplished through the use of mate-
rial balances. Simply subtracting the concentration ~f s;pecies in the back-
37ound from the measured ccncent-ations is iucorrect and may lead to errors
when concentrations of incompletely burned hydrocarbon in the ambient air and
the flame plume are similar. This can occur because of efficient combustion
or excessive dilution.

The di ution factor, OF, is defined as the moles of ambient air entrained
with one mole of stoichiometric. combustion products. The dilution factor is
calculated from mate~ial balances (see schematic diagram) conserving any of a
number of species.

Overall Combustion Efficiencies

An estimate of the total amount of incompletely burned hydrocarbons exi:-
ing from flare flames is required to adequately characterize these zmissiors.
The overall emissions were obtained in two ways in this study. First, the
entire plume was collected, mixed, and sampled in a hood for flare flames
with low flows. This technique was 1imited to small flows because of the
capacity of the hood, fan, and associated duct work. Second, the global
efficiencies for flares with large flows were cdetermined by measuring local
combustion erficienc.es at five locations across the plume and integrating
these values to obtain an estimate of the overall efficiency of the flare
flame.

Flare flames produced plumes with inhomogeneous combustion efficiencies.
Theoretically, a complete map of concrntrations and velocities around the
flare flame is required to calculate overall combustion efficiencies. In
this study, the concentrations are measured at five discrete locations
across the plume and the velocity distribution is assumed to take the form
calculable from jet theory. The assumptions are:

1. Tre carbon flux outcide the area spanned by the probes is

negligible or the combustion efficiency is the same as
within the sampling region.

2. Flare flames are axisymmetrical.



[ 9N

Tre flare plure consists of tive discrete zonzs measured by the
rake probes inwiage of which the concentratiors and velocities
can bo approximated by a unifor» composition equal to that
measured by the probe in the center of the Zone.

The combustion efficiencies can be ralculated by:

Combusticn Efficiency = 1 - g%%z:qtcgi:gznrilaw (3-12)

Above the flare flame, the unburnt and total carboas fluxe: may be calculated
by:

; . = L -
Unburnt Carben Flow = £ ; Ci,r V. A, (3-13)
Tota! Carbor Ficw = ; r Cj’r v, Ar (3-14)
where Ci is the concent-~ation of carbon species i

v, is th= axial velocity at region r

Ar i3 the cross section area of reqion r

-

denotes unburnt species (0, HC, soot

Ca

denotes tota' carbon species: CO, HC, soot, CO2
r denotes the regions covered dy the rake probes

Befora the abave relationships can be applied to compute combus-
tion efficiencies, the measur:d speciec concentratiors must be corrected for
the influence of background concentration. Also, velocities and areas of
flux must pbe specified.

Background Correction

The concentration of 3 species at the probe position can bz corrected for
the concentration nf background speci=3 by:

C = C - Dilutior Factor
i,ret i ,measured

) C

BiTution Fartor ~ T’ i, backgrcund (3-17)
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wnere the diluticn facror is defineg as:

Total Vnlume Of Cas Which Contains
DF = The Stoizhiometric Combustion Products 1 3-18)
Yolume of Stoizhiometric Combustion Products

Locating the Flame Axis

The axis of flare flames occasionally do not .orresoond toc the a:is cf
the flere head. Since the regions along the flame axis have minimum air en-

trainment, the flame axis is located at the vosition where the measured dil-
¢tion is a minimum,

Defining the Sampiing Region

The flare flames are assumed to be axisymmetrical. In addition, the
species inside the five regions covered by the rake probes ara assumed to be
homogeneous and idancical to that measured by the probe. The boundaries be-

tween these regions are selected tc be half-way poaints between adjacent
probes.

Velocity Profiles

The velocity profile of the flare plume is assumed to take the form

determined by jet theory.
X

Vm = Vo (C.16 (a) -1.8) {3-15)

\ W2

Ve x T Vaerel(- 50(¢)¢) (3-16)
where X = axial distarce from flare head exit

r = radial distance from flime axis
d = diameter of fiare head nozzle
Y_ = centerline gas velacity

Vr ' Tocal gas velocity at radial distanrce r and axial distance X

The velocity within each zone is acsumed to be uniform and identical to that
of the probe nosition. With the above simp!ifying assuwptions, the relative
contributicn of eech probe sample to the comhustion =fficiency can be
weighed.



The procedure for calculating the combusticn efficiencies is
recognized to ve approximate. However, major e-+rors are eliminated by tha
prucesure used to calculate these efficiencies. The velocity, which is «xnown
to be approximate, appears in the rumerator and the denominat¢r of the intey-
ral equations and, hence, errors introduced by this approcimation are partial-
ly cancelled. The probes were, in most casas, extended t> the maximum radial
distances allowed by the geometry of the flare scaffolding. The outside
probe usually measured high combustion efficizncies. In some cases, with
asymmetrical flames only one out:ide probe measured high combustion efFicien-
cy. These high combustion efficienc'es ifndizzte that the amount of incom-
pletely burned hydrocirbons outside the symnetrical probe sampling region can
usually be neglected.

some earlier studies relied on estimatinz combustion efficizancy from a sam-
pling drawn with & single probe pesitioned on the axis of the flame. These studies
argued that ranid motion of the flame and 'ong smapling times would yield the
true overall combustion efficiency of the flame. This is true under
very restricted :onditions hut in general may result in ‘naccurate estimates
of the ccmbusticn efficiency of the flame. Firsy, & siagle proo= ignores
the influence of valocity profiles (variation of mass flux of unburned carbon
out of the system at different positiors). Second, assuming the probe is
sampling at a uniform rate the combustion efficiercy determined by a sirgle
probe irn a fluctuating flame is

n = 1. .
i ]r__ 1Ju J (3‘]7)

where ciju is the unburned carbon and C_i,i s the totul carhon, tj is the

total time sampled at relative flame position j. The fraction of time e
flame will be in relative pusition j is tve intermittance factrr, Q.. Intrc-

ductiaon of the intarmittance factor at ~adial position j results in

n=1-£ %5 Cigu
I TS

Q. (3-78)
3 p



A single probe will ther. vie]d tne overall combustiun ~f efficiency if tre

L c &
local comhusticn efficiercy Z& 11_ or SB is conctant across the flame.

Figure 3-7 shows &én examecle of thL variation in lccal combustion efficiency
with rgdial distance. 1Irn generai, locai coinbustion effiliencies are lower it
the edges than on the axises or the flames. Fiqure 3-8 shews that the inter-
mittence factor, Q, decrease with increasing radial distarice. The net result
of these varfations is that the cverall coumbustion effizienc, tweasured by @
single probe biases the sample towards the hicher ccmbustion efficiencies
near the axis and could result in overestimation of the overaill combustion
efficiency.
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4.0 FLAME STRUCTURE

The main purpose of this pregram wes to estimate the combustion efficien-
cy of commercial flaves. Currently it {s virtually impossible to measure the
compustion efficiency of operating fiares because of the flame size, elevated
location, and lack of spatial stability. As a consequence, this program was
designed to measure the comhustion efficiency ot larye, pilot-scale flares.

Extrapotating the results of pilot-scaie flares to larger flares requiies
the knowledge of the scaling laws cf comhustions and of the mechanisms which
lead to inefficiency. Therefore, considerable effort was devoted in this
program to defirning the operating and design rarameters whict control the
structure of flare fiames and determine flare combustion efficiency. In
addition, a number of structural features are important to the design and
operation of flares:

Flame volume

Flame length

Flame 4ilution

Flame 1iftoff distance
Flame statility

This program has co'lected data on large pilct-scale flare flames over a large
rarge of dasign and operating parameters renresentative of industrial use.
Several measurement techniques were used to investiga‘e the structure af the
large pilot-scale flare flames. The characteiistics of the flames were ob-
served against a graduated background, visual observations were suppiemented
with long-expcsure and short-exposure photograchs, high speed motion pictiuves,
and measurements of gas composition in the pTume of the flare flames.

Flame shane (volume and lenath) -s directly related to the rate of com-
bustion and the mechanisms controliing combust{on and will influence combus-
tion efficiency as well as tre amount end the cen*roid of radiant emission.



Previously, the length and volume of Luoyant transitional and turbulent jets
have been studied. Correlations of the flase length have been developed fiom
these studies. These correlations have been sugge~ted and are used to
estimate the structure of flare flames. Most of these studies investigated
the flame structure of small flamcs over a limited range of operating con-
ditioné, Some of the available correiations were unable to precict the
~eaults from this study and are not recommended. The correlation of Zukoski
et al (4.1) and of Hottel and Hawthorne (4.2) successfully predicted the re-
sults from this s:udy when the coefficients were altered. However, a more
accurate ccrrelation for the flame length was developed i1n this study.

length was develcped in this study.

The rate and extent of dilutiun of the combustion products in a flare
flame will {frfluence the temperature, rate of quenching and, hence, combustion
efficiency. The dilution factors measured in this study were corrclated using
a Pichardson number approach similar to that of Spaulding and Ricou(4.3). This
cori 2latinn was unable to adequately accourit for the influence of diameter on
the dilution factor, and a more accu=-ute dimensional ccri,elation was develored.

The 1iftoff distances of the flane control the extent of entrainment of
air prior to combustion and, hence, the rate and extent of rombustien. This
study showed that detsched flares can be stahle ard operote with hiyh combustion
efficiency. The liftoff distances of this study were correlated by assuming
dilution of the combustion nroducts followed measurements made in simple jets,
and the criteria that the flame speed must equal the imposed velocity for
stable comhbystion. Efficient combustion can only take place when the flare
flame is maintained. Inefficient combustion often occurs near the limits »f
flame stazilily. The stability liwits of flame: in this study were correlated
using results from simple jet theory, measiied flame speeds and measured flammability
from simple jet theory, measured flame . eeds ard measured flammability
Timits. Calculations based upon accepted theories were unsuccessful in
predicting the performence of flare flames (liftoff distance, shane, com-
bustion efficiency), but correlatizns were developed with special cuistants
based upon the thecretical equations.

4.1 Test Conditions
The operating conditions of the flaves tested in this program covered
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the range of parameters of commercial flare:. This section will discuss
the design of the test matrices, explain anv mydifications to the test ma-
trices, and compare the condi:ions tested ver.us those of commercial flares.

Test Matrices

Three test matrices were developed initially and modified as the proyram
progressec. The first test matrix was designed to develop scaling principles
for flare flames. The second was designed to test commerci3l flare heads a:
conditions comparable with those of the first test matrix., The third was
designed to test combustion efficiencies of fiare flames at hiah velocities.

The original test matrix was designed ta develop scaling 1zws for the
structure and emission of flare flames. As s.uch, the matrix wes designed to
test four scaling criteria over three snell, »ut comrercial size, flare heads.
The scaling principlas were:

o Constart velocity, u

L Constant residence time, d/u

L Censtant Reynolds number, E%B

®  Constant Richardson numher, gd/ul

where u and d are the erit velocity and diamester, p and : are the exit gas
density and viscosity, and g is the gravitaticnal c-nstant., The sizes of the
flare heads wnre 3-, ¢-, and 12-inches in diemeter. The matrix was aiso
designed to test the influence of steam injection on combustion efficiency,

The original test matrix as modified in the program is shown ir Table 4-1.

The conditions of this matrix, denoted by an "X", were tested one or more times.

A second test matrix was designed to compare the flame structure and
emisziors of commercial flare heads with those of the prctotype head designed
by EER. The matrix for testing of commercial flare heads is shown in Table
4-2. This test matrix was completed with minor exceptions. The combustion
efficiency at one probe position for the Industrial Flare Head B was not
measurcd; however, a complete stability curve was obtained for thi: head ang
time did not permit determining combustion efficiency at the last prube
position. This omission was thought to be of minor importence since the com-
bustion efficlency was determined at twc other rake posilions far the same
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TABLE 4-2. MATRIX FOR TESTING COMMERCIAL FLARE HEADL

deasurement of Combustion Efficiency

Gas

Velocity Btu/ft3 Steam Rake Probe Position
— _ 1 2 3
Industrial c.2 i300 No X
Flare Head A > 1300 No X
6 1300 No X X X
4 1300 Yes X
4 286 No X

Optional Stability

Curve N¢ @

industrial 0.2 1300 No X
Flare Head B 2 1300 No X
8 1300 No ) X X
4 1300 Yes X
4 286 No X
Optional Stability
Curve No X
Industrial
Flare Head C 0.2 1300 No X
2 1320 No X
4 1300 No X X X
f 1300 Yes X
4 286 ho X
Optional Stability
Curve No X

@ = Test not conducted




flare flame conditions. Time did not permit completion cf the optional
stabi1'ty curve for the Industrial Flare Head 1. however one point of
the stab!lity curve wa; determined.

A third test matrix, Table 4-3, was developed to test the irnrluence
of high velocities on the combustion efficiency of flare flames.

Operating conditione

The range of conditions tested in this study covered the majority of
the np2rating conditions which are common practice commercially. Figure
4-1 shows the range of flare diameters, exit velocities, residence times,
Reynol 4s numbers and Richardson numbers tosted in this study. The range
of commerciaily operated flare is similar but fncludes larger diameter
flare heads.

4.2 Mechanism of Combustion

As described above, flares have a wide range of operating :onditions
uand these conditions resvit in different mechanisms controlling combustion.
Combustion s controlled in all flare flazies by the rate oY mixing of the
flame gas with vaygen from the air. Mixing in the {lare flame is dictated
by :

a Buoyency forces

. Moleculer difdfusion

e Jet nixinq,
This section cescribed correlations developed for the flame length, entrain-
ment, liftoff distance and flame stabilitvy with operatirg parimeters of the
flare. These correlations were develoned fcr propane-nitrogen mixtures and
applicability to other gase3 has not beer 4emonstrated.

Mixing Mechnntgg

Two classical rescriptions of flame structure are avajlable. Hottel and
Hawthorne (4.2) described the length of flames as a furction of velocity, and
Ricou and Spaulding (4.3) described the entrainment of ambient gases into
flames as a function of the Froude number (ratic of inertia! forces %o buoy-
ancy forces; it is the reciprocal of the Richardson number).
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TABLE 4-3. 7cST CONDITIONS FOR HIGH-VELCCITY FLARES
.T.est F 1ames Flare _Etu/ft3 Steam Low ""ﬁlg‘i::‘;y lﬂgﬂ:
1 Open 1300 30 1b/hr" or Soot Suppression X X X
pa Ring 130C 30 ]b/hr.- or Soot Suppressie: X X X
3 Ring Hinimum Soot Suppression X X X
4 Ring 600 Snot Suppression X Y X
5 Ring 1300 Saot Suppression y X X
b Ring 2350 Soot Suppression A X X
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The flares of this study had Reynolds nunber: below 2x105 and based on
the flam: Yength criteria of Hottel and Hawthorne (4.1), they were not fully
developel turbulently. Figure 4-2 shows the length of flames measured in
this study on a plot cimilar to that suggested by liottel and Hawthorne. The
plot Tndicates that the length of the flames in this study continued tn in-
crease as .he Reynolds number increased. The line in Figure 4-2 corresponds
to flames burning 56 percent propane in nitrogen. The length and structure
of fully turbulently des~loped flames no icnger depends on Reyrolus number.
Since the flames of this study were independent ot Reynolds number, mixing is
partially controlled by molecular diffusion and buoyancy forces. igure £-2
also shows that smaller nozzles and higher amounts of combustibles yielded
Tonger flames, while addition of steam slightly reduced the length of the
flame.

Similarly, the Richardson number for the tiames studied varied from 3x10-5
to §xi02, indicating that most flames were controlled by buoyancy-dominated
mixing. The Richardson number is the 1atio of buoyance forces to inertcia
forces: values greater than cune indicate predominance of buoyancy for:es,
while values less than one indicate a predominance of inertial furces. En-
trainment as a function of Richardson rumber will be shown Tater on a plot
similar to that suggested by Ricou and Spaulding{4.3].

Rate of Surface Combustion

Control of mixing by molecular diffusion to the flame would yield flames
with constant-heat-release-per-unit-surface. Figure 4-3 shows that the sur-
face heat release rate increases with heat r2lease rate from 7,000 to almost
200,000 Btu/ft2/hr. Therefore, mixing of material on the fl.me surface does
not strongly contribute to control of the combustion rate for flare flames of
this study.

Yolumetric Combustion Rate

Volumetric control of combustion could be the result of contirdl by two
mechanisms. The first can occur when yases are conpletei  vj-ed al the
molecular level and the combustion rate is controlied by kisetics. Kinetic
control is unlikely for those flames with slow mixitg and rpid combusticu.
The second can occur when mixing is contrciled within a volume. This can
occur when the flamc envelope includes pockets of air and combustible gases
which are not mixed on the molecular level. Figure 4-4 shows that constant
volumetric combustion s approximated for all the flames of this study. A
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A least square regression analysis would yleld:

lame Volume = 1.21 x 10-5 (firing rate, Btu/nr)0-85 (4-1)

However, the data does nnt support such an accurate equetion and the simple
velation that the volumetric heat release of flare flames is constant at
90,000 Btu/hr/ft3 is preferred. This value is supported Sy evidence on pool
flames(4-5) and from industrial experience(4-6)

The volumet~ic heat release of the flare with steam injection is
typically increaszd (lower volume of the flame tor a given heat-release rate;.
This confirms conventional thinking that s%eam increases the indiction of air
into the raat of the flame and increases mixing inside the fiame envelopz.

The reruction of the flame volume by steam injection is not large, but
observations and measurements chow that this difference is sufficient to
completeiy suppress soot production.

The above evidence supports ideas of combustion by volumetric mixing in
fiare flames. Volumetric mixing will be important in flames into which air
is induced by gross mixing mechanisms. This can occur whep he buoyancy-
dominated tlame enqulfs large emounts of air into the apparent {lame volume.
Combustible materials are not molecularly mixed inside this volume, but are
congregated into pockets or air which arz mixing with pockets of fuel. The
mixing ot these pockets controls the burning rate. 1this view is susported by
short-exposure photographs and high-speed rotion pictures taken during this
study and is consistent with the view of ccherent structures(4'7'4'g).

4.3 Flame Length

Calculations of the length of flare flames are rneeded to estimate
radiation from the flames to the ground, and as an indicatior of the com-
bustion mechanicm of tha flames, At the start of this work, & rumber of
empirical relationships for flame lengths existed. Some of thesu were par-
ticularly comp]ex(4'10“4-ll), and some were recomsended for predicting the
leagth of flare flawes(4.11) . The conditions under wnich these e.pressions
for fiame length were derived are listed 1n Tabie 4-4. tMany of ihe cor-
relatiors vere derivcd under conditions different from those of flare flames,
Table 4-4 shaws that the major differences between this and previous studies
is the use of large nozzles and extension to nigh Richardson numbers (i.e.,
ouoyancy-dominated flames).
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TABLE 4-4.

CONDITIONS ULOER HICH CORRELATIONS FOR FLAMES WERE PERIVED

r

INVESTIGATIUNS

S B

This Work

Hottel &
Hawthorne (4.2)

Ricou &
Spaulding (4.3)

Becker &
Liang (4.10)

Brzustowsk |
{4.11)
Zukoski (4.1)

NOZZLC FUEL OR NOZZ\.E GAS
SIZES INJECTED YELOCITY REYNOLDS | RICHARDSON
(INCHES) GAS (FT,/SEC) NUMBER NUMBER
3, 5, 12 Pronane-Nitro- | 6.2 to 423 337 to 2.9 x 107% -
gen Mixtures, 217,000 8.04 x 102
Natural Gas
9.25, Hz, CO, City To 258 1910 to Greater than
0.1875, 5as 16,700 1.0 x 10-5
0.125
0.0625 to Afr, Hydrogen | 80 to 250 2500 to 2.68 x 1076 to
1.25 Propane, C0? 80,000 5.24 x 10-4
0.1, G.18 Commercial 11.5 to 260 1310 tn 0.31 x 10-5 to
Propane 48,200 4.43 x 10-3
0.197 n 15,823 3.14 x 104
2.54. 7.48 | City Gos 0.0427 to 160 tc 2.33 1o
19.69 0.984 2500 6.9 x 104




Most of the existing models were unable to predict the flame lengths ob-
served in this study. Figure 4-5 shows that estimates by Becker and
Liang(4‘10) and grzustowski(d-11) cou:2 preaict neither the absolute value nor
the trends in flame length. However, while the expression of Hottel ana raw-
thorne(4»2) could not predict the ahsolute value of the flame len,th, the
expression predicted the trends.

The expression of Hottel and hawithorne was deryved for lawinar diffusion
flame: ard contained two constants. Adjustment of these constants resulted in
a simple expression which reasonably fits the data of this study (Fiqure 4-5).
The success nf the Hottel and Hawthorne correlations suggests that, to some ex-
tent, the amournt of fuel fed to the flare partially centrols the rate of mixing
and, hence, the flame length. Courrelations of flame length for pool fires were
also available, These ¢arrelations were obtained assuming the buoyant force
is dominant. The result of one such correlation is shown in Fiqure 4-7. The
correlation of flame length with buoyancy foices is quite reaconable for short
flames which were minimally influenced by velccity. However, *he relationchir
under-precicted the lerath of lorg flames which were partially controlled by
inertial effects.

Finally. a correlation was derived whicn predicied the lengths of ail the
flames of this study. The correlation is based cn the Richardscrn rumber
carrected for the temperature rise of the plume. Tne Richardsan number con-
tains both the influence of inertial and buoyarcy forces. The cerrelation:

o= 7.4 ( —EXE )0-6U p;-0.c18 (4-2)
Cpw ‘= {1+ 26 x)

is shown in Figure 4-8, and is cazavle ¢f predicting the flame lengih of this
study within about 20 percont. The terms are defired as:

]

[. = Flame length, ft
0 = tczzle diameter, ft

Q
X

1

Heat reieaz2 of fuel, Btu

[}

The fraciion of propane in the oropane-nitrcgen mixture

26 = A factor to account for stoicnhiometric combustion of propane
with air and will change fc¢r sther fuels
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= Heat capacity of amhient air, 3tu/)b mole OF

_?n

T» = Tomperature of ambient air, OF

F = Fraction of hezt radiated from the flame (empirically
derived)

R{

Richardson number = gd/ul

The fraction of heat release emitted from th: flame was derived from a single
set of data at a ichardson number of 2.0, as shown in Figure 4-3. The
fraction of heat of a pure propane flame was assumed to be that value neces-
sary to predict the flame lengths. The factors determined are a function of
only gas cumpasition and are shown in Figure 4-9. These vaiues were then
successfully correlated with all the flame lengths of this study. The derived
factors agree with visual observation of flames burning 2ifferent amounts of
propane., The amount of propane does not affect the flame structure or apparem
radiation above 60 percent propane. Below that value. the radiation of the
flame decreases with decreasing concentration of propane.

4.4 Entrainment

Tne rate ¢t air entrainment has some influence on the rate of corbustion
and flame length, Lut has a large influence on flame liftoff and stability.
The flames of this studv had Richardson numbers varying from 3 x 16-5
(momentum-domirated flaes). to 8 x 10¢ (buoyancy- lominazed flames) (see
Figure 4-1). Ricou And Spaulding(4-3) have successfully correlated the rate
of entrainment for momenturi-dominated jets and flames. The correlation in-
volves the Froude number (the reciprocal of the Richardson numker); however,
thic term appeared on both sides of the expression and cancelled from the
firal correiation.

Entrainment in the flare flames of these stucies was much faster thar
predicted by jet theory. Figurz 4-10 shows that entrainment in this study
was grouped into two regimes. The first regime is for flames with low
velocities. Entrainment in this reqgime was two-to-three orders-o7-magnitude
faster than that predictea by jet t'eary, depenced inversely on velocity,
but did not sirongly depend on nozzle size or the haating value of the yas:s.
The entrainment for high-veiocity flames fell into the second regime. Here
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the ent-ainment was closer to that predicted by jet theory for the higher
velocity jets in this study.

Attempts to correlate the entrainment rate using the dimensionless
dicstance and the Richirdson number were only partially successful. The high
rate of entrainment apparently caused by enculfing fluid in a buovant plume,
and the inverse relationship between entrainment and velocity, suggest that
the Richardson number should aid in correlating the entrainment rate for
flare tlames. Likewise, the increase in entrainment with distance above the
flare head suggests that the dimensionless distance, X/d, should aid in
correlating entrainment, Correlations of the entraimnen rate with the
product of X/d and the Richardson number were developed and are shown in
Figure 4-11, but were of only medium strength. Development of strong cor-
relations was hampered because of the strong dependence on nozzle diameter
and the fact that this was reduced by inclusicn of the Richardson number
which also contained the nozzie diameter.

A dimensional correlatior was devaloped which reasonably correlated the
data. This correlation involred the dimensionless distance and the recipro-
cal of velocity. The correlation shown in Figure 4-12 successfully collapsed
all the data of Figure 4-1G. This data included 3-, $-, and 12-inch nozzies,
variation in heating value f m 300- to 2350-Btu/ft3, and naozzle velocities
from 0.2 to 430 ft/sec. This correlation can be used to roughly eztimate
the entrainment of ambient fiuids into large flare flames operating in
the region between btioyani- and mnomentum-domination.

4.5 Mame Liftoff

The 1ifioff distance of a flaime car, in theory, be estimated by simple
combustior thecry. The Tiftoff distanc: will he the distance required to
induce sufficient air ty reduce the jet velocity at least in one location,
to the flame velccity. The flame velocity will pass through a maximum near
the stoichiometric mixture as air is mixed with fuel. OCnce the flame is
stabilized at i location, tre propagation of an ignition source must extend
to all regions of the flared gas to achieve efficient combustion. Aero-
dynamic devices or piiot flames can create regions of ignition which will
propajate ant stabilize a flame under conditions where the flame would
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normaily be unstable,

The liftoff distances measured in this study are showr. in Figure 4-13.
A reasonable curve of 1iftoff distance versus velocity is defined for gases
with heating values tetween 700- and 1400-Btu/ft3. Gases with higher
heating values have slightly smaller 1iftoff distarces at equivalent
velocities. The liftoff distances for Tow-Btu gase: do not correlate as
well, This is ascribed to the extreme sensitivity of the stable flame
location Yor low-Btu gases to ambient perturbations.

Attempts to calculate the 'iftoff distances using jet theory and flame
speeds were unsuccessful. Jct theory is strictly applicable tc fully
developed jets outside of the core region. The flare flames studied here
are not developed turbulently, and the Yiftoff distance typically is with-
in the core region and 1s difficult to characterize. Some success was
achieved in estimating 1iftoff distances using jet theory medified to the
conditions of the flames of this study. However the stability, and hence
the Tiftoff distances o the flames. was found to be extremely sensitive
to the velocity profiles and few useful results could be obtained using
modified jet theory to estimate 1iTtoff aistances.

A successful correlation of 1iftoff distances was, however, developed
using the abcve principles. Figure 4-'4 shows the 1iftoff distances measured
in this study correlated witk the prcduct of the ratio cof nozzle veleocity to
maximum flame velocity, and the ratio of concentration at the maximum f{ame
sneed to the concentration of gas in the nozzle. The correlation is very
good. However, sensitivity of flames burning Tow-Btu cases to perturbations
results in uncertainties in the measurements as it did in the calculations.

4.6 Flame Stability

The stability of the flame will influence tne combustion efficiencies.
Flames operating near the region of stability (as defined in Section 2) mav
result in incompletely burned hydrocarbons when slightly disturbed., A
flame will be unstable when the vectorial jet velgaity is greater than the
flame velocity. The flame mey adjust itself to a position wheie the two
are equel. However, the jet velocity s recuced ir flare fiames by in-
duction of air. This Towers the mixing strength of the fuel and the flame
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speed when the mixture strength {s on the lean side of stoichiometry. A
flame cannot be maintafii.ec under conditions where the vectorial jel
velocity cannot be recuced to the flamc speed befare the mixture strength
of the fuel {s outside the limits of flammability. The result is that
low-calerific gases flared at nigh velocities have narrow regions of
stability, operate close to the limits of stability, and are subject to
pevturbations and may result in pocr combustion efficiency.

The minimum heating value of pragpane -nitrogen mixtures required to
maintain a stable flame with &« given nozzle velocity was determined in this
study. Figure 4-15 shows that at low velocities, stable fiames could be
obtained with gases of heating values of approximately 300 Btu/fta. How-
ever, high Leating values of the gasas werae required to stabilize the
flares at higher velocities.

Most of the da‘a was obttined for tlara heads without special means
of stabilizing the {"ame. NMone oy the flames were retained with a pilot
flame. A convergent and a divergent ring were usec on the 3-inch flare
flames but this did not improve flame stabiiity. Some commercial flare
heads employed proprietary devices to aerrodynamically stcpilize the flame.
These devices resulted in some differences in scabiiity betweer. the EER
prototype flare head and the commercial flare heads.

in thecry, the stability curve shown in F:gure 4-13 may be generalfizad
using other fuels by plotting ¢he log of veloc.ty versus a reciprocal “lame.
temperature. Figure 4-18 chows that many normal hydrocarbons follow tmis
relationship. This relationship assumes that the flame velucity is a
function of reactions with similar Arrehenius parameters. As evidence from
Figure 4-16, this is not true for compounds of widely different structures.
Hoveve:y, Figure 4-17 sheows tihis relationshipo to hold for the propare data
nf this study. In this piot, the flame temperatuve ic approximated by:

Flare Temp = Lpw 1+ 26 X

whern Cpm is the heat capacity of ambient air, X is the volume fraction of
propane in the fuel, 26 s the number of moles rf products for stoichiometric
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combustion of propane with air, and Q is the 1ow heating value of pure
propanc.
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5.0 COMBUSTION EFFICIENCIES IN FLARYS

The main objectiv2 of this study was to develop methods to chraracterize
the combustion efficiency of commercial tlares. This section reports the
characteristics and combustian efficiency of the flames of this investigation,
compares the results of this study vith those of other studies, and correlates
the combustion efficisncy with operating parameters of the flare. This section
reports the esuits of tests whicn developed techniques to scale the emission
oy fncomplietely burnz4 hydracarbons from fiare flames, tests of commercial
flare heads, tests of flares at high exit velocities, and tests on the {nflu-

ence cf steam injeztion on the emission of incompletely burned hydrocarbon from
flare flames.

5.1 Stdy Conditions

Appendix C provides a ccmplete 1ist of all tests conducted. Tables 2-1
through 2-7 sunmarize these conditions and eliminate duplicate conditiens,
samples withdrawn from the same flare and the rake probe at different positions,
¢nd samples taken within the flame. Conditions studied include:

o Flare Head

- 3-incn EER prototype

- 6-inch EER protatype
- 12-inch EER prctotype
- 3-inch EER protatype with convergent :'ing
- 3-inch EER prototype with divergent ring
- 12-inch commercial; 3 manufacturers
e C(ases
- Mistly propare diluted with nitrogen
- (ne data point using methane
® Gas Heating value from 286 - 2350 8tu/<t3
Gas Exit Velocity from 0.2 to 428 ft/sec
Steam Injecticn vrom 0 to 1.0 b steam/1b fuel
The combustion efficieacies of these trials are reported in the following
sections.

5.2 Coemparisan viith Other Studios
This study set out to remove some of the uncertainty ut previous studizs.
The major uncertainties were:




() Ability te ciose a mass balance;
(] Measurement of soot concentratian;

] Assumption that the iocal combustion efficiency measured at
one paint is representative of the global combustion efficiency;

] Development of a scaling methodology.

Mass Balance

This study was able to close a mass balance using both the hocd and 502
as a trdcer [see Section 3). The results indicate tuat flare combusticn effi-
ciencies can usually be detcrmined without strict closure of a mass balance.
This implies that material which is lost furm the sampling reqion is negligible
or of similar composition to that in the sampling regime. Therefore, the
inability “o close a mass balance does not praclude use of the data from pre-
vious studies.

500t Concencration

Mosi previous studies failed to measure the concentration of carbon as
soo* far a large number of samples. The combustion efficiency measured in such
studies would b. higher by the amount of unmeasured soot which escapes the flame.

Data from this study {see Appendix D) indicate that svot rarely accounts for more
than 0.5 percent of combusticn inefficiency and can te complately eliminated by
injecticn of steam. Measurement of the soot concent-ation is usually unimportan:.
for the Jdetermination nf combustion efficiency.

Axial Combustion Efficiency

Measurements of local combustion efficiency at 2 sin¢le a2xial position may
not be representative of the combuition efficiency oF flares as discussed in
section 3.3. Graphs of dilutior factors at various distauces from the plume
center line (see Appendix F) shcw that velocity profiles must be combined with
concentration profilas and intagrated across the flame to obtain overall combustion
efficiencies. Thus, the <ingle nrobe technique for estimating combuscion efficiencies
may rot be as iccurate as the multiple jrote technigue used the study.



Scaling Methodoloagy

Scaling methodolggies were developed for all the important characteristics
of flare flames in this study. Volumetric combustion was found to be a con-
stant, 90,000 Btu/ft3—hr, fcr the flames of this study. Howaver, the nozzle
size ard gperating conditions were requirzd to scale the following characteris-
tics of fiame structure:

] Flam> Lengtih
(] Flame Lift-off
» Flame Di‘ution

The Yimits of flame stability could be ccrrelated with the properties of
the gases irrespec’ive oF size of the flare head. These correlations are
discussed in detail in Section 4.0.

The combustion efficiency could also be correlated using only the proper-
ties of the gases for the flares of this study. .imwevar, the combustion effi-
ciency is correlated with the stanility Yimit of the flane which could be

changed by addition of proprietary stabilizers and pilot lights or difforeat
gases.

5.3 Correlztions

The goal ¢t the correlations wis to determine if the test data was
scalable over the range of variahles examined. The combustivn afficiency of
the 1772 nilot-scale and commercial flare flames was found to be independant
of the aiameter of the flare h12ad within the zize range tested.

The combu;Eion efficiencies estimated in this study did depend on the
exit velocity and the heatirg value of the gas. The velccities studied were
in the range of velocities for commercial flare heads. However, anly mixtures
of propane iand nitrogen were tested. The results may be different for other
gases, but are expected to correlate with the same parameters as propane,

Figure 5-1 shows the condicions (uark symbols) which resulted in combus-
tion efficiencies lower than 98 percent. The line is a least-square fit to
the'stability curve of Figures 2-2 and 4-15. Most of the conditions which
result in combustion efficiencies less than 98 percent are below the vegion
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of stability. Scme flames at similar conditions resulted in combustion effi-
¢tency creater han 98 percent. However, all those conditions are near the
THmits of flame stability. A< these conditions, slight perturbations wil?
cause ¢ flame operating with high combustion efficiency to become unstable
with a resultant decrease in combustion efficiency.

The influence of flame stability is more clearly shown when the graph is
plotted in dimensionless form, Figure 5-Z shows the plot of combustion effi-
ciency vsersus the ratio of the heating value of the flame to the minimum heat-
ing value necessary to sustain a flame at that velocity. The heating values
at the stability 1imit were determined from the lower reaion of stability
showrs 1r Fiqure 4-15. Some flares operating below tie minimum heating value
required to maintain a flame have high conbustion eff¥iciencies. However, all
concitions which caused low combustion efficiency were firing gascs within
10 nercent of the minmum heating value required tor a stable flame. C(nly one
flame firing a gas with ~ ratio greater than 10 percent above the value re-
quired for a stable flame resulted in low-combustion efficiency; the reason
for this §s enknown, and the data point is considered an anomoly. Those
fiares firing gases with heating values near the stability Timits are sus-
¢eptible to perturbations and poor combusStion efficiency.

Thesz results are 1imited to the conditions an:i gas m.xtures of this
study. rdowever, the form of the correlatisn is expected to be generally
valid fcr many gases anc for flare heads which rely on external mixing.
Future studies evzluating the effects of other gases and the influence of
pilot flames and aerudynamic devices on flame stability #91) provide addi-
tional information.
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5.4 Commercial Flare Heads

Three commercial flare heads were loaned to the program bty manufacti...~c and
tested. The manufaCturers were requested to supply a standard 12-inch 12 inrad
as described in Secticr. 3,0. The geomctry of the heads differed and all velncities
reported here are based on the gpen area of the head.

The flar=s heads shawed small differences in combustion efficiency when burn-
ing 56 percent propane. Tables 2-5, 2-6, and 2-7 show combustion efficierzies for
the different heads ranginc from 98.3 to 99.7 percent.

When burning the minimum heating value gas required to sustain a flame,
targer differences in combustion efficiencier were ohserved. (See "Low Btu Tests"
on Tables 2-4 through 2-7.) At low velocities tha performance of the head: was
similar. However, the performance of the EER prototype head, which had no flame
retention dcyice, and flame head C, were poorer at higher velocities.

5.5 High Velocity

Tests were conducted to de-ermine the influence of high velocity on the com-
bustion efficiency of flare flanes. Propane-nitrogen mixtures sere burned on the
3-inch flare head at velccities up to 428 ft/sec. A)1 the flam2s in these tests
were 1ifted. Results are shuwn in Figure 5-1. Only two conditions at intermedi-
ate velocity resulted in a Tow rombusiion efficiency. The combustion efficiency
at a1l other conditions was greater thon 99 percent. From this we cencluded that,
provided the heating value of the gas is not close to the minimum value to main-
tain a flame, high velucities may sligntly improve the combucstion afficiency of
flare flames.

5.6 Stean

The influence of steam injection on cumbustion e/ ficiency was ¢lso deler-
mined during these triais, Figure 5-3 shov: that steam injected 1nto ihe flares
of this study had effects similar to those axpected 1n conmercial practice. That
1s, steam completely suppressed soot. However, stcam injection at normal rates
had a minor influence on overall combust::n efficienCcy because the amourt cf 00t
is small. Ootimum levels of steam injection for combustion efficiency were found
to be 0.3 to 0.5 1b steam/Ib fue) suppressed the soot, but educed the overall
combustian 2fficiency by quenching combustion of CO and hydrocarbons.
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APPENDIX A

EPA FLARE TEST FACILITY AT EER
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ABSTR/CT

The cecign of the Environmental Protection Agency's (EPA) Flare Test
Facility (FTF) at Energy and Environmental Researchr Corporation is described.
The criteria for “he design, construction, calibration and operation of the
FTF are reported. Details of construction and operation are given of the:

() Test Site

] Fue! System

] Tracer System

® €team System

® Flare Head

[ ] Sampling System
] Visual Monitors

) Ambient Monitors
[ Support Structure
0 Data Recording

The FTF is used in EPA programs to determine the combustion efficiency of flares,
and is available by arrangement for testing of design. construction. oreration
and use of commercial flave heads.
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1.0 OVCRVIEW

A test facility (Figure 1-1) has teen desijgned and constructa2c et Enary
and Envivonmental Research Corporation {I'ER) to test large pilot-scate flares
under U.S. EPA Contract »8-02-3661. {Yis raport describes the folluwing:

e Facility .ite
’ Flare 3as delivery system
L] Tracer deliverv system
’ Steam aelivery system
» Desian of the flare heads
L Extractive campling systems
o Visual monitors
" Ambient monitors ard controls
e Support structures
0 Data recording systems
1 Objective
The pilci-scal~ Facility nas been designed to determire the <ombustion

efficiency nf small flares. 1In pfarticular, the facility ic designed to arswer
the “o1lowing questions:

4

What are the combustion efficiencies or piiot ana small
conmercial fiares?

o How are thecw efficiencies influenced by operat ng parameters,
flar> design, fuel rompositian and size?

® What mechanisms cortrol these influences?

1.2 Desian Guidelines

The criseria for desicning the pilot-scaie facility were establishe.
by constltation with the T:chnical Advisory Panel, comptsed ov Fiare
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mcnufacturers and users, and are summarized in EPA Report No. 6{0/2-83-070.

® Flare head size - 3, 6, and i2 inches n diameter

] Fuel gas - Prepane is the base fuel. Nitrogen is used
to dilute the fue! to th: appropriate heatirg
value.

. Gas velocity - Maximun of 10 rt/cec for all sizes(’)

Minimum of about 0.5 ft/sec.
® Steam rates - Maximum of 1 1b steam/1b of fuel.
. Wind condition - Natural calm conditior {< 5 mph)

The flames from this facility are characterized for structure and
emissions of incompletely burned hydrocarbors.

yissal Cha.acterizatian

Visual characterization is vsed to establish flanme form and Structure
and to identiry sources c¢f emissions and means of szaling the nhenomena which
results in incompleie combusticn. Visual characterization consists of
stil) photographs and high-speed mcvies.

Still vhotography is used to record the average .nd instantaneou:
geometry e¢rd struc*ure of the flare flames. The fluctuating nature of flare
ri.mes requires that the cverage flame structure be recorded on film using
long exposure times and that the instantaneous structure or the flame be re-
corded an film using 2xposure times on the gorder of one millisecond. The
results will ectablish maximum, minimum 2nd averaae flawm: yeor .ry and pravide
limited ‘n¥ormation of flame stricture.

High-speed movies are used to record the evolution of the flame <*ric-
ture. “ests nave shown that a speed of 200 frames,second can satisfactorily
record the evoluticn of turbulent tuminous pockets in tiae flames. The high.
speed mavies are used to evaluate the generation, size and historv of these

lumingus structures,

(1) . . . . . L.
'Thes design civiterion was subcequently chana2d to provide for exit velocities
in excess of 400 ft/sec.
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Concentration Measurements

The efficiency of flares is determined from gac concentrations of samples
¢coliectud in a hond or probes at several points above the fiame. Species con-
centrations of 02, co, C02, «noc and SCE are obtained using both tachniques.
Compositions obtained from flares operated at different ronditions are used to
ectablish the combustion eff ciancy.



2.0 FACILITY SITE
The site for the flara test facility was selected to provide:
(] piredictable wind conditicne;
e ‘ow background levels of 302, co, COZ, soot and hydrocarbons,
[ is0lation from heat-sen<itive equipment.

The flare test facility was built in a canyon which provides suitable
topography; room for facility liyout, including the control rcom, and access
to necessary utilities.

2,) Topography

The topography of the test site can minimize the aifficult problem of iso-
*ating the flare from the ambient conditions. Figure 2-1 shows the terrain
around the test sitf. The canvon wall is cbout /0 feet high and surrounds the
flare facility on three sides. Wind blows predominantly along the direction
of the canyon. The flare facility is on a flat clearing about 200 feet long
and 100 feet wide,

2.2 Facility Layout

Figure 2-2 shows the plan of the facility site. A chain-1ink fence
topped with barbed wire surrounds the area to nrevert unauthorzed entry.
Access to the test site is through &n eleven-fool wide swing gate. The major
instaYlations include the control room, the hood anu sampling suppos structura,
thz steam bo ler, fuel tanks and vaporizer the liquid nitrogen supply and
vaperizer, *he flow controls and the flowmeters.

2.3 Control Roer

The control room is directly opposite and provides view and a.cess to
the flare head. It houses the gas flow control paneis, the electric control
panels. the sample flowx contrcl panels, the gas aralyzers, and data recording
2quipment. Figure 2-3 shows the arrangement of the control room, A window
provides a complete view of the flare head, sample hood, and probes. Gas
flow rates and electrical power are controlled inside and can be turned off
rapidly during emergencies.
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2.4 Utilities

Water, comprcssed air, natural cas, and electricity are available at the
test site. Water is supplied through a © in, pipe at 70 psig. Natural gas
is suppiied at 15 psig through a 2 in. pipe. Compressed air is supplied by
a shop compressor at 100 psig througk a 1 in. pipe. Electricity is deliveved
ta the test site at 440 V three-vhase and 110 V and 220 V are obtzined through
a transformar. The available electrical capacity is 300 kv,
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3.0 FUEL SYSTEM

The fuel system includes the supply and flow control and metering
equipment for the fuel and diluent gases. The experiments reported herein used
propane and natural gas as fuels. These fases have H/C ratios of 2.67 and 4,
and heating values of z450 and 98% Btu/ft3, respectively. Nitrogen was
used to dilute the fuel gases to the desired heating values. All gases were
metered to control thc gas exit velocity at the flare head. Figure 3.1

illustrates the control system for the tuel system.

3.1 Fuel Supply

Table 3- lists the planned experimental conditions and the flow
requirements. The total flow rates range from 11 to more than 28,000 cu ft/hr.
Propane is storea as a liauid in a 2100 aallon tank. Natural vaporization
of the liquid provides sufficient propane gas for low-flow experiments. At
high demand rates, three nropane-fired vaporizers, each capable of 2900 cu
‘t/hr supply the needed gas. The tank will last about 11 hours at the highest
flow rate antictpated.

Natural gas is supplied at 15 psig from the gas utiiity company through
a 2 in. pipe. The capacity is exprected to be about 7000 cu ft/hr which is
sufficient for testing the 6-inch flare at 10 ft/sec and the 12-inch flare
at slightly more than 2 ft/sec.

Nitrogen is used to dilute the fuel gas2s tn the desired heat con-
tent. A manifold a~cepts thke liquid nitrocer from twelve 3500 scf
bottles of gas. Three atinospheric convective vaporizers (Cosmodyne Model
SV-2x4) each cazacle of vaporizing 3000 cu ft/hr sypply the gaseovs
nitrogen,

3.2 Flow Control Metering

The very wide range of flow rates (2570:1) cannot be controlled and
measured by a single valve and flowreter. Valves and flowmeters typically
have maximum usable ranges of less than 10:1. Hence, parailel systems with

four valves and flowmeters are used to contro. the prosane, methane, and
nitrogen flow rates.

Figure 3-1 shows the common cesign of the flow systems. The gas surply
pressure is vegulated to less than 45 psig by an air-loaded pressure reducing
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TABLE 3-1.

PILOT-SCALE FLARE TEST CONDITIONS*

* Based on origina® test matrix; see section 4-1 for additional test conditions,

I T e
} Flew R T ! un? Fropane Propan2 | Methane Methane | Nizrogen | Nitrogen
Dig Velocity | Rate Yn | Reynnlds Richardson | Flow Kate Cost Flow Rate Cost Flow Pate Cost
Tn. | {ase | (ftssac) | {CFY) l15ec) Nurber (d} Naber (vpzbr)2) | {$7ar) [ (Ib/hr}{b) ¢ ($/0r) F OO0/ 0030} | (87Fr)
) 3.5 88 501 334 32.00 g F.D 3.64 0,3 5.9 1.13
3.2 4 | 2.0 453 i5 1337 703 21 4.1 1§.6 2.4 22.1 4.63
KR [N )] 1767 25 6E8J 0,031 113 20.0 73.0 i2.0 110.6 71.2?
4 L] 707 502 1337 1€.1 45 —S.C 29.2 4.8 44.1 1.3
6.0 5 ?.83 2000 127 1785 2.013 129 22.6 82.6 135 125.7 26.2
L 6 10.0 7069 57 13373 0.161 51 9.8 7921 . 17.9 ! 442 4 9z P
4 1.2 5.6 5000 635 305 36 6.4 23.4 r 319 l 5.4 7.4
12.0 ] 2.0 5655 500 53¢ 335 361 63.8 233.7 8.8 354 .2
9 4.0 11310 250 J 106Y9 7413 12? ; 127.7 167.7 76.6 P78 148.¢
NUNUURS ST S —— — i
(@) Propene diluted te 135G 8Ly fe3 (56 volume )
(b) Hetnane fired without dikutiun
(c) Nitrogen used to dilute propare to 300 L!u/ft.‘ (27.5 volume 7}
(d) Raynnlds number based on %% propane, 44% nitrogen mixtur?




valve which is remotely activated at the control panel. The flow rate is
contralled by manually adjusting one uf four valves and {5 measured with

ore of four calibrated square-edge orifice plates. The differential pres-
sure sicnai increases with the flow rate and is indicated with a Dwye» Mano-

meter (Model 422-23). The metered gases are combined in a header which is
ptumbe? to tne flare cstack.

3.3 Specificarion, Performance

Table 3-2 13sts the valves anc orifice bore sizes for the three gases.
The orifice pliies have been ca:ibrated using air as the flow medium and
referenced to one of two Meriam laminar fiowmeters. The calibration arrange-
ment and pracadure is describe. at the end of this Appendix. The
appticability of the air-calibraticns to propane, methane and nitrogen
was verified using the smallest bore orifice plates and a liquid Jdisplaze~
ment e~ hnique.

The caiibration data indicate that tne fluw rates can be calculated
according to the following general ejuation:

1 I
q = 932,22 x K x WX ‘/hH20 X \/"ii‘}%g‘c?

where

y is flow rate, SLFM

K is orifice flow factor derived trom calibration data
MW is molecular weight of gas
hF 0 is pressure dror, feet of water column

P is pressure upstream of orifize p<.g
T is temperature Jpstream of orifice, °F

The calculated flow rated agreed to within 3 percent of *the calibrated flow
rates.

The accuracy of the meterina system d=2pends on the conditinon of the
orifice plates and the differential precsure +ensing system. Absciute
zccuracy is 3 percert and repeatability is hetter than 3 percent. Flow rates
through the fue! system are stable anc unaffected by variations in wind and
combustion conditions.
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TABLE 3-2.

FUEL SYSTEM COMPORENTS

AM1

242 to RMA

i

Manome ser

Solencid Evergency Shut-JfF

\PTCpINE,

nytrogen, n

3as;}

Ancillary Propane Pressyre

egulatar

“ilot Prgpane Ratuomzter

Fuel Rotaraters

{propane, ni.rcgen, n.

Ancillary Prynane, Shut-off

gat)

Pilot Prngram Flow Contrc’

ialye

Dwyer 322-23

ASC 2215-89°
RI3M 158F YN

v yer RME

Brocks R-2-15-AAA
worcester 5811-%

Wnitey §S-2RS4

J
[
J3-23" &2

NPT

3747 NPT

1-1) 3CFH

1-'0
374"
¢y = ).15

COMPONENT DESCRIZTION wQRE, S$7ZE 3P LIACITY
pR} : Propane P-egsyre Rerulats: t Llesite SFAK-4 1 NPT
! i
i . .
PR3 | Witrogen Pressure Reyulator Leslie GiAK-4 1 NPT
PR2 { Natural Gas ‘ressure Regulator Lesliu 3PAY-4 ! 3/a" NP
i !
Vi i Propane Shut-Jf° Valve {  Wercester 5311-R 20 NPT
; i
vz ‘ Hitrogen SRUt-GFf yalve ! Worcesver S8'11.R i 2Y MeY
i i
V3 | Nazural Gas Sut-Off Vaiwe Lunkenheimer 708-H3Y ¢ 2' e
}
T | Flov Control valve .
» Vi ' {propana, nitrogen, .. jas) Lunkenhgimer 72-3S 1.1, 2% NFT
i
Y1, N1, V15 Flow Control valve
' !prcpane, nitrogen, n. gas) Lunkenha mer 907-BS 3,30 N7
48, V12, V16 | Flow Contre! Valve |
i ! .Arcpane, nitrogen, n. gas) 1 Lunkevh:mer 30755 | 13" NPT
B 3 T Flow Zeatrs) velve
[ Orivane, nitragen, r. gas; ~unkenhemer 307-35 . 1,9 9
ORF 180 9 | Crtfic, “Yaages Eoerien, 1eni2e
{ .arcpate, nitragen, r. 3Jas) Laniels 30-R7 l T, 2" NPT
|
R 1 to9  drifies Plards ' See Aapurdis
| .Propane, nitrosen, n. jas) Lustom ! Cabie A-:
L PIUED L fessure Gauges U 95) asiq
.Drcpane. nitrcgne, n. 4as) Marsn Jual- v Gauge 5" 9ia’
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4.0 TRACER SYSTEM

Weasyred amounts of suliur idioxide will be added to the ruel gases as
a2 tracer to determine dilution factors anc verify material balances. The
actual 502 additinn rate will be determined during experimentaticn. However,
it {s estimated that one voluma pzrcent SOx in the fuel will be sufficient to

rroduce about 1.0 ppm in the combustion product. The rate of 502 anticipated
ranges from Q.11 to 263 5CFH.

4.1 Tracer Supply

The 502 is purchased from Unior Carbide as a l'iquid compressed gas cylin-
ders containing 900 SCF, A dip tube draws liquid and passes it through two
steam-heated shell and tube vaporizers shown in Figure 4-1. After vaporiza-
tion the SO2 is controlled and meter-delivered to the flare head. Figure 4-2
shows the flow schematic of the SO2 system.

4.2 Tracer Fiow Control and Meterirg

The wide range of flow rates (2570:1) reguires using muitiple valves and
flow meters. The SO2 pressu~e (34 psig; from the vaporizer is regulated to
15 psig with a stainless steei recula‘or [Union Carbide Mogel CRC-15).
Depending on the use rate, the SO, is conirolled Ly a sized needle valve and
metered with a rotometer. Table Eul i1sts the ccmponent specitications of
the valves and flow neters.

4. Performance

The pe:formiance of the syster «‘xing and delivering the SO2 tracer has
been verified by measuring SO.2 rrofiles at the base of the flare stack.

Ad.1
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TABLE 4-1. TRACER FLOW SYSTEM COMPONENT SPeUIFICATIOM
COMPNENT SIZE OR
NO. DESCRIPTION MCDEL NO. CAPACITY REMARKS
VP1, VP2 Vaporizer Custaoimn 10 CFH Steam Heated
V1 Bottle Shut-off - - On Bottle
\ 74 Ball Valve, Worcester 1" NPT Main Shut-off
Stainless Steel
PRI Pressure Regulator Union Carbide 174" NPT
CRC-15 10.1-15 pstqg
PRI Pressure Gauge Marsh Type 6" Dial Stainless Steel
100-3 0-60 psig

RM Rotameter Brooks | 0-:27 CFH

! 1110-09H3B1A
RM2 Rotameter Dwyer, RMB 0-20 CFH
RM3 Rotameter Dwyer, RMB 0-5 CFH
Va4 Corirol Valve Whitey, SS-4KSE | CY = .51

. Control valve Whitey, SS-2RS4 | CY = 0.15
V6 Control Valve | whitey, CV = 0.0r"

i S§S-21RS4

SV1 Soleaoid Valve ‘ ASCO, 8211C87 /o F.st Shut-off




5.0 STEAM SYSTEM

Steam is requited at the flare facility for simulating steam-assisted
“lares and for auxiliary heating. Stcam is injected into the flame at the
flare head to incrzase air entrairment ani combustigr. intensi.y and reduce
tuminousity. Typical injection retes are from N 2o 1 pourd ot steam for each
pound of combustihle gas. Steam is also vsed av the flare facilitvy to
vaporize SO2 for use as a tracer and tz heat sample lines tn avurd condensa-
tion #hich would cause loss of sulfur and hydrocarbons in the lines.

5.1 Steam Supply

Steam is supplied to the flare test facility b a 15 hp boiler.
The boiler, which can fire prgpane or natural gas, supplies 400 pounds of
saturated steam per hour at 00 psig.

The feedwater to the boiler is filtered and the calcium and megnesium
ions are :eruoved by a resin-bed ion-exchange water so*tener. The water
softener has @ one-cubic-foot bed and can process 10 gallons ~f weter par
minute. The resin bed is automatically reg2nerated ny salt soiution,

5.2 flow Control ana Metering

Meterinj of steam is difficult becatrse of the wide range of flow rates
and the problem of metering a gas which may condense at the me*ering lempere-
ture. Figure 5-1 illustrates the steam-flow control and metering system.

A1l lines are insulated t2 minimize heat losses. The boiler prouuces satica-
ced stean at 100 psig (348°F). The steam ficws *arnugh a pressure-reducing
valve (Leslie Model GPK-1%"} which contrals the iteam presture between 10 to
%0 psig. Expansion produces dry szuperheated steam. C(ondensation rormed
downstream of the pressura-ieducing valve is removed by a steam trap at the
manifold and the "dry" steam flcws through one of four orifice weters and

is cont..olled by manua® valves. Yhe flg« rate is indicated by the pressure
drop across the orifice meter mecs v & Jifferential pressure transducer
(val.dyne Model P3050). Specia’ <..ons are used to read the differential
pressure in the steam line. Bleed-valves clear the -ressuie sensing lines of
1iquid befcre each reading. The manifold pressure and temperature are mea-
sured on dial gauges. Table 5-1 Vists the specifications of inc metering
system.
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TABLE 5-1. STEAM METERING SYSTCM COMPONENTS

CoMPONENT S12E OR !
NO. MODEL NO. DESCRIPTION CRAACTITY REMARKS
vl Lunkenheimer
LQ-602 Gate Valve 2" ' Shut Qff
PR1 Leslie ~ressure heducing 2 |
GPK-2 vaive
STy Flexitrap Stear Trap e
” . Marsn Prescura Gauce 6" Dial
| Mastar Gavse 0-2C0 psig
RF1 ! Daniels 30-RT {  Orifice Flange 2-1/2" NPT
ORF2 | Damels ¢ grifice Flange 3ja NPT
ORF . Dantels Jrifice Flange Pe1/20 WPT ‘
¢ J0-RT |
ORF 1 | Lustorm i Qrifice Plate (..967" Bore«;
i !
OR7 2 Cuctom ! Orifice Plate J.359" Bore;
H ]
{ | :
CRF 3 ! Custom | Irifice Flete i 0.295" Bore|
ORF 4 Custom ! Jrifice Plate J. 085" nia:e;
o . 2owel’ | contrul valve SIS
Ve Lunkenheimer Cantrol Valve 1"ONPT !
307-33 ; :
4z Lunkenneimer | Zontrol valve 3747 NPT i
| 907-35 ,
i4 i Lunkenreimer . Zentrol Valve T/dONFT
| 907-3% ;
! : H
271 i Yaltayre ! D-fferentiel 0-5 psid ’
;3053 b 3ressure !
i i Transducer :
i l : )
T Trand I renperature 37 Died ; i
Zauge 5C-5C0 °F ‘ H
tuM) , Newport I Transducer Sutp.t | 9-11 @2 l 5.01 V00|
| ' i Jol:age Headoit iyt J Resclutian |




' Per “ormai.ce

The steam systen operates satisfactorily. Figures 5-2 through 5-5 show
tre calibration zurve: .f the orifice meters. Flows were calibrated by con-
densing the stean downstream of _he control valve and weiqhing the collected
condensate over a ‘imed interva!l,
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6.C DESIGN 0OF FLARE HEADS
Tha flare heads should:

® be geometrically simple to allow a scientific
interpretation of the results;

] simulate the important features of commercial flare heads;

] pruoduce flare flames representative of commercial flare
flaues;

[} be consistently scaled.

A straight pipe was used for the flare heads on the advice of the Technical
Advisory Committee. They concluded that flame arrestors, retention rings,
and other proprietary features of cormercial flare heads were

unnecessary and undesirable for the flare test facility. The head

vas provided with 2 simple steam-ring and steam-nozzles for injecting stear
to suppress soot,

6.1 Flare Head Support Bese

Different flare heads can be mounted on the flare base shown in Figure
€-1. The base is a 6-foet long, 6-inch diameter pipe welded to a platform
composec o 3 k-inch iiick steel plate and four Tegs. The gas inlet s 2
2-inch pipe ending with a standird 150 pcund flange. The mount for the uvu:
flare heads is a standard 150-pouriy, B-inch pipe flange. 7he top of the flire
head support base is 7 feet :z'ove ground level.

6.2 Flare Tin

The flare heads are nominal'y 3, 6 and 12 inches in diameter and each is
8-feet long. An illustration is shown in Figure €-2, and the dimensicns are
listed ir Table 6-1.

6.3 Sieam Ning and Nozzles

A key feature of commercial flare nead: is ithe steam ring and injection
nezzles, These are designed to induce air entrainment and turbulenze at the
base of the flare flame. The dasign prirnciples employed ir commercial flare
heads are proprietary and unavailacle. Hence, the design of the steam injec-
tion nozzle assembly for the test flace was based on empirizal informa -
tion reported in the literature. The basic assumptions appliad te thc sieam
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TABLE 6-1.

FLARE HiRD SPECIFICATIONS

Nominz| Size (inch)

PARAMETER 3 6 !
Inside Diameter (inch) 3.06 6.3 12.3
Qutside Diameter {(inch) 3.5 6.6 12.8
Fiow Area (inl) 7.35 31.2 i18.8
Manifold Flow Area (in%) 3.06 14.1 33.1
Mumber of Mozzles 4 8 it
Nozzle 1D {inch) 0.263 0.37 0.525
Muzzle 0D (inch) 0.375 0.30 0.625
Lencth of Mozzle (inch) 3 5 /
Vertical Position 0.5-4.5 -1 to 5 0 to 6
{inches from tip of #larehead)
Total Flow Area (in?) 0.217 0.660 3.464
Overall Height (feet from ground) 15 15 18
}
— o




nozzle design are:

] Commercial flares nave smokeless capacily of about 20 peircent
of the maximum gas capacity. This yields a smokeless exit
velocity of about 120 ft/sec.

o Flared gases have densities of 0).0637 pounds of hydrocarbon
per cubic foot.

] Smokeless operation requires 0.27 pounds of steam per pound
of nydrocarbon.

From these assumptions the steam flow _.apacities are c(mpu.ed and the steam
ring and nozzles sized. To simplify the analysis of steam jet entrainment,
straight stainless steel tubes with iarge length-to-diamcter ratios are used
for the steam nozzles. Figqure 6-2 shows the flareheads with the steam ring
ard Vable 6-1 1ists the specifications of the flarehead, steam rings and
rozzles. Some steam condenses in the steam ring in spite of line insulation.
‘The stean ring is drained through blow-down v:lves prior to tests with steam
irjectiaon to eliminate the injectisn of water into the flame.

€.4 Pilot

The piiot is required to iynite the fuel sases at the flireread. Typi-
cally, the fue® gases will remain 1it unless the exit velocity is tno high,
the wind is toa strong ar he gas heatirg value is too low. Under such Zon-
ditions the pilot will provide a reliatle continuous source of ignition.

towimerciat Tlares burn about 125-200 scfh eof natural gas continuously as
pilot flames. This is similar to the fuel flow for the main “lare for many ¢f
the tests. In these cases, use of & continuous pilot flame wouid vbscure the
major ohjective of this .rogram which is to determine the combustion efficiency
¢! the mein flare. Thercfare, a small hand-held torch which uses less chan one
scfh of gas was used to icnite the flare flames.

€.5 Flame Arrestors

Commercial flare heads are equipped with air nr liguid seals or flame
arresto s to minimioe the potential of f{lasn-Leck which car cccur wher air
enters the stack and farms a combustitle mixture of gas. The Technical
Advisory Committee suggested a flarie arvestor not be used on the fiare test
facility. The arres*or w#as uirecessary because the head is purged with

AG-5



nitrocen before and afler 2ach test and it would distort the velocity
profile at the exit of the flare head.

6.6 Flame Retention Ring

Retention rings are us.d on flare tips to stabilize flare flames al
high velocitiss. The rings are usualiy nf special nropriet.ry desion and
are nct required fo- small flares with low exit velucities. Therefore, tiie
Technical Advisory Committee recommended the pilot-scale flares be operated
without a retention rirg. (Note that in subsequent tests at high velocities,
retention riags were used.,

Ab-h



7.0 EXTRACTIVE SAMPLE SYSTEM

In o-ler to determine th: ccmbustion efficiency of flares, samples
are extracted from the flame olurie and analyzed for 02, co, COE, sulfur,
hydvocarbon and particulates.

7.1 Sampie Prints
The locations for sample withdrawal must be determined experimentally.
A hood placcd above the flare flame collects the entire plume and a five-

probe rake withdraws samples at selecteu 1acations above the flare
flame.

7.2 Hood Sampling

The hood collects the flame plume intu a chimney and homcgenizes the
cowbustion products. If this method is successful, it s a qu.ck way to
~cter-ine overall flame combustion efficiencies fur » a1l flames.

Hood Design

Figure 7-1 shows the sampling hood assembly. The ncod desicn was
improved several times during the program in oruder to better mee* the program
objectiv-s:

] To =nilect the entire flare-flame plumes from the 3" flare head
and the plumes fron a flame at 2.8 ft/sec gas exit velacity for
the 6" flare-head.

® To huroqenize the plume to A mixture with uniform species
concentrations.

(] To provide means to measure material balances through the hood.
. To minimize disturbances to the flar2 flames.

The hood assemtly consists of two hood sections, an axial duct boostor
fan, a mixiny chamber, a flow straightener, a measurement chamber and a flow
damper. The two hood sections are constructed of 12-gauve carbor steei anc
cover areas 8 feet square and 13 feet 8 inches square, respectively.

The hood converges to a 2-foot diameter chimney, The ¢ hp axial flow
bnoster fan at tha entrance to the chimney can draw 8230 CFM of air at stitic
nressure of 1/«-inch water column. This flzw vcave is about 250 times %he

A7-1



T o Flow Damper
18-1/8" s
% /
1 Measurement
— el
ag" “rff Chamber
| .~ rlcw Straightener
4-1/8° 1 Aandiang|
_ Mixing Chambey
24-1/4" s
{ _ Duct Booster Fan
16" l R "

Figuie 7-1.

138"

A7-2

Upper hood
Sec:ion

Lower
Hoed
Section

-
=

Sampling Hood Assembly.



flare gas rate at 2.8 ft/sec from the A-,nch flarehead (equivalent to about

17 times the plume ¢f a 56 percent propane flame ai stoichiometry combustion
conditions).

The mixing chamber is a 34-feet lcng, 2-feet in diameter pioc with 9 flow
directors to in:rease turbulence mi:ina. However, the duct booster fan
changed the flcw pattern in this chamber to higrly swirling. A flow-
straightener at the exit of the mixing chamber was used to reduce the swirling
flow. The straightener s made of two banks of 2-inch wide stee! bars at
twn-inch spacings oriented 90 degrees from each other.

The measurement chamber is 2-feet i: diameter and 4-feet long and houses
the sample probe, five velocity probes and a type-K thermocouple. A damper
valve at the chanber outlet allows adjustments of the flow rate through the
hood.

Prote Design

The hooa probe is shown in Figure 7-2. 1% consists of a center sample
possage made of 316 stainless steel. 1/8-inch, scheduie A0 pipe. An exterral
flow jacket, 1%-inch 00, carries steam to maintain the gas sample at the
desired temperature. A stainless s:eel filter holder (Gelman 1209), welded
to the probe tip, hcuses a ylass fiber filter to callect solid part cuiates
The particulate loading of the combustion oreduct is deternined by measuring
the combustible matverial vaptured on the filter atter a «nown voluwe of
sample has passed tiirough the filter. The probe is designed to oult 50 cu.
ft. of gas per hnur. Various-sized tips are uszd tc ensure that the sampling
is nearly isokinetic.

7.3 Multipte Pcint Sampling

The hood sampling system provides average hroperties of the combustion
products. Multiple point sumpiing determines lnca?l species concentrations and
identifies the contribution of individual *lame structures tc the overall

plume. It uses five secarate crobes ard sawpling trains tc collect five samples
simultaneousiy.

Support Gantry

The multiple prcbes are supported by a gantry which can be lifted by a
12-volt GOC winch. It covers sample heights from 6 to 50 feet above jround-
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level and can traverse a cross-section 15 feet by 5 feet. Figure 7-3 shows
the prote positioning mechanism.

Probe Design

The prob2¢ uted for the multiple point samplirg are the same as the
probe used in hood sampling. Refer to Figure 7-2 for the probe des:gn.

7.3 Sample Conditicas

The sample collected by the protes cannot be analyzed directly because
it 1s 1ikely to be too hot, laden with particulate and wet, The conditioning
required depends on the specific property that is to be measured; namely.
concenirations of 02, cc, COZ, 502 {or total zaseous suifur), hydrocarbons
and particulates. These concentrations can besi be measured if the gas tem-
perature is near 80°F and is frer of particuiates and mcisture. Figure 7-4
shows the schematic of the sample train.

The sample temperature ranges from nemar ambient to over 1000°F denending
on the sample location. Ideaitly, the moist samples should be maintained
between 160 and 300°F so moisture dces not coriaense *hich would remove a
purtion of the soivhle gases. The sample temperature of the probes is con-
trolled by passing water or steam trrcugh outer jackets., 7he moist sample
is kept abaove 200°F by electrically-heatea Teflon sample lines ut drops tc
ambient levels dow: .tream of the driers

Particulate Remnval

The probe tip: cortein the filters in stainless steel holders, to
collect particulates, keep the sample line clean, and reduce the contact time
beiween the cample gas wud the potentialiy reactive particulates. Combusti-
ble particulatr ~re determined by burning the filter and samplc. Filters
(Gelman GA Triacetate material with pore sizes 0.2, 0.45, €.8, 1.2 and § an
are adequate for temprratures below 212°F and apprrach velocities from 1.64
to 16.4 ft/sec. Otner glass-fibre fil..rs are adequate up tc 930°F (Whatmen
934A1), but sho..id not be necessory.

Urying
Mo.nture in the gas sample must be removed before it condenses and par-

tially rergves the soluble gases such as 502. In addition, water vapor inter-
feres wi“h infrared analysis of CO and COZ‘

A7-%



To Puiley

Rake Frobe
Positioning
Mechanism

|7

A

To
Pulley
a—
Hood Traverses
£

Probe Vertically

1V

Hood

/

Rake Prabe
Traverses
Vertically &
Horizontally

Fuel
Steam
Tracer

Figure 7-3. Hood and praobe rake positioning mechanism.

A7-6



L Ly

Kake

A dryer Tntal
N?in Pamp Flow Meter!
N, in

<

Dryer

Raxe Total
LK}

Drver tov Heter
Rake ‘ ! !

fotal

C1ow

fiow Meters

s, s Wei Samnle
et} Bypass

e _

Flow Meters
@ _J= Wel Som le

s;k' ' Total S
— )¢~ Brvess
. Flow Metert
Pump

e

{Tow Maters

<low Meters

F1.w Meters

Wet Sample

—-—*“m-‘ Bypec<

Eag Fill

Byq FilD

N, in
kake "2 @ Total et P det Gampie
LIS}

Pt} Bypass
Flow mtvr—‘«:—q;——‘&
Bay Fiil

Total

-

Flow Meter

—

N
flom Meter

Bag Fill

Bag Fill |

Zaru N

Particula

Spar
Dilution Air

te
Charcoal

v,

Flow: iteter

Vent
2, .
n SOZ py
leter
Oriface Ven} vaiss

Span Bypass HC
’% Flow Meter ¢ flo o

0,

?
Bagq
Purge

Yypass

Flow Yoter

Figure 7-4.

7lare Sample System

Flow MHeter
M‘C}-——“———J—’

co,
[4
l 3150
£ haust
co
nae e

—i ¢
H laylar -.-‘

Alr
In



Yhe moisture is removed by Permapure driers (Model PD-1000-24%5) which
uses a membrane tube bundle to transfer selectively water vapor fron the gas
stream. The water passes inrough the membrane where it is removed by dry
nitrogen. The driers have 40 cu cm i:..2rnal volume and can pass 9.95 to
§1.% cu. ft. of sample per hour at 0.15 and 0.75 psi pressure drop, raspec-
tively. The amnunt of purge-gas required is 117 cu. ft. ver hour. The out-
let sample is designed to achieve AN°F dew-point.

Continuous Analysis

Concentrations of CO, r02, 02, 502, HC in the dry, clean gas are medsuced
vy continuous analytica’ instruments,

Baq Collection

One set of analyzers is available, consequently samples from the multiple-
probe sampling will be simultareously drawn and subsequently analyzec. The
samples will be stored in 1.8 cu. ft. capacity Tedlar bags. TYedlar bags are
fabricated on-site using a heat sealer. The bags include stainless
steel valves tnrough which the gas wiil enter, be trapped in the bag, and
exit for analysis.

7.5 Analysis

The gas samples are anaiyzed for concentrations of 02, co, COZ’ 502 and
hydro:arbons and the particulate filters are weighed tc determine particulcte
loading in the sample gas. Table 7-1 iicts ihe analyses, .ensitivities,
acceszorias anc typical rangas of gas cencentrations.
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TABLE /-1.

ANALYTICAL METHODS AND A_CURACIFS

* Short-term accuracies within 20 minutes of in<trumental calibration

MCASURED
SPECIE INSTRUMENT PRINCIPLF RANGE S ACCURANCIFS ¢ CONCENTRAT SONS
Typical - 20.5%
-32 Tayler 5704 raramagnetic U-100% *0.02% Range 18.21%
co | Beckman 2154 Non-dispersive | 0-500 oom +04 ppw Typtcal 3-10 ppa
Intrarad 0-2.0% +200 pom Hinimum 3 ppm
] At.sorption Maximuia 300 vpm
co Beckman 3158 Non-dispersive | G-5.01 +0.02% Typical 0 2-0.5%
¢ Infrared 0-101 10.1% Minimum 0 072
Absorption 0-2n% +0.2¢ Maximum 1.0%
L * 1070 - _
HC Beckman 400 | Flane | 05 ppm .05 “ypica. - 3 te 10 ppm
ionization | 0-5C ppm ‘0.5 ppm Kinimum - 3 nom
Letection I 0-500 ppm 'S ppa Maxisum 200 §om
. 0-5000 pym +50 ppm
— ey e ﬂ
S0, welay SA 260 F1ama 0.% ppb +1% of
< Photunetric tao measured
Detection 10 ppr 0.5 - 10 opu
Titration Reaction with 1 tc 100 ppm +10% of
Perchlorate measured value
I T - e -7 T Ty ST
Particulate Filter Timed 0 tal0 +5L of 0-5 x 1077 1b/ft
Collection ib/fed measurec value j _J



8.0 VISUAL MONITORS

The flame behavicr is -ecorded by a video recorder, a stil! camera
and a high-speed, 16 mm movie camera,

8.1 Video Lystem

The video system has been used to monitar ord raco>d gross-flame
structures. £ JVC color cameva records the gross-fiars: cnardcteristics on
tape. The recorucr uses ¢ 3/4" wide magnetic cascette tape and orovides
frame-by-frane pleoy-back. A 12-inch diagonal color monitor permits on-line
monitoring and playcack. The videc monitor system is limitad by its spatial
and temporal resolution and narrow range of sensitivity to light.

8.2 Photograpliy

A still camera is uSea to racord the structure of the flames,
Llong time-zxposures will record the average structure anu short time-expesures
wil) record the instantaneous s*ructure of the f'ames. BRoth exposura. are
recnrded with a 35 mm single-lens-rerlex zaers (Cannca 'odel AE-1) with a
50 mm focal leng+th and an 80-20% mm zoom lens.

8.3 Hich-Speed Cinematograghy

High-speed motion pictures help in understarding tae evolution of
fiare-flame structures. This information is used tr unde-stand tne influ-
ence of flame structure on the combust-orn efficiency and scale of the head.
The flame Structure is recorded with a i6 ma Hycam camera using a rota-
ting prism and lens with focal length of 10 to 100 mm. Motion pictures can
be taken with this camera at speeds cof 100 to 1000 frimes/sec. Experience
has shown that 200 frames per <econd is adeq.ate to record flare flame struc-
ture,

A camera platform -rovides stable positioning for recording the flame
structure (Figure 8-1). The platfcrm is 15 feet above che ground and can be
positioned up to 30 feet frorm: :he flarehead. The 30-foot distance produces
acceptable flame resolution wher using commcrly available lenses.
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9.0 AMBIENT MOKITOR ANJ CONTROL

The flare-flame js not enclosed and is subjected to environmental varia-
tions in wind velocity. Screens ara ysed to attenuata patura) wind. The

wind speed and ambient air temperature are monitecred during tests and no
tests are conducted during high wind conditions,

vl Windscreens

Perforated steel paneis, 8 feet by 10 fect protect the flame from
wind. FEighteen paneis cover the four sides frem 10 to 76-foot levels.
Figure 9-1 shows a typical wind-screen parel. The panels have 22.7 percent
open area with one-half-inch diameter holes on sne-inch triangle oitch. Ob-
servations using smoke bombs showed that the windscreens effectiveiy reduce
the influence of the wind on the flare-flane.

9.2 Monitors

Wind speed and direction are manitored by a three-cup anemometer and
wind vane (Climatrenics Model Mark 1)}. ~“he velocity is recorded on a strip
chart and dry-bulb the ‘mometers usei to measure ambient air temperature.
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0.2 SUPPORT STRUCTURE

The structure around the flarehead provides sunport for the hood, the
rake probes and the windscreens and acts as the position reference for the
flame and sampling probes.

10.1 Overal! Structure

The structure covers an area 20 feet by 20 feot. Figqure 10-1 shows the
schematic of the structure. The corner poles are 4" x 4" x %" tox-tubing,
the horizontal beams are 4" x 4" x 4" H-beamns supported by diagzna?
members. The structure 1s stabilized by 3/8"-diameter steel guy
cables attached to the corners and anchored to the yround. The vertical and
horizontal members are marked by paint stripes spaced at 2-foot intervals to
provide a reference for flame observations and probe positions.

10.2 Hood Suppocrt

The hood, as shown in Figure 7-1, weighs about 2500 pounds. It is lifted
at four points by 3/8"-uiameter wire ropas. A system of pulleys auides the
wire ropes to one corner wnere che wire rcpes are bridled together. An zlec-
tric winch is used to rais2 the hood which can reach 50 feet above ihe ground.

4

10.3 Rake lrobe Suppory

The Rake Prohe Gantry weighs about 1200 pounds, [t is guiced at one end
by trolleys and a {ongue-in-grove arrangement at the othe~. It ic iifted at
two points rear tne ends by 3/8"-djametcr wire rope. These are guided through
pulleys to one erd and are bridled togeth:r. A&n electric winch 1ifts the
probe, which can reach 50 feet above the ground.

10.4 Windscreens Support

Tne windscreen panels weigh ¢ Jrox.mately 180 pounds each. Wire ropes
nanging from pullays at the top or the structure have thimble-lonps spaced
at 8-foot intervals. Hoo:s at the top of the panels secure them to the
thimble locps. The windscreen assenbly on each side of the structure is
1ifted end lowered to the appropriate height by electri: winches,
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11.0 DATA SYSTEM

Data are recorded manually and with the aid of a data logger, and strip-
chart recorders.
1.3 Data Logaer

A data-logger {Esterline-Angus Model [202C) 1s us2d to scan and
print up to 20 voltag2 signals at 2 channels/second, It is used primarily
to log the t.mperaturss of *tha probe, structure, and fuel gases.

11.2 Strip Recorder

A 6-pen ci.art ~ecorder (Soltec Model 3306) continucusly racords the out-
put of the 02, co, 602. HC and the SO? analyzars. It also reccrds the wind
speed measured by the 3-cup anxmometer.

All-



12.0 Orifice Flouireter Calibration

The orifice plates were calibrated using air and calibrated Taminar
flowmeters. The apparatus used to calibrate the orifice meters is shown
in Figure A-1, The flow rate through the laminar flowmeters and orifices is
adjusted with a control valve and the following data are recorded:

o P] - pressure at upstream tap of laminar flowmeter

° P2 - pressuve at upstream tap of orifice flowneter
(] AP1 - differential pressurz across laminar flowneter
° APZ - differential pressure across orifice Tlowmeter
° T - air temperature upstream cf laminar flowmeter

Tha flow rate of air is calculated from P, .JP] and T using the equation with
the follcwing form:

Flow Rate =< (a(AP])+b(Ap])2) X (21_”4.7 y 530
147 w/O+T

\

whare flaw rate is in SCFM (1 atmo:, 70°F)

AP] - is in inches water column
P - is in psig
T - is in °F

Table A-1 lists the cilibration constants for the laminar flowmators, The
calculated characteristics of the orifice flowmeters usa the fo]lowing
pquation: ——

1 ‘P + 14.7

r——

qg=K x S F qas x\/th0 x\/ T+ 460

where
q = SCFH

P
—
(V]
[
——d



2-2LyY

TABIT A-1. CALIBRATION CONSTANTS OF LAMINAR FLOWMETERS

—
FLOW 2 8" u.C.
MODEL SERIAL NO. a b /atm, 70°F (SCFM)
1 ] h
50 My 15-6 S-4291-1 51.27 -C.4479 381.5
50 MW 20-2 R-3049-1 10.0125 -0.071875 75.5




14 = orifice flow calibration content

Md = molecule weight of gas

rgas = correction factor for gas other than air
Fair = 1+ Fpropane - 1-1%

hH20 = pressure drop in inches of water

p = oressure of gas at orifice, psiq

T = temperature of gas at orifice, °F

Table A-2 lists tre orificc flow calibratipn constant, K, of the o.ifice
flowmeters,
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TABLE A-2.

ORIFICE FLOWMETERS CALIBRAT'ON CONSTANTS

T — - Y 1
! | FLOW of AIR !
BORE STANDARD 8 20" WC !
JRIFICE UPSTREAM | Ul “ER FLOW DEVATION | 1 atm, 10%F |
NUMBER 10 (inch) i .z CACTOR, K i OF K (SCFM) i
5 - - $ d
Fl 2.465 i 1.9 7366 26¢ 19%.0 i
‘ !
F2 1,619 | 1.0 1806 a: 2.3 ;
F3 0.824 ' Q32 460.5 , 5.6 18.4 !
Fa 0.824 ' 0.2 120.3 L3 a8z |
i i : i
F5 2.469 | 1.s8 504! j 17 : 0.8 |
{ i R
F§ 1.610 | 087 1195 ! 5 i a7.8 !
| i !
F7 g | o 310.7 el 2.4
1] u. 4 i n 27 7367 : 2.30 2.97
F9 2 59 i 1.32 1307 s L 293¢
3% L5l .08 182} ¥ 72.9
£ 0.824 : G.52 470.3 : 5.3 18,3
Fig . 0.8 . 3.8 135.2 19.3 5.4
S 1 .
/
1 VLAY
Flov - Kx S™ x Fogas s v VT Egd
Flow = SCF
n = Inch 9v Water
0 s psig
T a °F
VW = Molecuiar meight

~



APPENDIX D
TESTING METHODOLOGY

The methodology used in testing is discussed in Appendix B in sections
on:

(] Backgraund <oncentration determinations
() Test conditions

' sample collection

(] Analytical procedures

] visual observations

° Data reduction

Background Concentration Determinations

OQuring the early phases ot the te-t program, the backgrounc concen-
trations of 02, CO, CO2 and HC were foun” tc be comparable with those from
tha flare flame. Hence, local combu:tion efficiencies need to be corrected
for toe concent.-aiizn of the species in the tackground. To accomplish this,
the concen.ration of the <pecies in the background is determined prior to
each test.

The background samples are collected and analyzed follow:ng ¢ Drocedure
identical to that Tor sampling of the flare gases. The facility equicment i<
operated normally except that the filare flame and rilot flames are net lit,
Nuring sampling for th~ background concentrations, the probe is located in
Lne sanme positiorn as it 1s for sampling from the flare ilame. Table B-1 lists
the range of background councentraticns for 02, €O, CO2, HC, soot, and SO2
reasured during the testinc period.

Test Conditions

The flare test facility was designed ¢o achieve the tes® cpevatina zon-
ditions with ease. The cperating parameters are:

®  Flare head tyne and size

®  Fuel ccmposition

¥ Gas exit velocity

®  Stean: to combustible gas rrtio
®  Tracer flow (S0?2)

8-1



BACKGROUMD SPECIES CCRCENTRATIONS

Soot
S0

MEAN
21%
2.22 ppm
694 ppm
3.17 ppm

0.50 ppm
0.17 pom

MINIMUM MAXIMUM
217 21%
0.V ppm 6.7 ppm
519 ppm G27 ppm
1.5 ppm 7.15 ppm
0 ppm 1.32 ppm
0 ppm 3.6 ppm

B-2




Although not a daily operation, tnanging the flare head was a simnle procedure
and could be accomplished in threc to four hours. The supp'v for nitrogen,
propane, and natural gas were set on a flow system designed to avi.d transient
fluctuations. The flow rates of these gases were held consta )t during testing,
vhich usually lasted twenty minutes.

A small boiler supplied stear to the 502 vaoorizer, the sampie prcbes, and
the flare head steam injectors. 5team used for the vaporizers 2nd sample probes
was a sma'1 fraction ¢f the total boiler output. Steam flow ts the flare head
was hela constant up to the boiler's capacity of about 400 1hs/hr. Steam
1ines were preheated and drained prior to trials usina steam injection. Thu
lines were heated using steam flow unti) no water was ejectcd from the nozzles.
This typically required abou . twenty minutes. After heating and draining the
trap, steam flow rate was set by a manual valve and determined from the differ-
ential pressure across a calibrated orifice.

The flow rate of traczr was monitored by rotameters and controlled by man-
val valves. The marimum safe flaw rate of S02 was limited to 7 stardard cubic
feet per hour by the vaporizer capacity.

Sample Collection

Samples were collected by two methods. For small Flare flames, the
sample hood collected the entive plume into a mi<ing chamber where ga: and par-
ticulates were sampled with a siagle probe. For larger filames, samples were
drivmn simultaneously by five prooes spaced on a diametei ibove the fla-~2 flarie,

The sample probes were of a unifgrm design, as shown in Appendix A, Gas
was sarpled at about 30- to 45-standard-cubic-feet per Liour. A b-inch-Tong,
J.250-inch 00, 0.19-inch 13, s.Lainlecs steel tube was used as the probe
nozzle. This resulted in yas entrance velocities of ahuut 50 feet-per-second.
This value was usually higher than the plume rise velocity. However, the soot
particulates are small and the error caused by anisokinetic sampling is
unimneyiant.

The orate tip held a gless fibter filter to captuvz s21id particles. Thea
prcher were steam-heated to 21¢9F to minimize moisture condensation and loss of
condeasibles and soluble gas snecies. Moisture was removed by Permapure dryers
and the samples cooled to room temperature downstream of the dryers.
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Gas samples could be analyzed on a real-time basis for 02, £0, CO2, HC,
and S02, but usually were stored temperarily in Tedlar bags for analysis. Tae
method of continual amalysis cculd give on-line information. However, exoeri-
erice showed that the real-time concentravion readings fluctuated over a very
wide ranye due to ~he intermittent nature 72f the fiare tlame. Integration of
the traces could no: determine the roncentration as reliably as mixing the gas
in the Tedlar bags prior to analysis. Hence, the gas samples were collected
in Tedlar bags pefore analysis, for all tests. Mixinj) was accomplished by
manipulating the bags and by nomal diffusion. The contents of the mixed bays
were Subsequently analyzed fur 02, 20, CC2, HC and SO2 concentrations.

Sulfur dicside ~as alsc analyzed by wet chemistry by diverting part of
each sample to a bubbler cuntaining 3 percent hydrojen peroxide solution to
absnrb tne sulfur dioride. (ke gas bubbling rate and bubbling time ‘aterval
were recorded for subsequent cilculations.

Analytical Frocedures

Techniques for determining gas samples are listed in Appendix A. Those
for soot and SO7 concentrations are discussed in this Appendix.

Soot Concentrations

The procedure to determinc soot was modified early in the trials. [n-
itially, soot concentration was determined by weighing the filter befgre and
after collectian of a soot seémple from a known volume of gas. This prccedure
was unsatisfactory because the filter substrates were fragile and small part.
were lost te the filter holder. The procedure develuned to 2liminate this
problem was:

1. Preparation of the filizr substrate by baking in an oven at 700°C
for onre hour.

Z. Installation cf the filter subst-ate into the probe tip.
3. Sample collection.

4, Drying ihe filter on the sample syecimen at 700F for one hour in
an oven.

5. Weighinyg the filter and specimen.
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6. Rurning the combustible material from tne filter in an oven at
700° for one hour.

7. Determination of the loss in weight of the filters on combustion.
this methnd yielded improved results because:

" Chances of losing part cf the filter substrate are reduced, because
the filters are protected thrcughout the steps that are critical in
detcrmining sample weigh?,

e Burning the sample will xeasure only the cumbustible products, and
non-combustible materials, such as airborne soil, will not
contributa to the weight loss.

. The only disadvantage is destruction cf the solid sample.

For calculations of combustion efficiency, the gas and the solid must
be converted ta a consistent set of units. This is accomplished by
converting the soot loading to the equivalent parts-per-million of
gaseous carbon. The concentration of the solids in the gas sample is
determined as pounds-uvf-solid par standard-cubic-foot of gas. This is
converted to pound-moles-of-carbon per cubic-foot of gas by:

1b carbon .  Ib carbon 1 1b mole carbon _ J% 1b moles carbon (5.1}
XT3 XT3 T2 1b carbon 1 £t e

Tne mole density nf an ideal gas at standard conditions is:

P 14.7 - 1b moies _ -3 1b moles _
p mole, gas = - 573530 ft3 2.585 x 10 ;—3——- {8-2)

Therefore, the equivalent sulid cor~entration in 2arts cer million by volume
is:

' f% ib moles carhon
3

. ft~ gas 6 _ : 5
{soot] = ——— x 10" ppm = -~ —5 x 10 ppm
2.585 x 107> 19-5“‘&§ 3.101¢ x 1072
ft~ aas
= 3.224 x 10% y 0o '3-3)
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where x is the concentration cf solids in pounds-per-standard-cubic-Ffoot of
sampled gas.

402 Neterminations

Sulfur dioxide {s determined by withdrawing ga; samples with a vacuum
pump, bubbling them through 25 ml of 3-percent hydrngen neroxide solution for
20 minutes. Sulfur Z2iocide is absorted 12 the sclution which is chilled by
an icewatei bath.

After sampling, the salution is analyzsd for sulfur dioxide in anin-house
analytical laboratory. Isopropyl alcohol (IPA) is added to the sample to pro-
cuce an 5J-percent [PA solution. The solution 1s titrated with standardized
barium perchloride solution using thorium as an indicator. To attain a Salmon
endpoint, the background of the salution is deieimined by titrating the same

amount o° B0-percent IPA / 20-percent distilled water solution using the same
IPA.

The concentration of SO2 in the original gas sample is calcuiated as
follows:

Vs(STP) = Vs x 28.3 x z5l3 = x S5t (B-4)

where Vs(STP) - Volume sampled corrected to standard conditions, liter

Vs = Voiume sampled
T = average temperature during sampling in °C
B = barcometer reading for atmospheric pressure
V.P. = 3verage vacuulr pressure durin® sampling
{Vs - VB) (”ea(c1o4)2 (11.2 x i03)
ppm 30, = V517 (B-3)
where Vs = volume of Ba(C104)7 titrant added to sample to obtain end-

point (ml)

Vg = volume of Ba(C104)2 titrant added to obtain endpoint in a
blank solution (ml)

NBa(Ci04)2 = normality of barium perchlorate

B-€



Vs(STP) = gas volume sampled, :orrected tc standard corditions

visual Qbservations

The first phese of the test program focused on determining the visual
characteristics of the flare flames under a wide rang: of operating conditions.
Tebla B-2 lists the conditions used for photography, nigh-speed cinematography,
ard video reco-aing.

The cameras were mounted on a platform 15-feet above the ground and 30-
feet away from the flare head. From 10is position, the largest flame (40-feet)
would subtend an angle of about 550, However, most flames were less tnhan 30-
feet long and would subtend an angle less than 450, Under these conditions the
cameras were able to record three-quarters of the flame for the largest flames
studied in this investiqation.

The luminous tlames, i.e., those produced from high-heating-value fuels,
were capable of being recoirded with all techniguas. The non-luminous blue
flames produced with low-heatino-value fuels had insufficient luminosity for
them to be photoaraphed with time exposures 1255 than 10 secona:s. However,
high-quality pictures of flames burning low-heat-value fuels were produced at
night wnen interference from background light sources was reduced.

Operators recorded visual observavions of the flame structure during the
rest of the program. They recorded mean, mirnimum, and maximum flame lenjths,
deflection af tre flame caused by crosswind, the spread angie ot tho flame,
the maximum width of the Tlame, the fiame liftof® distance from the flare head.
the flame color, the density oF smoke, and the amount of combu*tion noise.
Estimates are based on the judgiment of the operators, so fluctuatiors of tne
flame structura could result in potential errors. However, these errors are
limited to iess than 20-percent of the recoraed observations.

Data Redu:tion

The pracedure for calrulating the operazting conditions, the combustion

efficiencies, and estimating the potential error in the combustion efficiencies
are discu-sed in Appendix Z.
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APPENDIX C
DATA SUMMARY TABLES

The summary tablas of 31) test data are provided in this apperdix and are
grouped by the size of tnhe flare head. The entries ar= self-explanatory, v:ith the
exception of the observations which ‘equire furthnes clarification. The obser-
vations were made by the test operator during sampling.

Wind is the wird speed monitored by a three-cup anamometer located 10
‘eet above the roof of the 10-foot high control room. The anemometer ic
about 40 feet from the flare heai anc outside the windscreens. Hence tae flare
flames were affected by less wind than measured.

Flame length is the “"average" flame length observed using a 2-foot grid
mark on the probe support structure.

Lift Off is the distance between the flare head and the ignition print,
identified by onset of visible radiation.

Color is a subjective description by the operavor

Smoke is a subjective assessment. Particulzt= concentrations are deter-
mined by the filter procedure discussed in Appendix B.
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TABLE C-). NATA SUMMARY FOR 3-INCH FI APF YFAN, «H
LOW velLOCITY
FLARE BFAD: EfR SHE:  D-ImOns
Gbservations
Purpose of Test test | o hhme S R Hesting e Hets j"‘ fleme | LIFL o Porttin | Comustioe
Mguber Ring Yelocity | Velacity , '.llut' Kitrogen | (1b.5leom m P.’nlb off Colay { Smoke ] R=Rake (1t} Efficiemy
(ressec) | {fssec) | /9ta/eC”) | (Percemt) | /1b.Fual) ) {Inches) HeHaod {Percent)
Combustton Eificiency | 001 No [ e 0.5 1301 55.8 0.U Low 1 0 Tedlow | Yes [] 7 95.49
56 Percent (4, 002 Q.. 0.5 130 55.8 0.0 Low (] 0 Yellow | Ves ] 10 $8.27
003 (/-1 0.5 139 587 [N ] low q [ Yellow Yex [ ] 9 .77
po4 a5 0.5 1364 55.8 0.q Low q 0 Yellow | Ves (] 3 9 06
00S 2.0 2.0 1318 5.1 0.0 ! lew } (] Dk.rel | Ves H 4 .54
006 20 2.0 1314 55.9 [N} Low ? a Yeilow | Ves R 5 LYW
bu? 2.0 2.0 1014 55.9 0.Q Low 6.5 [ Yeliom | ves [ 8 99.64
008 2.0 2.0 A §5.9 4.0 ow 1 [ Yollow | TYes ] 10 98.95
o 9.3 9.9 12 56.4 0.0 Low I 0 Yellow | Yes [] 10 9.4
a1 18.0 8.0 1316 20,0 ¢.0 Low 15 [] vellow | Yes 2 i} 98.69
(] 10.0 10.0 1323 6.3 v.a 2-4 15 ° Yellow | Yes [ 11 95.66
0:2 10.0 10.0 1323 88 3 00 2-4 i5 [] Yellow | Yes R Is 59. 78
Effect of Steam 03 No 0.5 0.5 m I da r-) 4 ° m"fb"e Ne " 0 %0.19
06 10.0 o0 1373 56.1 0.1 0-8 e [ Yellow [Little H 1 99.43
07 10.0 10.0 § 13} 501 0.300 0-6 a 2 vellaw [Little [ 9 99.%
ols 0.0 0.0 1321 56.2 0.500 . 9 2-4 Yellow [Little (] 9 9. 19
(1} 00 . i 193¢ 56 3 1.000 _6 ) Yellow [ltitie ] 9 98.94
Low Htu 0ze "o V2.0 2.0 620 %64 0.0 - - Yellow | Yes (] 9 99.12
021 2 2.8 5 14.6 0o 3-5 (] 430 Yellow | Yes ] ] .49
051 2.1 2.1 162 15 4 0o 0-§ [} 0-5 Yel/Ora | Mo r 3 3).01
1174 2.1 2. 176 150 0.0 0-3 -5 0-3 Yel/Ora | ®o R H 98.09
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TA2LE C-2. DATA SUMMARY FOR EER 3-INCH
Fi ARE HEAD, HIGH VFLOCITIES

FLARE WEAD:  LER SUZE: 3 SNOH®
regt | Flme | AUE i "";',","_r,.::., oo nrie | 00 L e | it rathod | 7% | Coubustion
Purpose of Jest amer | Retention | T velacit Value | Witrogen | ('b.Stesm | T8 Paengn | off Calor | smoke | m-fake |Position | grriciency
Risy (rtrsec) | (ftrsec) | aart03y ) tpescent) | 710 Fumt) | PP | (€0) | (anches) try {Percest)
Nigh-Velscity, Yo
Flame Qetealion wing " No .6 oy 1316 56.0 0.0 0-3 2 -9 cellow | TYes [} 25 5.1
78 o 37 0 86.9 1328 56.4 u.0 4] 12-13 { vel/Dca | ves [ N 94.40
9 " 19,5 118.5 1307 5% & 0.058 1-$ » 18 tel/Dr. | Yes ® 3 49.60
itigh-vel, 563 C M 0 oty 40,01 ' 420.% 168.2 125% 53.4 0.015 [\ ] K} 2 Lic/Ora | wo R H EJF
a 6.0 26.8 5 5.6 b 149 01 s 810 | vange | Mo ' 20 92,21
82 248.3 » i 4.1 0.031 0-1 31 I Orange | Mo ] 3 9.3 |
High-Vel, 1001 [ f, 8) fDi a0.0x] s 51.e 2350 100.0 8.131 0-1 2.5 12 Orage | W ) Y} 99.0)
CHTQR-VeT, 103 C 1y %2 [Co @[ U4 A4 193 ZRe T 106.5 ) 83 ) 12-15 | Tellow | & ¥ £ ]
93 R »2 2348 99.9 0122 0-5 %.5 10 Grange | mn [ 3 ¥9.i¢8
“u 171.4 79.3 235 100.0 0.061 0-1 N5 12 Te)/0ra fiittlc R 3 99.43
Hi, » Veloctty,
Stable Flome { ‘mit 95 {Comv 46.3x| 104.9 511 192 1.7 0.0e7 u-2.5 3] 12-18 | vettow | wo n [ .37
| - g6 | 248 1268 | 1043 “.4 0.028 0-1.% It 18-28 | vel/ora | wo R » 33 85
High-vel, ST ¢ 3) |conv 46.3%| 5.8 9.7 LT 49.2 0. 14 15 2 @ Orange | Mo ) 24 CRR
- o ] 123 9.2 un 48.2 a.on 6l 3 ? Yed/Bra | Mo R u 99 B/
High-Yel. -
Staple frame tinit 9 |Coav 46.J1] 428.2 V98§ w2 3.7 0.018 -1 x5 2.3 | orange | Wo R 3% 99 8A
 High-vel, 503 Gy 100 | comv 46.3%] 1231 198.7 g 8.9 0.970 0-4 " 20-30 | Oronge | Mo ) Y 99.84
High-Vel. 773 C g 101 T 85.8 8.7 17 &9 (X ]] -4 75 (4 “Oramge | e (3 i} R
102  jinnv 16.35] 170} 18.7 JHOS 16.8 0. 080 t-s 3.5 2 vel/Ora [uittle R L] 9. M
103 ‘ 2903 1201 179s 76.4 .60 | ovs v [ vetiow | mo 3 3 94 U8
higver [ -
Stabie flame & imit 104 Canv w.;!_,~ 375.5 _|I) 7 921 19.2 0.023 0-1.4 29.5 36-48 | Oramge o R 0 Fi 8l
High-Yel. 1007 C Hy 195 |Conv v,.n; 241 * : 12.6 2550 100.0 l[ 0.1a9 us 0 12 Orange § Yoo M a % 77
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TABLE C-3. DA/ SUMMARY OF EER 6-INCH FLARE HEAD
FLARE HLRD: ¢&tR sk b IRCHT
i : -1{— ce Obses vat ions )
Test fh- Acll:i.l' '?:‘lh: ' Ht:?:-.g hl'.:l l‘a‘::: Wed r-i—l:- Lift :?1: Srobe Cosdust fon
Furpose of Test Nucher | 7810 [y Sactty | veloct Vatue | Mitrogen | 1b.Steam | ¥2°%9 | tengin | odf Calor | Smoke | BeRate | YOSILION | grgy emcy
Rirg tiusecy | turiee] | (otorred; | (Fercemt) | 110 7oer; | 00 {f1) § (Inches) Hmood | (131 (Perceat)
b e mrnd
umbustica E€ficiency 22 No 1.0 1.¢ 1293 ¥3.9 .2 28.%.§ a 0 Yellow Yes H r 99.60
56 Percent []Na 2) .8 2.8 13:4 5.2 a.¢ c-10 9 0 Yeltow Yes H 1] 99 81
24 2.8 2.8 1 5%.9 aa . 35 5 [J Vel/Ora Yes L] 5 95.81
25 ] 2.8 1214 85.9 G.a l 0-10 " 0 VelfOra | Yes [} [ 9.5
26 2.4 2.8 1314 £5.9 0.9 4 0-15 [} 0 Tel/Ora Yes H 15 B s
Letect ot Siram 27 o 2.8 7.8 1314 55.9 u.Ju_j u-d 1] 0 LtYel | Mo H 9 9. 2
5b Percent (yng 28 No 2.9 9 151a 56.1 2.9 § 0-10 10 0 Yellow Yes L} ) 94.1<
29 2.9 9 1ns 56.1 0.0 NA n 0 Yellow Ye: L} 33 99.56
30 2.9 2.9 1323 5¢.3 0.0 A 12 0 Yellax | VYes = '} 98.47
3 ("N 0.1 1316 56.0 (LX) A [ 0 Yellow Yes b_____ﬂ 21 28.90
tifect of Steam 2 o 2.9 2.9 1316 56 0 0.563 0.5 23 c Yellow | w0 " s we |
Low Bty 33 N 1.0 i 138 14.4 0.0 [} 4 z2-] ret/Blo Na N i 96. 35
34 N al o 12.6 0.c [ 3 5-12 Yel/Blu| Mo H 5 93.93
s I 2 454 19.2 L " Y 3-8 Yellow | W0 ® § 86.9)
% 1 31 ase 19.3 0. XA 7 3-6 Yellow | Mo [ 0 £4.06
» 3. b | 451 19.2 c.0 BA e 36 Yellow L] R 15 92.24
» ".r 1.7 5] 26.10 0.0 " 1.5 6-8 Teltow | w0 @ 2 98.76
69 1.0 36 16 1.3 0.0 ¢ 5.5 0-5 Drange | o [ 19 sr.n
] 10 1.0 287 12.2 0.0 0.3 4 [: I ] Oranye [ ] R 5 99 it
n 10.1 0.3 M3 o o 2 15 n-5 Oranye | o R 3 9936
< ¢ 9 2.9 M5 4.7 a.o 0.2 8 1] Clear o R 5 93.49
73 1.0 V.0 250 12.4 a.0 v-4 5 0 Clear Ro R 10 97.97
4 .9 2.9 3, 14.9 u.0 [ | 10 Q-] Orange No L3 15 9%.02
% Percent C]H' 75 " 2.5 2.9 1321 5% ? it n 0-2 115 0 Yellow e ® 17 99 66
13 1.9 ] m us .y 0.1 0-3 ¥ [ Grane | te: & 1Y) 99.54




TABLE C-4. DATA SUMMARY FOR EER 1Z2-INCH FLARE HEAC
PLARE MAD: ELR SIZE: 12 IMChe
. Ob tiuns !
Flame Actusl Nominal Low Fuel Stesm Wind serva Ssmple
Parpose of Test n.'::r lcl::ltlon Iel[:c"tl 'lef:c':l ";:ltt::q Hllr':gen (l:;&Ta. m I.Fe'n’-th Iillf‘!l Cotor Smohe ::.:: P:‘rlolh"‘" :m:::\:;
L "9 ttusee) | (ressecy §misrtedy | (Percent) | 116 Fuel) () | (iwmes) F‘ HoHood e} {Prrcent)
Cosbustion Etticicrcy k] o 0.2 0.2 1309 55.7 0.0 X} 6 0 Yellom | Yes R 13 9.9
o Percen. (W, 0 2.0 2.0 1323 5.3 0.0 - 19 N vellcw | Yes R 2 $9.24
N A0 (R} e 9.9 0.0 " % 0 Yellow | Yes ) 29 ¥9.50
" 4.0 a0 13 55.9 0.0 [ 21 0 Yelliow Yes R 22 99.48
- 43 4.1 [N _1s 56.1 0.0 [ | 0 n_}_l_ov_} Yes L *
| lrw Bla __ " "o 21 2.1 k) 16. t 0.0 A |1 ] Yellow o | R 22 99.73
| Lity tas a5 ™ 0.2 0.2 980 _ﬁu—'?‘,'&_ 0.0 | m * ] Orange {Little R 9 93.91
f “Tow Btu B 13 o 2 0.2 KL f‘u. 0.0 ®A q 0 Orange [Tittle F g 98.67
: 47 4.1 4. 38, 16.4 0.0 NA 13 10 Orevge No [] 23 954.69
18 4.2 (3 %0 6.8 0.0 w 15 0 teliow no 2 9 95. 1\
49 4.8 4.2 85 16.4 4.0 L) 13 a Or dmye no R 14 98 .73
Steam, Smokeless 50 Ro 4.0 2.0 1321 6.3 0482 M 2? a Yetiow [ tittie [} » 99 ¥




TABLE C -5, DAT,. SUMMARY FOR 12-INCH INDUSTRIAL
FLARE HEAD A

FLARE HEAD: Industrial SIZE: 12-INCH®
servations e
Actual Nomina ! Low Fued Stesm Sample
) Test ':,':":m Exit €xi Heat lng 1a Rotio ;;:a Flame § Uit T T Method [ PO | Comus Lion
Purpose of Jest Nusber m' Velocit Velodl‘ Value Nitrogen | (Ib Stean ("f” Length of. Cosur ke | d-Rake 02' )u' Efficlency
O "9 (tt/sec) | (1t/sec) | (Btu/rtd) | (Pescent) | /1b Fuel) (18) | (lnctes) H-tood t (Parcent)
Cosbustion Efficiency 62 Tes 2.0 1.9 1269 54.0 0.0 0-3 1B 0 Yellow | Ves [ 2 99 17
56 Percent C My 6J [} 1.0 1318 96.1 0.0 01 2 (] Yellow | Yes R = 9.3
o {low Bty o4 Yes w5 2.7 392 6.7 [ X} -3 i~ A [ YelTow Yo [ 23 L: X}
o] Steam, Saokeiess 5 Yis 4 4.0 1318 6.1 0.5\ 04 | 22 [ Yellow |¥ry Lt} ) [ 99.85
56 Percent CJ"E [~ 3 Yes 4.) 4.0 1316 $6.0 0.0 0-4 (£ [} Yellrw Yes R 22 99.63
67 43 6“0 1316 56.0 0.0 e-i 2 0 Yellow | Yes ] 28 99.61
6d 0.22 0.2 1309 55.7 0.0 0-2 & 0 ! orange l Tas R 8 ¥% .




TABLE C-6.

DMTA SUMMARY FOR 12-TNCH INDUSTRIAL
FLARE HEAD B

FLARE HEAD: Industrial SITE: 17-|NCH
Dbsavvations
Flame | Alst | R beatiag o Ser N L e l::: = Prode | Cmmuyti
Purposc uf fest Reteatfon |y ), gy | veloctt Yalue Mitragen § (I1b.Stesm . Soeed Length off Color Posttion un:‘..::
Mng | (fseo) | (t7enc) | 3tured) | (Percent) § /1 Fuet) | P 1705t ] (1achen) Y| (percemt)
Cradustion (tticiency 84 Yes 29 1.9 2n 54 1 0.0 (1] 2.5 9 Yellow R 2/ .54
56 Percent L.‘"n 85 60 40 1316 5.0 0.0 R 27 0 Jal/0ra R R 965
85 0.] a.2 1314 5.9 0.0 .7} $.5 ] 0: ange [ L] M.
87 60 4.0 1314 $5.9 ¢.0 Q-2 25 a Y i/00a ke 28 9.8
Low Bty ra Yes 1.0 2.0 W 129 0.0 0-3.% 10.5 0 Cir/Ora %o R " "|.a
8 6.2 41 30 12.9 0.0 0-2 20 '] .. ange Ho R b1} 912
% 0.3 0.2 35 1.4 0.0 03 . 0 |Oeage | M 2 e | s
Steam, Smokeless 9 Yes €Y 3.9 [k11] 65.8 .44} 0-5 2] (] Oraage VETY R 2! 99.84

L)




TRBLE C-7. DATA S!MMARY FOR 12-INCH INDUSTRIAL
FLARE HEAD C

FLARE HRAD: Intustrial SEZE:  12-1%CHe
—— —
Actus) Hominal L. fuel Stesm Wind Observations e Sempla A
Purpose of Test Test | (e | et Exit Heatisg 1n ®otte Floma | LI Rathod [ PSS | Compustan
rpos fusber PY! velacity | vedocit Value Nitrogen | (1L.5teas m Leaghh orf Color Seoke | Renabe ?" on Eflicioncy
% (re/sec) | (feisec) | (Btusaed) | (Fercent) | /th Fuel) (rt) |} (1nches) H-Hoad t) | (rurcents
_ . I
Combustion L f1ichacy 53 o 0.65 0.2 108 $5.1 0.0 0-i 5.8 [] vel/Ora | Ya. [ 1 ”.28
5% Perceat CJMB 4 6.50 2.0 1316 5.0 0.0 e-2 | 1] 3-8 Yeilos Yau [ b{} 9 08
55 1% N 1324 36.5 0.0 0-2 2) [ Yel/Ora | Yer " 3, 8
56 (IR 4.0 116 5.2 0.0 -6 ] 0 Yel/Oca | Yes (] 2 9.1
57 1.0 4.0 1316 56.0 0.0 " H 0.0 Yel/Ora | Ves ] o 9. 18
. A . —
Low Btu | 1 6.8 2.1 ul_| w8 0.0 -1 T 0 Yellow | W ® i 99.52
5 Perceat €, Steam 59 13.0 a0 Y 5.9 0.4% [ 3.5 0 - |veriors [L1201e n 2y 99.55
a A3
Yov Bty [ 4.63 %) 522 202 oc 0-3 . 12 Vellow JLTttle [} 28 9. 16
:;I Low Btu [1 0.65 BEKE “8 5.5 1 00 0-2 3 0 Yellow |Little ] 6 93.50




APPENDIX D
INTEGRATED COMBUSTION EFFICIENCIES

The tatles in this appendix 1ist test conditicns of tre flare flames and
the "int:grated” combustion efficiencies calculated according to the procedure
described in Section 3 3. Most of the designations ave clear,

The SIZE column lists the nominal diameters of the various flare heads.
the actua! dimensions of the ECR test flare heads are iist2a in Appendix A,
The SIZES of the industrial flare heads are designations by the manufacturer
and do not necessarily reflect their physical dimensions.

The VEL column lists the naminal velocity of the gas rixture exiting the
flare heads. These 2 ‘e calculated from the measured component gas flow rates
aiid the flow area based on the numinal SIZE of the flare heads. For the flare
heads whicu have nozzle flow areas different from the nomiiial value, the jas
velocity can be siqnificantly higher. Both the nominmal and actual gas exit
velocities are tabulated in Appendix C.

STEA¥ RATIQ indicates the mass flow of stzam injected per pound of com-
bustible. The mass flow of combusi’bie gas, rather than the total gas flow
(i.e., it excludes nitrogen). is used because only the coibuscible fraction
has a tendency to smoke and nitrogen does nut increase the fuel's tendency to
sroke.

#HT is the heigut cf the probe tip above the flar: neads.

The EFFICIENUIES are the resulls oi the integration piacedure described
in Section 3.3.
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DATA PRINTED GN 10-0CT -0 1. 0o 10 FILF FLAKE. DAT

45 D2 1/-B3 TFER-PROID 150 [{ PR LR O O [V LSRR TY R ARt o NN 99 (4 I8 ol

1 TTEY T BATE T FLARENEAD BEzh WL ComdT CiA Biteh eaM e W T eI eNeY
t NO (Ip)  (FPSY (%) (XD NASID KD (FY) ca He N1 TOIAL
; e e+ v e e e e e e e e e e =+ o el i e e m
! } 12-14-€2 EER-PRUTO 20 09 28 00 0GM RME 70 100 00 (00 DT 99 4% 99 a9
: 4 1d-19-a2 EER-PROTQ 30 ©9 397 00 0.uw RML 90 9.5 w9. 61 79.66 YA 27
: 4 12-16-A2 EER-PROTO 90 03 338 00 000U HM: 20 99.61 9V 0O 99 48 99 06
: & 12-17-82 EER-PROTU 30 20 %9 00 003 RAMC 30 9y 07 97 38 v9.8) V4 24
: ) 12-2)-82 EEN-VRO10 TLa 20 I"Y GO 0000 AAME B Q 100.00 110G 00 99 43 99 &4
: A 12-20-82 EER-FROTO 3G =20 539 00 0000 RAKE 10 C 99.58 100 00 99 37 Y8 9
: 10 12-21-82 EER-PROVQ 30 el 560 00 L 000 RARE 10.0 99 29 99 58 99 83 9B &9
: i1 01-06-83 EER-PROVO 70 100 % 3 DO UGN RAME (3.0 99.77 %6 14 99 76 99 86
: 12 0+ 06-8) EER-PROTO 40 100 3% 3 DO O 0ODD RAME 13 0 TeH1l 99 I3 wv 7¢ 9979
: 268 01-24-82 EER-PRJITO L0 29 S 1 0C 0000 RAKE 7 0 97 45 97 07 99 A2 91 1%
: 79 01-25-81 EER-PROT. c0 29 =23 cc ooocolRike 120 97 88 97 84 99 BA 97 %
; 20 01-25-82 EER-PROTO L0 29 563 00 0000 RAKNF 7 O 99.83 vAa W/, wv 7 V8 .47
: 1 Ca-DY-H2 Com-PHOTY &0 101 %% 0 OO0 0000 RANE 21 0 99 86 9V 16 99 87 98 90
: 33 0t -71-03 EER-PROTO 50 31 192 CcD @ RARE & O 9 04 91 0) 99 66 B6 93
{36 01-31-us EER-PROTO 50 3481 193 60 O OLO RANE 10.0 99.49 98 42 Y9 93 98 Oo
ll 3¢ 02-01-83 EER-PROWD 40 3.1 19.2 00 OO RAME 130 99 BE 97 43 99 95 92 24
: 38 02-91-03 EER--0TO 60 117 241 00 OVOD RME 200 99.9¢ 0 B4 99.9 9B 76
: 39 02-09-@2 £ER-PROTO 120 &2 %7 €0 0 OMO RMWME 130 99 B2 YU 70O 99 ;) w9 29
| 40 0Z-14-82 EER PROTO 120 20 %632 0aG 0000 RARE 23.0 79 ¢ 97.39 99.81 99 24
: A1 0Z-15-0, EER-PROTO 10 41 9359 00 0000 RME 270 99.67 79 92 99 71 99.50
: 42 0213 33 EER-PROTO 10 40 935% 20 00 AAKF 22 O Yy uE  v9 92 Y9 &b V9 A8
: 43 02 16-83 EER-FRUIC 120 41 %1 00 0000 RAEL 3% 0 a9 9 99 93 99 43 99 50
: a4 02 16-83 EER-PROTD IO 21 161 0O 0 OU0 QAW 220 D T L T R R 2 A T & |
: 45 02 14-83 EEN -PHOIQY 0 o2 O ¢ W94 o o0 Akl 4 Q Yy ) 9 9 N4 Y9 Yy
;

'

LI
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DATA PRINTID (B 18-0T-83 | PO A I 1) [N S FLAKE LF -

: Bl il Ce Tl T o AN SAy WY o VEFICIONCY (%) T
: CIN)  (FHS) (%) (&3] RAVIO METINM  (FT) ca MC S0 TOTAL
; - SR - . R v — — PR pp— .

1 2 04--tf- 83 EER-PRDIC [T 29 147 00 9 KN RAL- 30 99 20 Q3 72 99 96 90 49
: 73 04-:0-83 EER-PRUIU 6 O 1o 18 o0 0 000 RAN 10.0 99 77 9 2/ 7 9 97 97
: 74 04-21-B3 EER-PROTOD & 29 149 (LI 4] O VYO RAY- 300 99 71 99 33 7 97 V9 04
i 73 0e-21-83 o2 PROTOD & O 29 S = oo Q oLy RARE 17 O % 67 9 99 92 BC ¥? &b
: 16 04--21-83 CCR PROTO 6 4 10 %8 v o O WU KRAKLE (7 0 99 Be *%7 97 99 73 99 54
; 77 D3-1%- H3 EER-PROTO 30 3% 6 3% 0 oG O QU0 RARE 25 0 99 90 $5 41 95 #C 95 11
; 78 DL-49- 0] £FER-PRDIU 340 H0 0 St 4 [V O MM} RARE 1330 9% B4 8 37 97 99 Y49 &0
; 79 0&-09-83 EER-PRITN 33U 118 3 90 6 Q0 QO (3B RAKE 330 99 79 2% 9 100 00 YV &6
; BO 0& 13-B3 EER-RINC DIV J U e 2 L3 A Q0 O 0I5 RKRAKE 14 © 9 B2 97 38 100 00 9% 20
H! OUs-13-83 ECR IING DIV 10 268 3T 6 oQ C 149 RARE 200 4. 40 9/ 79 100 00 9/ 2/
; 82 06-14-83 ECR-RING DIV JU 993 471 Q0 0 O RAKE 13 0 99 @ 93 48 99 99 ©9 3D
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APPENDIX
SAMPLES OF TEST DATA

Data for the 105 tests cunducted in this program were compiled and
analyzed via computer processing, cxamples are show in the following tables:

(] Input Flow Conditions
] Measuremenrts

] Combustion Efficiency

Input Flow Conditions which 1ist the flow rates of the propane natural
gas, nitrogen, 502 and steam flows are in cubic foot (SCF) based on 1 atmos-
phere pressure and 76°F temperature. The calculated concentrations are
reported in volume percent (%) and parts per million (ppm). The mass fiow
rates are reported iu onunds per hour based on the theoretical densities of

the fuels. The STEAM/GAS ratio is calculated per pound of combustible in the
fuel mixture.

Measurements lists the concentrations of 0,, CC, CG,, HC, Soot, and S0,
present in the ambient air and the sampled gas. These are repurted as volume
percent. The numbers following the "+ _ syrhols are estimated maximum poten-
tial errors of the values reported in the units of the concentratirn. The
numbers below the headiags "AT SR=1 BY COZ" and "AT SR=1 BY 502“ are the spe-
cies concentrat:ons that would have been measured if the combustion products
were not diiuted by ambient air. The mettcd of estimating the maximum poten-
tial errors and calculating the undiluted species concentrations are dis-
cussed in Section 3.3,

The sampling method and location are listed at the top. For the RAKE
nrches, the Tocations are those of the probe tips. For the HOOD probe, the
location is that of the inle: of hood. The actual loca*ion of th2 preoe is

in tne sampiing chamber which can be & to 8 feet above the inlet depending on
whetter the hood entension is used,

Combustion Efficiency lists tne calculated combustion effiriencies based
cn CO, C02, HC, znd Soat. These are repcrted in volume percent (%). Thz maxi-

mum potential errars c¢f each parameter follow the "+ —" symbols and reported
in the anits of efficiency.



Dilution Factors are the amounts of air entrained in the combustion pro-

dJcts.

A dilution factor of sero means that no additional air is entraired

into the stoichiometries combustion products. A dilution factor of 1 means

that the stoichiometries conbustion products are diluted by an equal volume

of ambient air. The respective maximum potential errors fcllow the "+ -

symbels and are reported in the unit of the diluticn factors.

Other Commernts

1.

If a dilution facter is zero, it means that the measured CO2 or 502
concentraiions is less than those measured in the backoround. The
dilution fa .or is also zero when the measured 02 concentration is
higher than that in the background. This occurs for extremely dilute
plumes. Conseguently, the corresponding species concentrations at
SR=1 and the combustion efficiencies are small and difficult to
determine. This is evident when an entire column consists of only
zeros.

The “*~*" jindicates that the rorresponding nunher is too ltarge te
be printed in the allocated spece.
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0ATa PRINTED ON &0- CT7-83 OB Ca 335 FILE FLARE. DAT

PCINT: I DATE: 12-14-82 FLAREHREAD EER-PRJTO SITE 3 0 IN
AEEREOESESNEESKE K - L L bt ) f ] ) AEBTREE SN - - Lt 1 1 3% 3
INPUT FLJU CONDITIONS

VELOCITY = Q0 %0 FPE bV = 13.1.2 B UsCU FTY

PROPANE N 324 SCFM 35.8 % 5 & LB/HR STEAM - 0 O LB/RP

N GaS J 000 S5CFM 0.0 % O O LB/HR STEAM/GAS = 0. 000
NITROGEN 2. &4% S5CFM 43 7 2.8 .B/KHR

Sca 0 470 LIFH 9304. PPM Q.08 LB/HR

E S &1 ¢ U TR ¥ VF ] Chaa 3 7 F 4 - " =n ERER
~EASUREMENTS WIMH RAKE T HEIGHT 7 O FT 2.0 FT FROM FLAREMEAD AXIS
SPECIE BACKGROJIND MEASURED Al SR=1 BY CO« AT SR=) EY SO
Oa (% 21. 00+~ 0.00 20. 90+ (.02 Q. OQe~ ¢. Co 0. 00+~ 0. 00
co (PPM) 4 31+~ 0. 40 2. 70+- 0. 40 =0. 00+-1994@. 91 ~Q. ND+-508. 39
CQPM) 742. +~ 150 P60. v~ 174, 132733 ++-4013326. 113093, +~sessen
HC (PPM) 3. 99+=- 2. 9353 3 90+ 0. .3 ~0. 00+=169%6 Ob ~Q. OQ¢~-sanern
S00T(PPM) Q. 86+~ 0.239 1. 268+ (.02 I98. 77+~ 439 49 JIJ4 30+~ B3 2
SOI(PPN) Q 00+~ 0.00 0.C0+~ Q 10 499. 48+~ 816 91 4Z0. 61+~ 32 358

COMBUSTION EFFICIENCY (%)
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DATA FRINTED CN 20-QCT-83 08 Q4 9¢ FILE FLARE. DAT

PCINT- L DATE: te-14-82 FLAREREAD EER-PROTC 13 ¢4 3.0 IN

TuPUT FLOW CONDITIONS
VELOCITY = . %0 FPS HY = 131..2 BTU/CVU FT

PROPANE .. 824 SCF® 3553.8 % 5. & LE/HR STEAM = 0.0 LB/HR

N GCas 0.000 SCFM 0.0 % 0 0 LD/HR BTEAM/CAS = 0. 000
NITROCEN 0 643 SCFM 43 7 % 2.8 LB/HR

sga G. 470 SCFH 3304, APH 0 08 LB/«R

m - - - WEABDEEDEXT
MEASUREMENTS WITH RAKE AT HEIGHT 7 0CFT 2 0 FT FRUM FLAREHEAL AXIS
SPENIE BACKGROUND MEASURED AT SR=1 BY COD2 AT SR={ BY 532
a2 21 00~~- 0.00 0. 90+~ 0. .02 0. 00+~ 0. 00 0. 00+~ .00
CO (PaM) 4. 31+~ 0.480 2. 70+- 0. 430 ~0. 00+-1998. 71 -0. 00+»~4608 B89
COR(PPM) 742. - 120. 960. +~ 174, 132730 +-401%26 115093 e-esssan
MHC (PEM) 3. 99«- 2.99 3. 90+~ 0.093 ~0 00+~14346. O& =0. QQe—vonsne
SO0T(PPM) Q. e+ 0.39 1.a8+- 0.03 298. 77+~ 4739 .49 224 30+~ BI. %
302 (FPM) 0.0Q0+= Q.0 Q.80+~ 0.10 a@s. 48+~ B8i4 1 4320 blv- %2 28
COMBUSTION EFFICIENCY (%)

SPECIE By O BY C02 BY S02 DILUTION FACTOR

[a) {00 YO+~ 0.%1 1C0.00+- | 50 100. 00+~ GC. 93 BY D2 = 209 0+- 42 C
=< 100 CO+~ 1.15 100.C0+- | 23 100. 00+~ 1. 19 BY C02 ~ 603 9+- 747 8
sSQUT 99 B1+- 0 29 39 Bl+~ O 92 99. 81+~ 0. 4} By 502 = 324 .8-- 117 %
TOTAL 99 81+~- 2. 07 99 . Ble- 3. &5 95 91+- 2.12

MEASUREMENTS (. ITH RAKE AT WEICGHT S0 FT $.0 FT FRCM FLAREMEAD AXIS
SPECIE DACKCROUND MEASURED AT SRel BY CO2 Y 9%=1 BY S0z
Qr ("% 21 00+~ .00 20. FQ+~ 0. 02 0. CO+— o 00 0 ODv= 0 0
CO (PPM: 4 31+= N 40 2. 32+~ 0.4C -0 CO+- 7;0. B0 =Q. O0+-786 7
COZ(PPM) TA2. *~ 190 1163. +— 174 10?2733 +-211686. 2I5477. c-ssaves
HC (PFM) 3 859+~ 2.33 3. %0+~ 0 05 -0 00+— B34 01! =0. 0Q0e~sas0sa
SA3T(PPM) O S&e~ 0 39 1 77+~ D CA4 238 Ob+= 247 39 330 od5+~15S5. 93
S02(PPM) 0 20+~ 0Q.0QQ ¢ 70+~ 4 1aQ 219 T+~ F13. 73 4EO0. ele- &0.09
COMBUSTION EFFICIENCY (%)

SFECIE By Q2 gy co2 3y soz2 DILUTION FACTOR

[ofu] 100 00+— 0 23 100 00+ 0O %8 100 00+— 0. 30 BY g2 = 104.0+~ (OS5
HC 100 Q0+~ O 0O (00 OU+— O 83 100 00+~ Q. &2 By 02 = 312 9+~ 26y ©
SCCT 9% T8+~ 0 23 99 78e= 0 8% 95 Jge= 0 27 BY SQ2 = 299 %94~ (4% O
TITAL 99 78+— 1 06 =29 78+ 1 73 79 7@+~ 1.2}

MEASUREMENTS WITH RARE AT HEICKHT 7 CFY O 9 FT ¥RCM FLAREHEAD AXIS
SPECIE BACKGROUND ™EASURED Al GRwyi DY cO? AT 3R=1 BY sD2
T 21 CC+~ ©O.CTC =0. 90+~ {02 0. 00+~ Q. 00 0. 00+~ 0O CC
CC (PPM) < 31+= Q 40 3. 86~~~ (. 40 -0. 00+~ 133G &1 —~0. 00+~263 73
Co2(PP™) TAg. +— 15C 1199 +- 173 132733 +~19%446 148440 +-ssusen
HC (PPM) ) 29+- 235 S 50+~ ©.07 937 0B+-1182. 84 522, 73+-953. 35
SCIATPPM) 0 Bee~ 0O 39 3. 92+~ C.09 771 40>~ 44346. 94 863 J0+-208 I
SCQPEM) o Cle- 2 CO 1.30+~ (.10 A73.38+»= 3,9.72 420. 61+~ 337 2

COMBUSTIULN EFFICIZMNCY (%)

SPE”LE BY 02 7 C0a By SoO23 CILUTION FACTOR

co 1C0. 00+~ 3,17 100. Q0+~ 0. 23 10C. 00+— 0 19 Y fa2 = 4. O+~ 12
HC 99 $3+- C. 83 99.98+4- 1. .49 99 I8+~ 1 00 BY CO2 = QB8 1+~ W3 7
SCOT 99 M4e- 0 A3 359 42+~ 1.23 9% 42+= 3 64 BY 302 = wZd. S+- Ss 8

1
TOTAL 99 0+~ 1 43 99.0i+~ 3 04 937 Oie~ ! G
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DATA PRINTED ON Z0-0CT-83 08 Jé&: 56 FILE “LARE DnT

OQINT I DATE 12-~14-B2 FLAREHEAD EcR-PRCTO SIZE: 3.0 IN

CEEt TS s RN UESE Tl AR RS A SENAREANEENAGA I ECRAPISNANT Ay RSS A S TEER S S

MEABURZMENTS JITH KAKE AT HEIGMT 7 CFT -1 0 FT FROM FLAREHEAD AXIS

SPECIE BACKGIOUND MEASURE D AT SR=1 BY {02 AT SR=1 BY sSC2
G2 (%) 21 OG- 9 GO 20 B0+~ 0.0 O 00~ 0 00 Q.00+~ A~ 00
CO (PPM) 4 Ji+- 0 40 3. 28+- 0 a0 -0 03+~ 261 &B -0. 00+-72: 07
cog(rPAM) 7434+~ 130, (428 ¢+~ 174 132733 +=(33788. 478482 +-tsesns
HC (PFM) 3 S0+~ 2 53 3. 30+~ 0 0% «0. 0Ce~ 309 96 -0. 00¢-~¥r4eny
ZO0T(PPM) Q Ba+- ¢ 2@ 3 Tée~ 0O 14 FI0. 4o~ S5&M OC I4DF. I2+-wniewn
SOZ(PPNK) Q. Qe+~ 2 00 Q 60¢- Q2 10 il4. 214~ 682 C4 K20 61+~ 70 1C
COMIUBTION EFFICIENCY (X)

SPECLE RY 2 BY {02 BY 802 DILUTION FAZYCR

co (00 CO+= 0 13 100. 00+~ Q. 20 100. 00+~ 0. 15 BY O = 104 O+~ 1095
=C 100 Cl+~ 0 37 10Q0. 00+- 0. 3B 100 Q0+~ 0. 38 BY D2 = 192 7+- 104 5
sSUt TP AF4- U Tl 9. &9+~ [ ({4 99 29+~ 0.76 By sgg = 790. O~- 185 ¢
TOTAL 99 &9+— 1 0l 99.29.-- L. 71 99 29+~ 1. 29

MEASUREMENTS WITH RAKE AT HEIQHT 7.0 FT =2.C FT FRCM FLAREHEAD AXIB

SPFTIE BACKGACUND MEASURED AT SR=\ Y CO2 AT SR={ BY SO2
e O <l 00+~ © 00 <0. 73+~ Q ORQ ¢ 00+~ Q.00 0 30+~ 0 00
20 (PPMY 4 31+~ 0 40 q 25+~ 0. 47 -J. 0Q+~ 94, 63 =g G0+=130 Je
CO2¢RFY Tap +-  150. 1380. +- 174 132733 +- BJ3477. 184738 +-T9%6}
~C (PPP 3 53+~ 2.859 ? 50+~ 9.0% -0 Q0+~ 30R2. 61 ~2. CO+=43L 12
Elolsalg-1 23] 0.86+- 0 39 2. O+~ Q. I3 481 g2+~ 196. 62 671 40+~139 90
02(PAMY 0. 00+~ 0. 00 a. 6Q¢- 0. 13 30° &9+- 120 .30 470 &l+~ 21 03
SOMBUSTION EFFICIENCY (%)

SPEC1E By 02 BY cO2 BY SCoe DILUTIDN FALTOR

[afa 100 00+- O 07 102 CO+~ 3 €7 10C CO2+~ Q C7 BY 02 = 76 84— %8
~C 100 00+~ O 22 100 Q0+— O <3 100 30+~ O 2o BY CO2 = 119 C+~ a0 9
S007 SS9 &4e- 0 15 99 63+~ 0. .37 3¢ b4+~ 0. 23 DY 502 = 160 8+~ 29 0
TOTAL 59 &4+~ 0 47 9 o%+— D &7 99 &4+~ (0 3D
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DATA PRINTED ON 23-0CT-83 08 (6 3¢

FILE FLARE DAT

PQINTY T DATE: 12-14-82 FLAREREAD: EER-FROTQ SIZE:

T T Y W N A R S W T S S X

IMPUT FLOW <OND!TIONS

VELCCITY = O =0 FPS HV = 1311. 2 BTU/CU FT
5. 6 LB/HR
¢ O LB/HNR
2.8 LB/HR

0. 08t LB/HR

T G N 3 AN S A 0 A Y O N I I R IR KT TR R S Al T A ET R Tww r

Q0 O FT FROM FLAREHEAD AXIS

PRDPANE O 3u24 SCFY 5! B %
N GAS O 00D 3CFM 0.0 %
NITROGEN O bs. SCFM 43 7 %
S0z 0 470 SCFH 3304 PPM

MEASUREMENTS WITH HOOD AT REIGHT QO0FT
SPECIE BACKGROUND MEABURED

02 (% 21 0Q+- 0. 00 2:. 00+~ 0 02
CD (PPM) 4 31+ 0. 40 6 37+- 0. 40
COR(PPM) T7az. +=~ 130 1324, v~ 174

~HC (PPM) 3 89+=- 2. 3% 4 3%+~ 0.0CY
SLAT (PPM) 0. R&+- C. 129 7. 494~ 0. 19
502(PPM) 0 00+- 0. 00 0. B0+~ 0 10
COMBUSTICN EFFICIENCY (%)

SPECIE B: 02 By Co2 BY 502
fof s O 00+~ 0.3 99 62+~ 0.82 99 sa+- O
HC U OC== 3. 00 99.87+- Q.67 99 37+~ O
so0T O 00+~ Q.00 98.88+ 2.04 96 pB8+- 1
TOTmL O 00-~ C. 00 §9.37+~ 3.50 98. 37+~ 2.

E-6

AT

S

STEAM = a2L
37ZAM/GAs = O 00Q

SR=1 BY CD2 AT SR=1
Q. 0Qe- 0. 0Q Q. 00+~
6. 62+~ 90Q. 94 1194, 78+~

30 IN

B/HR

By 502
0. Q0
686. 28

132733, +~133472. 30841, +~Rasdae

17

7. 19+~ 696. 89 409 42+

BURBSRE

1307.0:+~1020. 88 34B87. 16+~57H. 1

18

1.71+~ 139 64 12D ble-

ZILUTIOGN FACTOR

2y 02 =~ g O+~
Y COI » a&a26, 1+
BY S02 = 524 §+-

e 59

9.
133,
| 3

LLIL



DATA “RINTFD ON 20-0CT-83

"

POINT.

DATE

‘R-15-82

EFEA LR PP I T T e

08: 06 36

FILE

INPU” F.COwW CONDITIONS

VELEBCTITY =

PROFANE
N GAS
N1TROGEN
S0=

0
a
o]
o)

o

MEASJREMENTS W1TH RAKE AT HEIGHT ? 0 FT
SPECIE BACKGROUND MEASURED
02 (%) 21. 00+~ 0. 00 20. 78+- 0 02
CO (PPM} 3 29+~ 0 40 S 41+~ D 40
cQ2(PPMY 693 +~ 150 1049 +~ 174
=L (PPM: 3. 08+~ 2 55 3. 90e= 0. 09
SIOTPPM) O B&+~ 0 39 1. 61¢= 0 04
SORPPM) Q. 0C+~ 0. 00 L. 20~ 0. 1%
COMBUSTION EFFICIFNCY (%)
SPECIE gy o2 oY Coz BY Sd=2
jola] 79 41+= Q. E4 99 .41+~ | B9 G9 4l+~ O
e 99 TT7e~ O §% 99 TTe~ 1. 37 99.TT7e~- |}
3007 99 75+~ 0 24 99 79+~ J 62 99 79+~ O
TOTAL 93 7k~ 2.02 98 97+~ 3.89% 96. 57+~ 2
MEASUREMENTS WITH  RAKE AT NEIOGHWT ?.0 FT
SPECIE BACKGRCUND MEASURED
L2 on) 21. 024~ 0 29 Q0. 92+~ 0.0«
cO tPPM, 3. &9+~ 0. 30 §5. 2%+~ Q.40
co02.PPM) &93. +~ 152 1145, += 174
HC tFPM) 3 08~~~ 2 339 4. 25%+- 0 08
SOCTIRP Ay Q. Bo+~ 0. 39 2. Cl+- 0. 05
QT (FPHY 0. 00+~ ¢ D0 C. 90+~ 0. iC
IOMBUSTYION ZFFICIENCY (%)
3PEECIE 3y 02 BY CO2 BY s02
vl 99 %57+— Q. AF 99. 57+~ ] 14 99 5,+- 0
HC 96 31+~ 1.39 9. Jlr- 2 12 99 IJ1+~ 1
5C0T 79 75+~ 0.32 G 75+- 0.59 23I9 TG+~ O
TUTAL SR L3+~ 2 339 98 65+~ J B2 §B 63+~ O
“EZASUREMENTS WITH RAKE AY HE1QHT
SPLCIF GACHKGRIUND MEASURED
ne (i 21 00+~ 0. 00 20 B83+- C 02
T3 IPPM 5 2%+~ 0. 0 $ Z3+- €. 40
IOSPPMY L&95 -~ 150 W71 +— 174
= (PTMY) 3 cg+~ 2.55 4. 1%+~ 0.05
HTOLTiPPMY 0 86+~ 0.3%9 2. 68+ 0 07
S02(PPM) 0 00+~ €. 00 2 4n+~ 0. 12
LOMBUSTION FFFICIENCY (%}
SFEZIE By 0z Ay cg2 8y s0O=
g 9% A7+= 0 77 39 47+ 1 &3 99 47+- 0
HC 99 TR+- 0 P4 59 ?+- 1 42 99 72+~ O
3007 99 49-- 0 50 5% 47+~ 1 4% 99 4£+- O
TCTAL 98 »a4+— 2. .31 98 eob+~ 4 44 9FB 5.~ 2
fa

"G FPe

225 8C°M
200 SCFM
547 SCFM
+70 SCFRH

T N O Y T DY 5 AT Wy e S G 0 A O

S5 7 %
0.0 %
43 7 %

5293 PPM

HY = 1310. 1 BTU/CV FT
5 & LD/HR
2 .B/HR

[¢]

FLARE DAT

FLARLHEAD: EER-PROTD

STEAM

2 8 LE/HR
0.38 LDB/HR

SIZE: 3.0 IN

CrASSNSARTERENNL 9wy e SR mw &0 wnm

0.C LB/HR

STEAM/SAS = Q. 000

. 0 FT FROM FLAREHEAD AXIS

AT SR=1 by CO2Q
0. 00+~ 0. 0OC
751. 39+~10463. 92
132724, +-248612
309 05+-1259. 74
230. 86+~ 302 55
44%. 0%+~ 470. %7

DILUTION
96 iy o2 =
[o]o] Ay €D =
@9 BY SO2 =
-

AT SR=3) 8Y S0z

0. Q0+~ Q.00
747, 16+-414 1
125314, +—enanssy
291. 87+-940. {1
25 1934+~ 74. 20
820. 07+~ 33. 01

FACTAR

94 S+- 8 7
369 9w~ 381 2
349 1v~ &3 7

1.C FT FROM F| AREWEAD AXIS

AT BR=1 BY CDR
0. 0Q~- 0. 00
977 27+~ &81. 40

132724, +~197569.

$30. T1+-1489. 19
338 24+- g92.7C
242 §9+~ 734,49

DILUTION
[-%-] BY Q2 =
34 By CcO2 =
31 Ly CO2 =
e

AT SR=1 BY SOz
9 00v= .00
2. 44+-969. .4
211561 «—esassa
1483 . 90+ ~asnnve
335. 54+~199 86
4d0. 07+~ 45 &7

FACTOR
261 S¢= HLU b
291. 1+~ 228. 0
4¢5. 7+~ 97 8

9.0 FT 0.9 FT FROM FLAREHKEAD Aa'S

AT SRa=l BY CO2
Q 20+~ 0 vo
717. 58+~ O34, 92
132736 +-23442%
378. 54+-125<. 09
T08. 16+~ 701, 68

B38, 29+- B14. C1

DILUTION
51 BY 32 =
99 Y {02 =
&3 DY 50 =
a1

7

AT SR=] BY SG2
0.07+- ©.2C

361. 22+-192 76

56354 +-56584

191. 23+-43C 79
38%. 29+- 77 77
420. 07+~ 21 OG
FACTOR
122 5+~ 14 5
348 J+~- 321. 7
174. 0+~ 24 5



CATA PRINTED ON 20-0CT-83

AOINT 3 DATE, 2-13-82

0@ 04: %4

FLAREHEAD

FILE

FLARC. DAY

CER-PROTO

SIZE: 3.0 IN

ST ANNAEIIRASEINASSN A, SEBE ALK SNERBED

MEASUREMENTS WI™H RAKE AT HEIGHT 9 QFT -1.0 FT FROM FLAREHEAD AXIS
S°ECIE BACKCROUND MEASURED AT SRal By CCR AT SR=1 BY S50C
a2 %} 21 00+- 0Q.Co £0. 8¢+ (.02 0. 0Q+- g. 00 0. 00+ 0. 0¢C
CcO (PPM) 3 29+~ O 40 4 05+ 0O. 40 260. 729+~ 498 48 1346 31+-162 3%
COZ(PFM) 593 «— 150 10B3 +- 174, 132724 +~-226%41. 79106, +-74303
HC (PPM) 3 €8+~ 2 93 3.8%+- 02 05 =a4. 11+~:109. 99 138 10+-340 36
SOOT(PPM) O Bbée— 0. 19 2 B+~ 0. 07 &ER2. 90+~ 655. 74 403. 92+~ 88 RS
S02(PPM) 0. cO+~ O 00 2 10+~ 0. 10 707.31+- 665 17 420 07+~ 21. 00
COBUSTION EFFICIENCY (%)

SPECIE av Ge BY €02 BY so2 CILUTICON FaCYOR

co 9% 80+=- 0. 40 99 Bi+- 0. 70 99 B0+~ 0. 42 3y O = 104.0v- 10 9
HC 99 80+— 0 B4 99 BO+- 1.14& 59 80+~ 0.B? By C0Q = 333 A+~ 299 9
S007 99 49+=- 0 34 99 49+~ 1 36 99 49+~ 0. 60 3y 802 = 199 . 0%~ 29.7
TATAL 99 1Ce- 1.77 99 10+= 3. 20 99 10+~ 1.87

MEASUREMENTS WITH RAME AT HEIGWNT 9 O FT -2.0 FT SROM™ FLAREHEAD AXIS
GPECIE BACKGRG UND MEASURED 4T SR~1 BY CO2 AT SR=j BY SC2
g &1 00+~ ©0.00 20 B4+~ O O2 O 0G+~ o oD 0. 00+-- D 00
IS PPM) 3. 29¢~ 0. 40 7 73+~ 0.40 1792 53+-2203. 39 1870. 50+=-706 29
ZCP(PPM) &93. 4= 130 103V - 174 132724, +-245120. 178476 +-v<aane
-“C {PP) 3. 08+~ 2. .39 & 30+~ (U 06 376 49+-14649. 82  &01. 67+-ssenae
S5ACT (PPM) C. 84+~ 0. 29 2 %6+~ 0.06 687 1B+~ T773.26 717.C7+-.93 87
302 (2P Q.00+~ 0 00 1. 00+~ 0. 10C 402 33+~ 463. 60 420.074+4- 42 01
COMBUSTICN EFFICIENCY (%

SPECIE By oa By €02 BY SOR DILUTION FACTOR

-0 78 &F4- 1 BO 98 &Be~ 4. .24 9@ 58+~ 2 M) BY 02 = 130 Ue~ .:6.1
e 7 38¢- 1. 26 S9. SBe~ 2. 086 99 %8+~ { 33 By CO2 = 301. 5+~ 323.3
5037 F? 5C -~ O 44 FY 4@+~ | 58 97 45¢~ 0 3 BY 50a = 419. ]+~ 83 8
TOTAL 97 T4+— 3.&7 57 7%+~ 7 79 97 7%+~ 4 0%

e e = =

E-8



CATa PRINTED OF 20-0CT-83 08: 06: 36 FILE FLARE. DAT

POINT: 4 DaTE. 12-14-82 FLAREHEAC EER-PROTO SIZE: 3.0 IN

AN ARSI AR ARSI ASOPESEEIANITZA L B CAME DS USNGS SRR S SUNRON WK I

INPUT FLOW CONDITIONS

VELOZITY = 9. %0 FPS HY = 1310 8 BYU/CU FT

PROPANE v 824 SCFM 53 8 % 9. 4 LB/HR STEAM = Q 0 LB/HR

N GAS 0 000 SCFM o0 0 O LB/HR S17aM/GAS = 0. 000
NITROGEN O 447 SCFM A7 7 % 2 4 LB/HR

Sa2 0. 470 SUFR 290 PPM 0 08 LB/HR

LS mNTEEEMIES -min = T e ™ L 1.1 3 - amEmTEn
MEASUREMENTS WITH RAKE AT HEIGHT 3.0 7T 2 0 FY FROM FLAREHKEAD AXiS
SPECIE BACKGROUND MEASURED AT SR=1 BY COR AT SRt BY 3C2
02 %) 21. 00+~ O0.00 20 90+~ 0 Oz 0. 00+~ 0. oc Q. 00+~ 0. 0C
CQ (PPM} a &3+~ 0 40 7 73¢= 0.40 1084. 72+-1273. 34 mnadfsner Seunen
CO2(PPM) 785, += 130 1163 += 174, 132730 +=234477. 13586794, +~teeense
HC (PPM) 2. 42+~ 2.95 2. 8%+ 0.0% 130. 78+-1041. &5 1783 b4v~nsvense
SCAT(PPM) Q. 8&+- 0.3%9 1. 26+= 0.03 142. 22+~ 152. 17 1700, 15+=stnene
SO2(PPM) Q 00+¢- 0.00 0 10+= 0.10 34.91+4= A&7 .06 419 38+-4.9 38
COMBUSTION EFFICIENCY (7°

SRECIE BY N2 BY €02 BY 802 DILUTION FACTOR

e 59. 19+4- 1. 21 99 15+ 2. 37 99 19+ 2. 47 BY 2 = 209 0+~ 42
~C G99 fFe- 0.81 99.B8%+~ 0 97 97 99+~ 1. 02 LY 02 = 348. 1+~ 32; 9
0T 9.3+~ Q.13 99 89+~ 0. 3C 99 89+— 2 24 BY S02 = 3194 Be~44609 1
P0TAL 73. 97+~ 2 19 @B F7+« J. .62 98 97+~ 4 01

MEASUREMENTS WITH RAKE AY MEICMT 3.0 FT 1.Q FT FROM FLAREHEAD AXIS
SPECIE BACKGROUND MZASURED AT SR~Ll BY CQ2 aT SP=1 BY S0
U S ©3. 00+~ 0.00 &C. B0+~ C. 02 Q. 0e= o 00 Q. 00+~ Q QC
2 RrAM) 4. 63+~ 0.40 V. 02+~ 0 40 76. 30+~ 183 54 130 50+-279 35
TQ2{FPM) 789 +~ 1%0 1803, +~ 174 132730. +~127367. 232022, +—48tssn
HT (e iy <. a2+~ 2.39 SLO04+— 0. 09 108. 09+— 929 4B 188. 01+-85%9. 16
SJCT (PPM) C.Be+~ 0.3%9 . e+~ 0 07 380. 33+~ 222 26 667 3JL+-1463. 77
STIIPPM) 0 00+~ 0.00 1.30+- 0.10 238. 7C+—- 41.4% 419 5@8+- 32 2B
VOMBUSTION FFFICIENCY (%!

SPECIE BY 02 By CO2 3y S0< OILUTION ."ACTOR

<3 99 94+- 0. 13 57 94+- Q. 15 927 F4+- 0 15 3y 02 = 104, Q+- 1C. €
#C 39.92+- 0.1 959 L+~ 0. 47 99. 92+~ 0 42 BY C02 = 182 8+~ @24 7
5307 5% 72+ 0.20 59. 71t~ 0.44 99 71+~ D 2% BY 502 = 321.8+- 56 &
TATAL 99.57+ Q0 7% 99 58+~ @ 10 99 56+~ 0 B2

MEAGSUREMENTS WITH RAKE AT HEIGH. 33 FT 0.0 FT FROM FLAREHEAD AX{S
SPEJIN GACKGRCUND EASURED AT SR=1 Bv Clh& AT SR=1 3Y &2°
a2 {u 21 00+~ (.00 20. 5Ce- 5. 02 0. 00+- 0. 00 S.00+- 0.00C
S PPM) & &£3-- 0 <0 23.52+- O 43 812 S54+- 194 22 1316 28+-25%9 01
coair"m: /85 +- 1Z0. 3540 ¢« 174 132730 +— J9221. 214648 +-%48.4
HC (PPM) 2 42+~ IT.E 11.3%¢- 0O 143 429 37+ L 3.97 49% Q0+-309 55
S00T (PPM)Y 0 84+~ 0. 39 9 31+~ D 23 403. 79+- 93 .37 A37.8(+-133. 30
S02¢(PPM) 0 Q0+- 0.00 5 43%+- 0 27 2%3. L2+ 39 86 419 %8+ 23 93
COMOUSTION EFFICIENCY (%)

SPECIE 8y J2 BY CO2 8Y 502 DILUTICN FACTOR

cD g 39+— C 15 39 I9+- 3 32 99 39+~ 0 2 8y B2 = a1 Q- H
e 99 tB+- 0 16 99 &B+- 0 25 I7 46 - O 23 8y C0&@ - 24 G4~ 8 7
so00Tv 99 70+~ D 0B 539 70+- 0 16 99 7D0+- C 14 By 807 =~ & T+~ 131 5
TOTAL 98 77+- Q 37 9B.77+- 0 72 98 77+~ 0 643

E-9



DATA PRINTED ON 20-0CT-93 0€: 06 36 FILE FLARE DaT

POINT 4 CATE: 12-14-84 FLAREMEAD EEAF -PROTO 8114 3 v IN

TSN ARSI AN NaENSS TSN A I TR e DR Lo VT YT

MEASUREMENTS SITH RAKE AT HEILIGHT 3.0 FT ~1.0 FT FRQM FLAREWEAD AXI[S

SPECIE BACKGRCUND ISASURED AT 8R=1 BY <02 2T SR=1 8Y 502
n2 (° 21 00¢~ D.00C 20. 30+~ 0. 02 0. PO+~ 0. 00 0. OD+= 0. 50
cC i®P.» 4. 43+- 0 40 16. 63+~ 0, 40 929. 99+~ 123. 16 431 21+-148. 69
CQ2(PPM) 783 «~ 150, 38a7. +— 174 132730 +~ 36393. 1564421 +-431579
HC (PPM: 2. 42+~ 285 8. 70+~ 0 i1} 274. 0+~ 139. la 339.57+-190. 4C
83QT (FPM) 0 34+~ (.39 11. 17+~ Q 28 494, 94+~ 102. 11 Sée. 48+-114 28
SD2(PP™ c 0d-- 0. .00 7 EQ2+- (.39 33B. 32+~ 74.38 419. 39+~ 3D .96
COMBUSTION EFFICIENCY (%)

SFECTE By 02 By co2 3y 302 DILUTION FACTOR

ca 99 s81+- 0. 09 99 &1+~ 0. 20 99 &1+ 0. 18 Y Od = 29 0+~ 0.9
HC 59 79+- 0.12 99.B0+~ 0.17 99,80+~ § i/ BY CO2 = 42 Av~ 7.4
[lelui g P9 sdt- 0. 07 99 A4+~ 0. 17 P 484+~ 0 15 BY 502 = 32. 8+~ 8 0
TOTAL 99 Od+~ 0. 27 99 06+- 0. 54 99 04+~ 0O 30

MEAS!REMENTS WITH RAKE AT HEIGHT 3.0 FT -2.0 FT FROM FLAREREAD AX1S
SPECIE BA {KGQGROUND MEASURED AT SR=1 BY COR AT @R=1 BY 802
Q2 %) 21 00+~ 0 00 €0 704~ 0 02 0. 00+~ 0. 00 0. 00+- 0.00
<D (PP 4 &3+~ C 40 4 63+~ 0 40 4 63+ 141.10 4, 63+-47%. 12
COR(PPM 735 += 190 1331 +- 174 132730. +~122898. 447934 +-sasses
NG (PPM2 2 42+~ 2 55 3 2%+~ 0.093 148 34+~ 930. 02 494. F3+—rsassn
SUUT(PPM) O 84+~ O 39 3. 469+~ 0. 14 B3&. 02+~ ATA 24 2898 90L+-Bs69.87
SQ2(PPM) 2 00+~ 0O CO 0 70+~ 0 10 123. Bi+~ 79.37 417 989+- 57.94
CQMBUSTICN EFFICIENCY (%:

SPECIE 2 I BY €02 By 302 DILUCTiON FACTOR

] 99 9F+= U |1 100. Q0«= C. i 100 00« 0 11 By 0@ = 67. 0+~ 4.7
~C %9 HSe= D 30 97 @9+~ 2. %0 99 89+~ 0 44 SY €02 = 175 9+~ 8.1
S007 99 1~ = D 39 99 36%~ 5. 93 99 3be- O b2 BY S02 = 398 4+- 143 7
TOTAL 99 Za-= Q. %5 93 2%+~ 1. 54 39 2%e~ |, 17

- o o ] ] 1 e -
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D4TA PRINTED ON 20-QCT-83 08: 0&: %6

POINT: S DATE: 12-16-82

FILE

FLASE-EAD: EER-PROTO

FLARC 2JAT

SIZE: 3.0 IN

T maesEAS I E RS AR I I AR ANS P I I TEAE T L NN AR AN IGS O NS T Rm

STEAM Q.0 L&6/HR
STEAM/QAE = 0. 000

iNPUY FLCW CONDITIDNS

JELOCITY = 2 00 FPS MY & 1319 Q0 BTU/QU FT
PROPANE 2 302 SCFM 86. 1 2 22. 5 LB/HR
N 3AS 0 000 SCFM 0.0 % 0 0 LB/HR
NITROGEN @ 373 SCFM 42. ' % 11 @ LDB/HR
30Q O 470 SCFH 1332 PPN 0. 08 LB/HAR
BB OEESESNALEAESYFSBESISEE Rt sEhes SWESKk YRS
MEASUREMENTS WTTH HOOD AT HEIGHT 4 OFT ¢©
SPECIE BACKECROUND MEASURED AT
02 (%) 21 00+ 0 00 20 30¢+- O 02

CO (PPM) 5 79+~ 0 40 8 12+~ 0 40 18
CoR(pPr M 750 +~ 1350. 2424 +— 174 132
HC (PPM 2.80+~ 4 58 3. 70+~ DO 06 17
SDDTcPPM) 0. B&+=- 0O QA9 A za+- 011 26
SO2(FPPM) 0. 00+~ T WO 0. 70+~ 0.10 H
COMBUSTIDN EFFICIENCY (%)

SPECIE 3y 02 By Coa By S0O2
[g=) P S+~ v 08 59 846+~ 0. 14 99 894+~ O 14
~C 99 §7+=- O |1h 99 87+~ C. 24 99.87+- 0 23
Q0T 99 60+~ 0 JO5& 99 80+- C. | §9.80+- 0. 148
TATAL 99 %3+~ D 32 959 94+~ (. %2 99 54+~ 0 51

O FT FROM F_AREHEAD AXIS

SR=1 BY (02 AT BR=1 BY SO2
0. 00+~ 0. o0 0. 00+~ C.00
4, 32+~ 103. 86 393 32+-203. 9%
796, +- 37744, 299325. +-vassda
1. 37+~ 240.08 332 83+-469.03
.79+~ B1.93 911.&3+-199.1'3
3. 64+~ 21.17 103.01+~ 1%.00

DILUTION FACTCR

BY G2 = 41 0+~ 17
Ry co2 = 7% 6+- 19.3
By SD2 = 149 0+~ (2462



DATA FRINTED ON 20-0CT-33 0B 06 56 FILE : FLARE. DAT

POINT 4 DAYE: 12-17-82 FLAREHEAD. EER~RRQOTO SIZE: 3 ¢ IN

INPUT FLOW COND1TIONS
VELOCITY = 2 00 FPS HY = 1314 8 BTUsCU FT

PROPANE 3.302 SCFM %% 9 % 22.5 LB/HR STEAM = 0.0 LB/HR
W QAS 0 000 SCFM 0.0 % 0.0 LB/KR STEAM/QAS = 0. 000
NITROGEN 2. 392 SCFM  43.9 % 11.3 LB/MR
sc2 O 470 SCFH 1327. FPM ¢ 08 LB/FR

WEN D LI S L T 1 V3% 0 T F R4 0 1P 7 2 v I 1 1.2 8 &3 1 3 3 25
MEASURSMENTS WITH RAKE AT HEICHT 9.0 FT 2.0 FT FR5M FLAREREAD XS
SPELIE BACKGROUND MEASURED AT SR=l BY CO2 AT SR=1 BY SOZ
€2 %) 21.50+~ 0.00 21.00+= 0.¢ 0.00%~= 0.00 0.00+- 0©.00
L (PRM) 3.27+- 0.40 S 79+~ 0. 40 379 0le= 279.77 1473. N4+—sssinn
cnz(PrM) 589, +- 1%Q. 1489, = 174 02762 +~-103879. 9Li174. s-ssrass
HE (FPM) 3. .23~ &4 9% 3. 60+~ C.09 87. 374~ 404.02 217 20+-es+2 ¥
30aT (PPM) 0.97¢~ 0.39 3 20+~ 0.08 329. a3+=- 163. 35 1700, 43+~943 19
SO0R(PPM) Q. 0O+~ 0.00 0 19+- 0. 10 26. 93+~ 256.0% 104 99+- 38. 32
COMBUSTION EFFICIENSY (X)
SPEC1E BY 02 BY €02 BY 502 VILUTION F. CTOR
C 0 00+~ 0.00 99 72+ 0.43 99 72+~ 0. 9% Y G = 0.0+~ 0.C
HC Q0 00+~ 0.00 99.9&+~ D.34 99 F6+— 0 36 BY <Q2 = 1484 %¢- &7 B
s30T 0.0C = Q.00 99 78+~ 0 32 97 7%+~ 0. 43 BY 502 = 982 2+- 2381 3
TC°AL  0.00¢= 0 03 99 .42+~ ] Q7 99 43+- 1 32
MEASUREMENTS WITH RAKE A7 HEIGHT 5.0 FT 1.0 FT FRDM FLAREREAD AxIS
SFECIE BACKGRO!ND MEASURED AT SR=l "y CO2 AT SR=i By 502
ca %: 21. 004~ Q.00 20. 60+~ 0.02 €. 00+~ 0.00 0 004~ o ¢
R 3.274= 0.0 22. 19+~ 0.43 1102 %2+~ 273. 50 0 00¢- 0 3¢
~QR(PEM) 889, +~ 130. 2500. +- 174. 132762 +- 45330 0 ¢- o
G (PEM) 3. 23+~ 2. 55 13. 18+~ C 16  570. 41+~ 26E 43 0. 00+~ 0 GO
SOOT tPRM C. 97+~ Q.39 2 92+~ .07 112 3€+- 31.01 G.0C+= 0 0OC
sgarPeM} 0.00+- € 2C C.CO+~ 0.10 0. 00+~ 5 72 9 004~ 0 GO

CUMBUST YGN EFFICIENIY (%)

SPECIE By o2 BY CoO2 2Y SrCa CILUTIOrN FACTOR

Z4a F9 1+~ Q.23 99 18+~ D 48 2 00+~ 0 OO0 By CX = 31 %e- a s

2% 77 58+~ 0.21 99 598+~ 0 34 0 C2+~ 5 00 gy 0¢ = 56. 2+~ 11 7

Rt iche 59 92¢- 0. )3 99 "2+- 0 0% % 00+~ 0 00 By S02 = QO Ce- c 3
D 00+~ C 00

TOTAL %8. &7+~ O 45 98 &7+~ 2 87

- o e e A 2 e e e ——— S | T . o — D 1 e 4 e e T+ ot

“EASUREMENTS WITH RAKE A7 & IGHT 3.0 T O o FT FRO™M FLAREREAD A<IS

SPECI: FACKGROUND MEASURED AT SR=| By CPZ AT 38=, DBy 3C°
gca (% 2! 00+~ 0 00 19 30+~ O O° 0 QQe~ 0. 00 0 00+~ O (o
IQ (PPM) S 27~- 0 ac 188 30+~ 1 77 3490. 394~ £33 93 sesecenr—virans
CLEPPM; %89 +- 150 5039. ~~- 174 132762, +~ 24003 1707789 ¢~srsupa
HC (PPM) 3 23+- 2 5% 171 50+~ 2 14  3084. Ou+= 613. 4D ssenssar-sarnna
sSOaT(PPM) C 97+~ 0 39 §. 99>~ 0. 29 2:9. 71«~ 38.64 31432 78r-sesans
SQ2(PPM) 0 00+ 0 00 0. 30+- 0 10 7. G- 3.32 104 78+~ 234 59
CCMBUSTICN “FFICIENCY (%)

SPECIE By €2 By cOR2 AY 502 DIL_UTION FACTOR

o] 96. 84+~ 0 31 94 33+— 1 Q0 Y& v~ 7 91 By C2 = 11 8o~ S
HC G7 12+~ 0 30 97 1 +~ 0 @2 97 1i+*= 0L 47 By CC.. = Z3 3~ 30
Hulohs 59 85+- 0 02 99 85+ 0 03 79 83+~ 0 1% BY §.2 a 348 Fe- [S1 |

5. 34

“OTAL 93 81+~ Q0 &1 93 79+~ 1 32 93 77+ -

S - > ] ] P o Sl ] T ] 2 " 2 " — - -



DATA PRINTED JM 20~0CT-83 08 04 Ss FILE : FLARE DAT

POINT: & DATE: 12-17-82 FLAREHWEAD. EER-PRQTO SIZ2E 30 1IN

FESSEAxSSasYSnS =mmx - maammm e=m BEAS  EGUSSEARPEEZEED

MEASUREMENTS WITH RAKE AT MEIGHT 5 O FT -1.0 FT FROM FLAREAFAD AXTY

SPECIE BACKCROUND MEASURED AT SRul BY (O% AT SR=] BY SOz
o % 21. 00+~ 0. 00 20 20+- Q. 02 Q. 0o~ 0 QO 0. QCe~ 0 07
<O (PPM) 3 27+~ 0. 40 S1. 4%+~ 1 03 1540 34+~ 243 Y4 Q. 00+~ 0O 00
COQ(PPM) 589. «+~ 130, 4732 +- 174 132742, +- 289%6d. Q.+~ Q
HC (PPPF) J.43+- 2.73 36 00+= Q. 43 1048. D9+~ 241 &é 0. Q0+~ 0 10
SOOT{FPM) 0 97+~ 0. 3° 27 96+~ 0 70 B41l. Fbe- 166 A1 0. 00+~ 0.0C
Sla (FFM) O 00+- Q 00 0. .20+~ Q 10 0. Q0+~ 19 0 00~ © Q0
COMBUSTION EFFICIENCY (X)

SPECIE RY Da Yy CC2 By 8O2 DILUTION FACTOR

co §R3. P7+=~ 0. 17 968 @7 - 0. 44 Q. 00+~ 0. Q0 By D2 = 23 3-- 0.7
MHC 99 23+- 0. 1& 99.23+~ 2.34 0. 00+~ 0. 00 gy CO2 = 30. 9+~ 4 %
s0qQr 9 37+- Q.11 9. 37+- 0. 26 C. 0Qe¢~ 0 00 BY 502 = 0. Q4= v o

TIATAL 7. 47+~ 0. 44 37 47+~ 1.02 © 00+~ 0. 00

MZASJREMENTS WI1TH RAKME AT HEIGHT 3.0 F, -2 0 FT FROM FLAREHEAD AXIS

SPEC.E JACKQGROUND MEASURED AY Srei BY CO2 AT SR=] BY 5937
Oz (%) 21. 00+ 0O 00 20 63+~ 0. 02 " 00+~ 0. 00 Q.00+~ 0 30
-0 (PPM; 3. a7+~ O 40 8. B9+~ 0. 4C 473. i1+~ 19P2. 77 593.28+-200 72
caz(pPMy 589 +- 150, 2170 +- 174, 132762, +- bxd463 166368 +-55813
HC (PPM) 3. 23+~ .33 7.90+- 0.09 339. 96+~ I14. 3% 431 20+-238&3 93
SOOT(PPM, 0 97+~ L. 39 16. 16+~ 0.40 1270. 70+- 408. 43 1593 46+-40C. 94
SO (PPM? O 2C+- O 05 1. 00+- 0. 10 83. 40+~ 30. 83 104.%8+- 10. 30
CIMEUSTION EFFICIENCY (%

GPECE BY 02 BY CC2 B/ S02 DI_UTION FACTOR

<0 I 63+— D 1A 99 &3+- 0. 51 99 6%+~ 0 26 By 02 = 23 B+- 3
HC G 73+~ 0 24 99 73+~ 0 36 99 73+~ 0 37 gy CDa = 82 av- a5
SoUT 99 Cé&v- 0 34 99 04+~ 0 74 99 08— O 6 3y 80e = 104 O+~ 0 3

TOTAL 98 44+~ 0 72 I8 44+~ 1 35 GG 448+~



APPENDIX F
GRAPHS OF LOCAL COMEUSTION EFFICIENCTES AND DILUTION FACTORS

Concentrations of C0, CO2, HC, 07, soot, and S0 were measured at several
radial positions for most of the flare tiames stusfed. lLocal dilution facters
can ba calculated es shown in Appendix ( using the measured concentrations of
0y, C0p, soot, and SO,. Eacn dijution factor can then be used to calculate
a local combustion efficiency. Examples of the numerical results of the cal-
cula.ions are shown in kppendix £ and the graphical results in this Appendix.

Two types of graphs are shown. Combustian efficiencies are plotted for
each condition as a function of radial prcbe position. The base of the axes
of each graph dengote the axial position of probe sampling above the flare
head and the horizontal axes show the radial position of probe sampling.

Dilution facters are plotted in a similar Fashion. In some cases, the
dilution factors at the edoe of the plume are large and are omitted so that
the scale of tne graph is not excessively compressed.

The drlution factors calculated using different species can vary consid-
erably because of the range of accuracy for different species. The dilution
factors calculated from cach species are shown in the grarhs. However, the
line is drawn through those determined from CO, concentrations. These values
are thought to be the most reliable. However, calculation of dilition factors
based on C0» assumes a conplete carson balance and verificatiorn of a carbon
ba.ance was one of the objectives o® th,s program. Carton balances have been
verified in this program using SO7 as a tracer and by capturing the entire
flare plume in a hood.

The 1ocal combustion efficiencies calcuilated using different dilution
factors estimated from different spenies concentrations are similar. (See
examples in Appendix E.) Tor consistency, the local combustion efficiercies
calculated using CUp as the tracer a'e plotted.
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APPENDIX 4
QUALITY ASSURANCE

6.0 ASSCSSMENT OF DATA QUALITY

The date taken in this study was carefully eva'iated to establish the maxi-
num error pounds. Pracedures used to take the datz are described in Appendix B.
Reduction of the dita and analysis of errors are discussed in Sectfon }.3.

Examples of the data and analysic prcce .eres are presented 1n Appendices C, D,
E, and F.

Data

The expected precision, uccuracy, and compieteress of the dcta is shown {n
Tabie G-1. The representativaness of the data is demonstratel by the correla-
ticas and statistfcal amalysis of these correlations in the text of the report.
The raproducibility o the data wa, demonstrated b repeati~g all *he conditiuns
on the 6 inch flare head which had resulted in low rombustion efficiencies. In

addition, material balances were closcd for a number of test condftions [see
Section 3.2).

Liritations
The cata is strict'y limited to the corditions of this study. These were:
Propane-nitrogen mixtures.
2, 6, 17 inch -imple pipe flares.
3 - 12 1nch commercia) pipe flares.
Velozities from 0.2 to 428 ft/se:ond.
Gas heating values from 386 - 235C Btu/f¢3.
No pilat flimes.
Steam injecticn to 1 1b steam/1b fuel.

G.1 Results of Audit

This nrogram was initiated prior tc Tiscal year 1982  Consequently, no
Quality Assurance Project ~lan was submiited nor were any auZits conducted.
However, the nature of the nrogram and use of the resuits required (hat .trict
Q7/QA procedures be appliea. 1huse prozedures have beer fully ¢r umented in
tne text 2~ appendicec «f this report.
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TABLE G-1.

MEASUREMENT PRECISION, ACCURACY, AND COMPLETENESS

Experi- ! Com-
Measurement Method Reference mental Precision | Accuracy |plete-
Conditicn ness
Flow Rdte Calibrated Ncne Gases, 3% 1 5% 1003
Orifices Steam Reading | Reading
flame Visual, None Observation \ +10% +20% 100%
Ltructure Fhatograph Reading | Reading
0z Para- FPA “Yame 20.07% | x 0.04% 90%
megnetic Spec, 3
€0 K2IR EPA Flame +4 ppn 48 ppm S0%
Spec. 3
CYs NDIR tPA Flame 10.02% 10.04% 0%
Spec. 3
HC FID None Flame 20.5 ppm | +1.0 ppm | 90%
S0z FPD EPA
Spec. 2 Flame +20% +0% 90%
Reading |Reading
507 Titration EPA Flame +10% +20% 90%
Method 6 Reading | Reading
NO, Chem, cPA Fleme 15% 120% 90%
Lumin, Spec. 2 Reading |Reading
NH3 Chem. None Flame +20% 0% 90%
Lumin, Reading | Reading
Farticulate Filter EPA Flame +5% +10% 90%
600/4-76- Reading |Reading
004
Indivigual Tenax/ Ncne Flame +30% +50% 90%
HC Charcoal Reading |Reading
GC
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G.2 Guality Problems and Solutions

Several problems with quality control were encountered and corrected
duriag the course of this program.

the concentration of carbocn speciec in the ambient air was recognized
to te a problem and a procedure is described in Section 3.3 to correct for
it.

Determinaticn of soot concentration by weighing proved difficult.

Accurate measurements of soot were obtained by burning the material from
prebaked filters.

The instrument for measurement of SO2 proved unsatisfactory. It was
returned to the factory for repair and performance was improved but was still
less than desired. Instrument measurements of SO2 were supplemented by
absorption and titration of 50? throughout these tests.

Continuous monitoring 3f emissions frcm the flare flame proved to be
undesirable because of flame fluctuations. Gas samples were drawn through
Teflogbl1nes into Tedlar~ bags for 20 minutes to average flame fluctuations,
mixed and analyzed using cortinuous anaiyzers.

A video recorder was used tc record the structure of the flame flames.
However, the spacfai and temporal resoluvion were insufficient to make this
technique useful. Excellent results were obtained using still photcgraphy
ang high speed moticn pictures.

G-3



