
EPA-~00 /2-84-095 
May 1984 

EVALUATIO~ uF T~E EFFICIENCY OF 

lNDUSTR~AL FLARES: 

;EST ~ESULTS 

By 

J. H. Pohl, R. Payne, and J. Lee 

ENERGY A~D E~v:Rml~~NTAL RESEARCH CORPORATION 

18 Mason 

Irvine, California 92714 

EPll. Contract tlo. 58-02-36(1 

EPA Project Officer: Bruce A. Ti::!-ienor 

Industrial Processes Branch 
Indu~tri~l Enviror.mental Research Laboratory 
Research Triangle Park, North Carolina 27711 

INDL'STRIAL ENVTRONMF.NTAL RESEARCH LABORATORY 
OfflCE OF RESE.t\RCH AND DEVELOPMENT 

~.S. F.NVIRONME~AL PROTECTION A~ENCY 
RCSEARCH TR !ANGLE PARK, NC 2 7 711 



TECHNIC-l AEtiORT ~ATA 
~ 1N4 lttWWlilll'll elf' l/W f'IMN (Olf! '°"4/flt""O 

t. Rll'OP.T NO r . ). RlC1•1iNT'S ACClSSIO ... NO. 

i:;PA-600 /2-84-095 PM • 10027, 
•. TITl.E AlllO IV•TITl.I •. "ll'ORT OATl - -

Evaluation of the Efficiency of Industrial Flares: May 1984 
Test Results ~tAFOR.-tNGO .. G··-;,11.-T"10Hcoo§-

J. AVTt<..,.,I•> ----- ii. "UIPOllllllll NO C'lllGANi Z A TIOh "l~O" l NO. 

J.H. Pohl, R. Payne, and J. Lee 
If, Pf .. 1'0Rt.41NG 0"0ANIZATIO .. l\oAMI ANO "'00PlSI 10. l'A<·GAAt.4 ElEMl:"N1'"ilt0.--
Energy and E11vironmerital Reci;earch Cor?oratior: 
18 Mason rrr:coN·f"A"~"'NT ~ 

Irvine, California 92714 68-02-3661 

----------· ·-·-U. Sl'ONSOIUlltG AGf,.C't NA""l ANO AOO,,iSI 13. TVl'E OF Atl'ORT AND l'E AIOD COYEIUD 

EPA, Offi'•e of R·~search aad Development Finnl; 10/80 - 2/84 --------
Industrial Env1ronm~nt31 Research Laboratory 

14. ll"ONSOl'UNG AGE NC' CODE 

Research l'r\angle Park, NC 277ll EPA/600/13 
ti. SUl'l'Ll_.l,. ~(" 111otu IERL-RTP groject officer is Bruce 1• Tichen?r. 'W>ail Drof. 54; 
919/541-21 • EPA-600/2-83- 70 is an earlier related Phases 1 and 2 repor • 

I 

!'•· "-·~•1;T The report give~ results of Phases 3 and 4 of a four-phase rest-arch pro-
gram to quantify emissions rr~m. a."l<i efficiencies of. industrhl llares. Phase 1 con-
sisted of the experimental design; Phase 2. the design of the test facilities; Phase 3, 
development of the test facilities; and Phase 4, data collection and analycsis. Tre 
cornbuition efficiency of large pilot-scale fiare;:; was measured. The nam<" structure 
and combustion efiiciencies were correlated with operating conditions of tht:i nare. 
the size of the flare head, and propertiei of the flared gases. The combustion effi· 
ciency was correlated with th~ ratio of heating valut: of the gas nared to the heati~g 
value required to maintain a stable flame. a1d .vas indeper.dent of the flame i;ead 
size. In turn, the heating vahle required tc ml'lintah. a !!table flame was correlatP.d 
with the reciprocal of an estimated name temperature 'based on properties of the 
flared gas. The length of the flame. entrairunent into the name. and liftoff Ji~tances 
were also correlated, using combinations of the Richardson Number, jet theory, 
and properties of the flared gas. 

-
17. K£V WOllOS '1110 OOCU••l"IT ANAL 'tSll 

-•. OUClll"TORS b.IOlNT.,llRS/01'1"1 ElllDlD Tll'Uita ic . CO!IATI f•ld/CrOllp - -- . 
PQJl".1 ti on Co.1trol -- 'r3If Pollution Analyzing 

~aust Gases Stationary Sources 21B 
Eifictency Industrial Flares 14G 
Flames 
Measurement 
~urveys 14B 

l~ OIST .. <•VTtO"'I &TATl ... l"IT 19. st CURI TY CL.i.S!I (TltlJ lbport} Jt.-NO. OF PAC'.U 

UnclassUied 204 
Release to Public 2o sE'Cvii1iv C..:.Ass rn111 ,,...1 11.l'"•CI 

' 
Unclassified 

ll"-~ "••m IUO·l lt·?llJ i 



NOTICE 

This d•lCWDent has teen reviewed b accordance with 
U.S. Environmental Protection Ag~r1cy policy and 
approved for publication. Mention of trade names 
or cowaercial products does Jl()t const;tute endorse­
ment or reco1111endation for use. 

ii 



ABSTRACT 

The Ll. S. En•1i ronrienta l Protection Agencf ha<> cc11'.tracted wittl Energy and 

Env~ronmertal Research Corporation to ccm:!uct a r1:search program which -..-111 
result in the quantification of emissions from, and effi~iencfes of, in­
dustrial flares. The study is being ~onducted in four ;>t'.ases: 

I - Experimental Design 

11 - Design of Test Facilities 

III - Development of Test Far.ilities 

IV - Data Collection and Analysis 

EPA Report No. 600/2-33-~70 provides the results of Phases I and II ~f 

~he study~ t~e results of Phases III and IV are reported he~~in. 

~asurements were made of the combustion efficiency of large pilot-s~ale 

flares. The flame structure ard combustfon efffc1encies ~re correlated 
with operating conditions of the flare, size of thP fl~re heac, and prJp~r:ies 

of the flared 911ses. The combustion efftder1cy was corre1ated wit!. the ratio 
of he!ting value of the gas flared to the heatfng value reouir(~ to mair.tain 
a stable f11111e, and wiis fndependent of the fia:ne head size. In tur.i, t~e 
heating value required to mafntl!in a ~:table f'1ame Wls correlate:! 'Mith the 

reciprJcal of an ett1mated f1ame terr.perature based on pl"Opert;e~ ~f the 
flared gas. Other correlations for the 1ength o• the flame. entrafrnuent into 

the flalfle, and ·liftoff distances Wt:re developed usi.ig ce,nbinatiors of tt.~ 

Rich.1rdson Number, jet ther,ry, :md the properti'e~ ~1' the T'lared ~as. 
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1.0 Il'fTRODUCTION(l) 

Flares are used to safely destroy ilidustdal gases when: (1
) the 

heating value cannot be recovered economic~lly because of intermittent and 
uncertain flow, ~r (2) process ~psets occur. L~rge amounts of gases are 
flared in the Uniterl States. However, even the approximat~ amount of the~e 
ga~es is difficult to est~blish. because most of the gas is released as 
leaks, purges and emergency vents. Surh releases are poorly m~asured and 
reported. Also, the emissions of ircomplet~ly burned hydrocarbor.s from 
flare flames are not know accu~·~te1), becau-;e the amount of mater'ial flared 
1s uncertain and the combusti•J,1 efficiency cf the flare flames is unlmo.._n arici 

difficult to measure. This ~rogram has measured the combustion efficiency 
of pilot-size flares, 11hose size anu operating conditions have be~n scaled 
by several different techr.iques. 

1. 1 Industria 1 Ffores 

rr.e s~ze, use. oparating c0nditions, dnd geometry of co1T111erc1a1 flares 
are diverse. Flares can be enclosed, gas-assisted, air-assisted, pressure, 
er pipe (without or without steam assist) (;.1 - 1.3). They can be used to 
~estroy relat~vely consta'l'lt purges and leaks of ga:-.es and errerger.-~v or inte-r­
mi ttent planned releases of 1arge amounts of gases. The size of COITll'lercial 
il are~ can va-ry from l-1 /2 i n.::hes in ci~ arneter to o .. ~r 12 feet; oper~t·; ,19 

conditions cln ~n~lude velocities as loH as 0.005 ft/sec anc as h1gh as 
sonic; to s•Jppress soot, stearr is added at rates of from 0- to one-pound-of­
s team-per-~ound-of-fuel, water from 0- t~ ?-pounds-of-wa~er-per-pound-of­

fuel. or air from C- to 6 -pounds-of-air-per-~oi:nd-of-fue1 (1.1). This 

study was limited tc mes~uring the combustion efficiencies cf ~fne flares 
burning ;m.mane-n~t·rog€'n mhtures at ste~dy operating conctitions '••ith and without 

stea~ injection, in the absence of wind. 

(lhTie nrojec.t's initial report (1.l), "Evah;~tion of thP Fffic1ency of in· 
dustrial Flares: Sc:ckground-Ex::ierhenta1 l"lesfsn Faci~ity" (EPA No. 600/2-83-
070) nrovides the has1s for the research reported herein. The present Int"o­
ducti.Jn provides only a brief summary of the earlier repori .. 

l-1 



1.2 Amount of Gases Flared in the United States 

The amount of gases flared iri the United States is un·:ertain. A partia'l 

estimate of the aw.ount of gas flared 1n industries by Klett cl1d Galeski (1976) 
{1.3) indicated tMat 12 million to~s of gas~s per year we•e f)ared in the 
United States in 1974. The initial report of this srudy :~panded and updated 
this estimat~ and concluded tl1at approxiMately 16 millio; tons of gas were 
flared per ye.lr in 1980 from the industries show~ in Table 1-1 (1.4). Ga:.ed 

on heating value. most gas is flared in the petroleum productiJn and refining 
i~dustries. However, based on the amount cf gas, more gas is flared f1om 
blast furnaces than any other industrial segment. 

1.3 Emissions From Flares 

Direct field measurerient of incompletely burned hydrocarbons from 
industrial flare flame~ are unavailable and unlH.el." to i.>ecome available for 
a nut1ber ot reasJns. The flare stac~s are higr. above t'ie ground to protect 

ma.ter'als a11d personr.el from the hte;1se radiation of t11e fla;nes. In 

addition, the flames are very large ~nd in constant motion. These factors 
make probing the !111,me of a cOOT11ercial fiare flame, even at a single location, 
extremely difficult. A renot.e sensing sy:>tetr may in the future help indicate 
the emissions from fiare ~lames, but considerabl.Y work must b~ done before 
such systems are available (1.5 - 1.9). 

In the absence of direct measui'c?!Tlents of emissions on operating flare 

flam~s. measurer.ier.cs have beer. made on pilot-scale and small cofllllercial flare 
heads. The heacis studied ~ave ranged from a 1/2-inch jet to a 27-incn r.011111er-

cial flare heac(:) instill led on a slip-strea11 o.- d refinery. "."ab 1 e 1-2 snows the 
ranse of flare heads, the operatin~ conditions, a~d the combustion e~ficien-
cies mcas;..red on these heads. The studies indicated that t!le combustion 

efficiency of f1ares c~n be very high. However, the studies also 
showed tnat the combustion efficiency of flares r.an be 1o-w under SO!'le opera+.fo~ 

condition!'.. 

T~e va 1 'Jes of combustfon efficienc:. rneasurec in the previous stu.::ies were 

sorr.ewhat uncei•ta in. The uncertainties wer-e dr.trf )Jted to: 

(l)opening of a ~o~e on an FS-6 Coanda f~are head. 

1-.~ 



TABLE 1-1. lSTIMATE OF THE AMOUNT OF GAS FLARED 
IN THE UNITED STATES IN 1980 (Ref. ~ .4) 

-- 1'1mljJO'lIDl I 

AMOU~T FLARED OF PRODUCT PERCENT 
106 TOl'IS/YR 106 MBtu/YR l'HDl:qR'f lo6 iONS/YR FLARED 

Refineries 1048 0.2 2.1 103 

Petro1eum 
Production 584 0.5 2.9 116 

Blast Furnaces(a) 146 6.6 

I 
9.6 69 

Coke OVPOS (a) 55 0.4 0.2 1l 

Ch~mical(a) 

I I Industry 60 2.0 l. 2 59 I <------··· 

lOTAL 16.0 358 .J 
(a)c h · · 1 1 

omw~5t10 e ga~es on y 
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TABLE 1-2. COMBUSTION ~FFJCIENCY Ot FLARE FLAMFS MEASURED IN µREVIOUS SltiD!EO 

[ STUDY 

I Palmer (1.10) 

Lee & Whipple (1.11) 

Siege 1 ( 1 . 12) 

Howes, et al (1.8) 

McDaniel (1.13) 

I DATE 
r--

1 1972 

I hARE SIZE 
(IN} 

0.5 

I ~ELOtITY DESIGN {Fr/SEC) 
-- -I 

Experimental Nozzle 50 - 250 

j 19s1 I 
i 19so I 

2.0 Hole~ in ?" Cap 

27\f) Commercial Flaregas 
C1Janda FS ·6 

1.8 

,.7 - 16 

1 198, 

I 19a1 

1983 

6 ~.· c) Comnerci al Air 40 - 60 
Assi~t. Zink LH 

I Jat 4(b) Conmercial H.P.Zink Near Sonic 
~RGO (estimate) 

8 Conmercial Zink 
STf'-S-8 

0.03 - f2 

McDaniel (1.13) 6(c) 1Coornerc1a1 Air 
L~ssist. 

-------------"--~-. __ _u_ink STF-LH-457-5 

1983 1.4 • 218 

(a)so?: hyctrugen plus 1 ight hydrocarbons 

"""" -· ·---Ul'<.l rL/\Kl:U 

Eth;l~ne 

Propane 

Refinery Gas(a) 

Propane 

Nattira i Gas 

Propy' P.ne/Ni trogen( d} 

Proj.lylene/Ni trogcJ e )l 

MEASURED I 
m11~r! 1 

> 97.8 

96 - lOO 

97 - > 99 

92 - 100 

> 99 

67 - 100 

55 - 100 

{b)Three Spider~, each with an open area of 1.3 1n2 

(c)Suppl·1ed throu9h spiders; high Btu gas through area of 5.30 in2 a~d low Btu gas through 11 .24 
{d)Heating valL!~ was varied fro,n 209 to 2183 Btu/scf 

. 2 
Jn 

(e)lieatir.9 value was varied from 83 to 21S3 Btu/scf 
(f)See footnote fl), p. 1-2 



• [nahility to close a ~aterial balance. 

• Soot concentrations were rarely measut~d. 

• Samples were typically t~ken only on the a~is. 

• Difficulties were caused by the interl'l1ttent ~ature of the 
flare f:ame . 

. 4 ~oach ot This Study 

The approC!ch used in this ~tudy was designed to eliminate or minimize 
many of the uncertainties of previ~us studies. 

• The closure of a m~terial balance wa~ verified using a hood to 
capture the entire flare plume for smal 1 flames and by using so2 
as a tracer for large flames. 

• Soot concentration was measured for all tests. 

• The average concentration vf incomplet@.ly burned combustion 
species frOl"l the fldre flame was deterr.1ined for the entire 
plur.:e capt1Jred by a hood for sma11 flames, ar.d samples were 
simultareously measured at five radial p~siticns using the 
rake orobe for large flames. These values were combined with 
velocities calculated fron jet theory to estimate the gloLal 
combustion efficiencies of each flame. 

' The int~rr:ii ":t~.1cy of the flare flames ~re accounted for by 

mixing a s~mple tarer over a period sufficient to average flame 
fluctuatio~s (20 minutes). 

Ttie expeririental test matrix wa·; des~gned to determ .. ne the validity o~ 
several cOr.Jnon scaling pr.:icedures for thr·ee-, six-, and twelve-inch fl,;trc 
heads. Thi;! scaling criteria wHe constant exit ve1ocit.~, .u1stant residence 

time, constant Reynolds nurrber, and const~;.t P<ichards.on's riumber. 

Throughout the prc:;rcsw. advice and consultation wc.s soug'1t fr'..lf'l a 
Techni c;i 1 Auvi sory Con"nittee. The comnitt~c il ttend~d meetings throuqhl'PJt 
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the progra~ to review and criticize test plans, ensure the relevance of 
the study and facilitate effi~ient technology trdnsfer. The Advi~ory 
Conrnittee consisted of: 

Zahi r Bozai 
Peabody Engineering 

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

John J. 0Jbnowski(1) 
Exxon R&E 

Lesli'? Evans 
Chemical & Petroleum 

Process Branch 
Office of Air Quality 

Planning & Standards 
U.S. Envirct'lmental Protection 
A~ency 

E. Doyle Fowler 
Union Carbide 

A 11 an Goodley 
California Air Resources Board 

~ei th Herbert 
McGi 11 , Inc. 

W. G. Hudson 
Engineerioq & Tectinol0gy 

ServicPs ~l~ision 
Union Carb1de Corporation 

Mike Ke 11 er 
John Zink Company 

R. W. Lad-:! 
Getty Refining & ~ar·keting Co. 

(~}Replaced in December 1983 
by John Wang, ~xxon R&E 

James G. Seebold 
Chevron USA 

David Shore 
Flaregas Corporation 

Larry Thur~tt-n 
Dow Chemical Company 

J. R. Venable 
Rohm & Haas Texas, Incorporated 
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2.0 CONCLU~IO~ 

2.1 Technical Sull'l!lary 

The EPA n~re Test Facility (FTF) was co. struc.:ed at Energy and Envfron­

mental Research (EER) Cor'.}oratfon's Cl Toro test site. The rTF (Fig•1re 2-1) 

inc.;1.ides a pad and ~lrutture for installation and testing of flare heads, 

sr.reens to s11ie1d th: flame from wind. p~rallel deiivery systems to ai:curately 

weter th~ wide rang~ of ga~ f~ows to the flare, a hood to sample the entire 

P'Ull'le, a mova~le rake µrobe to ~imultaneous\y sample five radial positions, 

high-speed movie and Ph8tographic equipment to record the structure of the flare 

flame, and a rom "'rom which ti) contro-. the flare and analyze gas s&mJ:~es. 

Techniques were d'.1 1/eloped to OfH::rate, sample, analyze and reduce the 

data. Analysis includes visual and photo9raphic observation of the flare 

fla~e struct~ire, and samples of soot, 02. CO. CC2, total hydrocarb~n. ~~d S02• 

which was .ised as a tracer. The dnta is corrected for the 1neasured b:sckground 

of coll'bustio1' species and for di1utior1 of the flare plume by ameient air. 

Dilution and local c.ombust1on efficiencies are calcu·1ated at eJch probe 

position and the maximum potential error in the dilution and combusticn 

efficiencies tire e~timated for each data point Tt:e local cor1bustion efficien-

cies are integrated u"-iny velucity prcfile~• es•;,nati:d by jat theory to }'ie1d a 

g1obal (OOlbL1stion efficiency 'for Paci: f'iare f1arr.e. 

The combu~tion effici~nc1es were mtasured for ,· wide range of operating 

condir:.ions typical of conwne1,cial flares: 

• l'lead type 

3-inch EE~ Droto~ype 

6-inch EER prototy~~ 

12-inch EEH proto1~ype 

3- inch EER pre totyp ~ vii r.:1 convergert ring 

3-inch EER prototype witn clivergent ring 

12-inch Manufacturer A 

?-~ 
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• Gas 

12-inch Manufactu•-el' B 

12-inch Manufacturer C 

Pro~ane-nitrogen mixt~rEs 

Natural gas 

• Heating value of the f1arec! gas from 270 - 2350 Gtu/ft3 

• Flow rates 

Velocities from 0.2 - 428 ft/sec 

Reynold~ Nu~bers from 337 to 217,000 

Richardson Numbers from 2.9 x 10-S to 8 "' :ol 

Tabl~s 2-1 through 2-7 cortain a surimary of the test condi·:ions and the 

ccmbustio., efffcienctes. Sa1npl ing po~itions of the hood and 1'"4kl 

probe are shown in Figure 2-2. Jn ad·'iition to the combustion e1't1ciencies. 

other calcu1ation~ and correhtions He1·c n11de: 

• Comt>ihtion intensity wa~ fo:.1nd to be 90.000 Btu/hr/ft:, 

indepe11dant of flare or flame conditions. 

" The flame length was correlated with the q· chc.rd~cn r.unber. 

• The liftoff disl1nce ~~s correlated w•th r~tios of velocities 

and concentrations of com::iustible gas. 

• Tne flame stability w~s cc.r~elatr ! ·it!'> tl1e reciprocr:l of ar: 

estimated •1ame temperature. 

• The combustion efficiency fll\!> correlatf~d 11ith a di~nsionle!is heati11g 

value of the gas fired. 

The term "fh[lle stability" t.imply r:iean~ that a flame i:. maintaine<;i; 

f1ame instability o.::cur!. when the jet velocit,v excee:ls th~ flame velocity and 

the flame goes out Figure 2-3 shows the gas heatin~ value versus the gas 

exit VE!locity at the point of instabi11t.v (i.e., at the po~nt where the f1?.:ne 

starts to "go out. 11
) This point i;; deterrined by es:anlisl-,ing a propa!ie­

nitrogen flame uf. a given veiocity and tli~ri decreasing t~e flow of prl)P3'ie 

untn the flaute goes out. The propanE flow ·~ thPr· :~creased :slightly, ard 

the combu~t~on efficiency is measure( at the conditio~s just pri'r to the point 

where t~e flama wen~ ~ut. 2-3 
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iABLE 2-1. COMBUSTION EFFICIENCIES OF EER THREE-tNCH flAR( HEAD 
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TABLE 2-2. COMBUSTTON EFF~CIENCY OF THREE·INC~ EER FLARE HEAD AT HIGH 
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TABLE ?-5. Ctll1RllSTJON EFFICIENC£F.S OF THELVE-INCH lNDUSTR(AL Fi.ARE flEAO A 
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Tl\BLE 2-6. COMBUSTTON [ffJCIENCY or TWELVE-INCH IN')USTRIAL FLARE HEAD R 
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Figure ?-3. Regfon rf flame instabHity. (b) 

(a) Confidence interval of mean. 
(b) Based on flares hurnirg propane/nitrogen mixtures wilh no pilot flame. 



The region shown in Figvre 2-3 indicates the mininil!P'! gas heating value 

required ~o produc~ a stahle fl~me at the gas exit velocity wii;hin the 95 percent 

confidfmce limits of i:he mean. For any given velocity, a gas with a heating 

value above this region would produce a stab 1 e flame; a gas wit11 a heating 

value below this region would pr'>duce an unstable flarne. Ve~ocitv!oas Cl)l'lbinat~MS 

1r1 the reqion or below tend to produce flames with h•we·.· combustion 

efficiency. Thus, for a1iy given t~st velocity, the mir,1mu111 gas heating value 

for a stable flame can be oeter1ined. By dividing tie actual ga£ heating 

value by the minimum value required for stability, a ratio is obtained whil..h 

is gr~ater than one (1) for stable flame~, and is ;ess than one (1) for un-

stable flames. F1gurE: 2-4 plrts combustion effici:?nci~s versus this ratio 

and shows th;it high co'llbustion efficiencies are achieved when the ratio ex-

ceeds one (1). When the ratio is one (1) or less, lvNer combustion efficien-

cies are often obtained. Note that even at a ratio less than one (1). high 

combustion efficiencies are sometfoies achieved; this demonstrates the un-

certainty associatea with the stability measurements. In general, however, 

stable flames are efficient and Jnstable flames can be inefficient. 

Flames near the stdbility limit are very sersitive to pe·turt.:ations, 
and, when pl~rtl!rbed, can produce hi~h e!nissions of unburned rnateria·1. 

All co.iclusior.s are b~sed on the dat.:: of t'1iS study and are ·: :riited to 

head geometri9s, gase~ and variables examined. Head geometries were 1,mited 

to: 

• Si11~1 le pi;:>e flare of 3-, 6-, and 12-inches in clia1:iete{-. 

t Threl' cOfllmercia: 12-inch flare heads of different design and 

narrn-f,'\cture. 

The gases studied were lini~~d: 

• F'r0pane·nitro9en mi xtLres with heating val tie!' c.f 270 - 2350 Btu/ft3 

• One test with n3tu~a1 gas. 

The variables examin~d were· 

• Velocities fron o.: to 420 ft/sec 

I Reyno 1 c:s nu11bers f rc:m 34~ 21 7, OJO 

2-13 
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• qi cha rdsor numbpr•: f r·om 2. 9 x io-5 to 8 x 1 o2 

• Steam flow from 0 to 1 lb-steaM/lb-fuel 

The flare flames ·"ere shielded fro111 the wind arid corrbustion efficiE:nc1es were 

not measured in winds ~reater than~ mph. The following conclusicns are based 
on the study resu' s: 

• Flares operating with unstable flames can ha~e 1~~ 

combustion efficiency. 

J The combustion efficiency did not depend on fl~re size or 
geometry. 

• Successful correlations were developed for flare fhmes: 

Flu~a length was correlated with a rr.odified Richard~on 
number. 

Liftoff distances wer~ correlated with ratios of velocities 
and cvncentrations. 

Flame ;tability wa' correlat~d with a pseudo f ldrie 

temper,1 tur c. 

Entra1nr:1em: wa~ c;orrelateci with rat;os of distanC"es and 
the ~ichardson number or 1~it'1 velodty. 

• Corr:bustion e;'fic1ency was ·,igh fer flares with high velocities, 

provided the heati1~g value of the ga; was in the region of stability. 

• Steam rnjectioP. cmr.p1etely suppressed soot production bu<; did not 
appreciably alter comb.istion efficiency unless the flame was 
oversteamed (>0.5 lb-steam/lb-fuel). and then the cc'rilbustion 

e~ficiency decreased. 

2. . ~- i 



3.0 TEST METHODOLOGY 

During this progr;im, the FlarP. Test Facility testing procedures and 

data reductior. technit;ues were de\te 1 o~ed to characterize tne er!;1ss~cns from 

severa1 flare heads which were tested over a range of operating crinditions. 

3.1 Flare Test Facilit:es (FTF) 

A flare Test Faci11ty was designed ~nd built by Energy and Environmental 

Reseacch Corporatio11 at their E1 Toro Test Site for the Env;rorvrental Pro­

tectio.l Agency. l)('tRils of the FTF are sunmarized below. A Complete description 

of the FTF is contained in Ap~endix A. 

Faci1 ity Site 

The FTF is located in ci canycn surrounded by 70-foot c1H'fs. The layout 

of the test site includes ~ pad and structure for testing, screens •or pro­

tecting t~e fl.ire flarr .. ~s from ~ii1d, and a cofltrol room for operating the flare 

an~ analyzing the data. Sufficient watH, comoressed air, natural gas and 

elec.tridty ue available at tne test site to operat~ the flare facilit:1 dt 

gas flows up to 24,0JO tt3/hr. 

Delivery System_~ 

Gases are supplied to the flare read and auxiliary equiµment through 

special~y designed parallel manifolds. These manifo~ds allow accunte det~r­

m•nation of the flow rates over the wide 1·ange of operating c.onditio:>ns tyrl..::al 

of flares. Natural g~s is SJpplied by the local uti1ity, through a 2-inch 
"' 

pipe. t!atural gas can be deli\lered at a maximum flow rate uo to 7 .oon ft.:i/ 

hr. Propan~ is delivered and :tored as liouid in a 2100 gall~n tanK. Vapor­

ized propane is su:;ip~ied to the flare heod. At. low flo"H ~·ates, natural vap­

orizatil•n is sufficient; at higher fiow rates. propane-f1:ed vaporizers ~r-e 

used to ~ncrease the flow-rate of g~s up tc 15,000 ft 3/hr . 

. 1nroger1 ·Js fed to the flare head from 1iq:.r:d .. c~roqen ta• 0 ks after at­

mospheric ve'.)orization. Nitrogen is mixed w·ith p,Aop<..ne to vary the heati11g 

value of the gas flared. ~itrogen tanks dnrj vaporizers are capable of iup­

plying up to 9,00U ftj/nr Sulfur dioxide is fod frf11: ;;quid cy1ind.::rs 

throJgh a sti..!c1mh2a'..ed vaporizer tr U1e base of the •1.1re stack. S•Jlfur 

cii•)xide tan be supliecJ at a ··dt.; 1f 7 n 3;hr. 
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Ste8m is produced in ! 15 hp natural gas-fired l:>oiler. T~e boiler is 

capable of supplying 400 lbs/hr of 100 psiq-saturated ste~m. 

Flare Heads 

SimplF? pipe flare head<, were designed and bui ·1t by Ht< for testing. 

The~t: heads were des1gned tu simulate the major features c~ conmercial flare 

heaas; however, t:·.~se heads did not include the differ ~nt ~ ropri e tary 

features of co111r.e1·cial flare 1-iea::ls used Lu ')tei;;,i' :ze flames and impMve 

P.1ixir,9. Three open-ended pipe ilares with steam injection ~rere used ,~or 

roost of th~ tests. These heat•!. were 3-. 6-. and 12-inches in diamet~r. The 

steam injer.tor was designed t) provide 0.23 lbs steam/lb fuel at 20 percent 

of the maximum capacity (0.3~ speed of sound) of the flare head. For the 56 

;iercent propane f.1 r.1trogen uixture ..ised in r.1an~' of the!:e test!>, the moximum ve­

locity of a 12- f r;,,;h ;1 <.re 1ie:ld wou l cl be 325 f i.I sec. the. flow ii t 20 oerc<'!nt mri xi mu'l 

capacity would be ,95q lb/hr, :ind the maximurr. steam flow woiJlJ be 1142.6 lb/hr. 
For thf.se conditions, steam would he inj~cted at 1289 ft/sec (Mach Number z 

0.92) through sixteen 0.525-inch-diarneter nozzles. 

A ring was used on the 3-inch flare nead to help retain the flame at 

higt vt'ocity. The ring ·,,.as de, jl}ned after consultation with the ad'dsot·y 
pan11l and consisted of : ·:onv<:>r9ent channel, 1.8 inches in diaire·.-.t'r su~-

ro1 nded by tweh<" ev~>n'.1 s;:i;;ired l/B" holes as shown in Figure 3-1. The ring 

was initially fostall~j ups1t1e t:low.1 (diverger.t). N.ofther this po!~itiun nor 

tlie normal po~.ition (convergent) ir1proved the s~abilit.v of the flare at h~gh 

velocities. The ring did, h".>wever, increas~ the> notzle velocity b;• almost a 

.:.ictC1r of twc .. 

Conmercia1 flare heads were SJpp1ied f..ir testin':' by three flt1.re-head 

manufactuv·ers. Ttie specific design of the flare head::; is proprietary to tht:· 

manufacturers. Howeve~·. each manufacturer wc:s requested to supµly a flare 

hea~ with the fullowing sp~cificaticns: 

• The fl:ire head shall be ?. 12-inch-d'iameter pipe flare bu1lt 

accord·:r.g to co111nercial design star dards of t;tie manufacture•« 
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• Tha steam injection system shall ;)e desi~ned for a maximum 

Sall}El i ng 

·:team flow of 13,000 lbs.ll1r. (This f~gure is based on a design 

eidt velocity of Ma~t. of 0.35 for a h,ypothet1ca1 ga::; in the 

12-inch flar4=; ~mokeless operation to 20 p~rcent rr.aximum capacity; 

and a steJm requir~rnent f'.'.f great~r than Ci.~ lb steam/lb fuel.) 

Samp 1 es of the effluent from the fl are p I umc are withdrawn by two tech­

niques. In the first. samples tire wi~l·drawn from the niixed effluer.t of the 

flare flame ·in the cilir,mey of a i1ood d• signed to capture the complete plume. 

Pitot probes, thennornL1pl1-:s, 1r1d a sa'Tll11'n9 probe are !)Ositioned 1n tl':e 

chi1111ey of the hood. TnFs,, '1 low th~ n.1.;~ flm~ through the hood to be de­

termined, .l sample tJ ,,,, with.:rawn for ano.1.}'sis, and calculation of t.,e mass 

flux rf incompletely burned carbon species through the hood. The second 

sampling tec.'.hniq 1Je uses a ··ake probe. Five individual. movdble probes are 

positioned along the diameter of the flare phme. The endre prob~ as~embly 

can be l!Xlved vert· c~~ly and horizontally. 

The probe in the chilliney and the rake probes are desi9ned sim·i larly 

Th~ proDes are 1-1/2'' OD tubes. ~team-heated to avoid condensation with in­

terchangeable nozzles which ailo1·, isokin~tic samplinq. Soot is captured tiy 

filters at the end of the probe, and gases are withdrawn through a central 

tJJe into heated sampling lines. Wate1· 1 s removed nea:" tne probe by Pema­

PL rJID dryar:;. 

'lmbient Cortrol ---------
Wind can greatly distL1rb the flai·e flame anc cause diff',culty in 

measuring emissions. The wind velocity is r:ionitored 'Jy a three-cup anemo­

iTieter. and the flame is shielC:ed ';>J w"·1d-si:reens which have 22.7 percent 

open area. Flow patterns around the flare flame, as deter~~ned by smoke 

tracers. a~e shown by Fiqure 3-2. Tria1s an: not conducted at high wind 

condition~, and nany ~rials were conducted ir, t~e early morning or 1ate at 

night to t~ke advantage of quiescenL ambient conditions. 

\Ii >ual Monitors 

.~ "lt.1mber of visu'il monitcrs we·e found useful to record the flarr.e 
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FiguY'e 3-2. rlow Patterns Detern°inec by <irnoke Tests. 
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~tructu~~ curing the trials. These included: 

3.2 

• .~ v1d&0 tape recor~~r which was used during the early trials to 

co11tinuousl: 111oriitor flame structure, however the usefulne~s ot· 

the video recording was limited by slow response tim~s a~d inade­

quete spatial re<:olutior.. it was not used in later trials . 

• 

• 

Photographs of the fla~e flarre were used to 1-ecc,rd the structu'"e 

of the fiame an~ as a;i ai·:l to interpret.:inq data. Photog1·~phs 

were taken witll expoc;:Jrc ti mes of l millisecond to c.apture ~he 

°in'.lta11taneous structure of the flame an.:! at 1 O seconds to record 

the average shape and lengti1 of the flare 1 hr.if . 

High-speed cinematographv was very useful for defining the natur~ 

and evolution of flare flames at speeds Ci ?00 fraf!V>s/seco"d. 

This speed was detennincd experimentally to be ra,?:;ble of i~~nti­

f~dng the develc>pment and growth of eddy structures in fla'"e 

flames. 

Test Procedurf'.: ---
Th~ test procedure irvolves recording backgroun~ corditi~ns, 1iqhtir,g 

the f"lnre flome, establishing the flame condit·ions. setting the sampling 

locations, sampling, and analyzing the sample. 

~~~kgrour.'...d_ -~51n_:!_i_~-_!_o_n_s 

The bdckgr0un.1 conditions ·:nfluence the results of testing beca•Jse of 

the l'lind arid the co11centration of the products of incomplete comLustion in 

t~1e arnbier.t air. Th\'. \,·1nd speeL is r~:orded and it_::: din~dion noted. The 

oµerato"' ~ssess\:'·.;, based vn previous e.":>~rie.1ce, tre extent to which the 

wind v.ill inf1\Al:!:ite the striJcture dr·d emissions of t.hi:? ficre flame. Te~ts 

are llSJn lly conducted befon noon or at night to rc:·1t•ce the> i nirrf'erence 

from the wind. 

The background compos; ':i.'>n of the a;nb.;ent afr is sampled before e~c.h 

test at the position ;f sanp1ing durir,g testin'.). Th9 h.·:..:kyrounc :.::r.i;:il*' is 

ha11dled and anal;zed ~xa·~tly as sarr.plec, from thi~ f~dre plurr.e. 
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Th~ Flame 

The flame is lit with a hand-held torch, 3~d the flow conditions estab­

l i!".ned. The ~·~are $trl.!~ture is reco. dt~d visuai ly and pro~ographically, with 

both still a~d motion pictures. 

~team 

Steam li~PS are ~reheated and dr1ined prior to trials using steam in­

jection. 

Samp1 ir19 

7~e ~ositicn cf thE samp1i~~ ~1uLcs is ~stabl~shei from pr~vious ex-
per1ments. Fig•ire 3-3 shows th~ optimum position l)f h1>0d samp1ing as deter­

mined by a c~'.,,.bon ba::.ol"ce. The position is a compromise between being su 

close to the flame tt.11t tht:l hood disturbs tt.e f !are and sc far from the 

flame that the 1;Gmbustion products are dilutP.·J. r1gure 3-3 shows that sor.ie 

m~t~rial is nol cc!lected by the hood at larg~ distanc~s above the flare 
~cad. Howev~r. Figure 3-4 sho;.,.s that the calculated ;..or~bustion efficiemc:es 
did not var.1 wit•1 samf)ling r;os~tions 01- tfie hood. This implies that thE! 

material which is not co11ected has ti1e same ccmoosition C!S that whic~1 •s 

col~~ctec. 

F'robe ~aP:p'~ng also ilas ar. optimum position, howe\. · fer different 

reasons. Positions of the probe in and rear the flame may <.ample material 

w:,1ch is incompletely ourned. !n posi:ions far from the flame, tne con­

centration of the gases ::lay be so dilute that making an accLrate d~termina­

tion ">f the :;o'Tl11osi:iori of combustion products fs rlifficult. 

7he ;oot-~aden 9ases are drawn nearly isokineti:ally through a filter 
placed iri the e.1d of the probe to cap-cu~e soot. This avoids depCJsitint"l of 

soot on probe lines. The amount of gas is determined hy a dry g«s ll'f'ter, 

and th~ a111CJur.t of soot collected is determined as the weight of material 

whjch c~n be b~rned from a p~eviously baked filter. 

P1e gases a!"e drawn through heated saml)le lines to P€rmapure® dryers 

where the ~ater is removed. The dried gases are then coliected in Tedlar 

~ngs. FivP sa~p!es are drd~n si~u1taneously and ind~vidually into the bags 

fro,:i the rake probes. Sampl~s are taken over a 20-11inute period ~o average 

out flame fluci:·1ation!;. Samples are mixe::I in the bagi; prior to analysis. 
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Carb~n monoxide and carbon dioxide are analyzed us1ng non-disparstv: in­
frdred analyzers. total hydrocarbon~ are ana~yzed as met~ane using a f1ame 
ionization detector, sulfur dioxide is an~lyzed 
followed by titration and hy flame photometry. 
are des~ribed in Apren~ix A. 

Mass Bal ?ni::e 

using absorption i~ solution 
Details of these techniques 

A perceived defir.iency with previous studies was the inabiiity to close 
a rr..:;s balance and account for a11 the carbon. Th~ combustion efficiency 
in these studies could be lower than implied fro~ the measurements, because 
the carbon efficiency is calc•Jlated based on the amo:mt of urihurnt mater"ial 
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 bllar.ce. (See Section 5.2) 

Two techniques .,:ere used to eval1.;ate the influence of mass b:ilance clo· 
sure on the ~stimate for the emission of unburned hydrocarbons. In 0ne t~ch­

nique, a ~ood was use~ to collect ~he entire ef~luent from the flare flame, 
~nd the amount of carbon t.ollected in the hood was determined from the n~ss 
flow in the hood cs calculated from thermocouple n~asureiw.::nts and pitot 
probes, and by analysis of the CO, co2 and hydrocarbons 1r a gJs sample with­

drawri from the chimney of "':he hood. Figure 3-5a <:l1ows tnat dCC:.irate carbon 
balances could be attained between mass flow rates of 20- ~n~ 40-lbsihr of 
propane, wiii le Figu1·e 3-Sb shows that mass balances cou1d be closed for man~' 
trials us1rig ;,,nth th~ 3- dnd 6-inch f~~re i1eads. The discrepancies snown in 
t:1e figures are -~hought to te cauSP.<1 by inhomogeneit1e.; and measur.~ent in­
accuracies at low f~ow rates a~j by the loss of r.l?te~·ial at high "'low :·ates. 
The loss of material at high f 1 ow rates was confirmed by observations of 
flow pattern$ in t:oe hood usir.g SJTlOke-tracer~.. The use of )i:1., a~ a tr icer 
WD5 ina?propr~ate fer tests with the ho0J. Figure 3-6 shLws that carbon 
m!.ss balances C1J 1.·ld be closed ..is:11g a rake proi.;e and so2 as a tracer for 
mass fluxes up to 90 lbs/hr. C<1;·bon mass balances could not be obtained 
u~ing law f1o~ rJtes of so2 (solid points) because of inaccuracies dnd 

lim~tatio~s of the technique used to measure so2 concentrations in the 
plu:ne. 
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3. 3 Oata i\eduction 

Reduction of the clata requires: 

1 Correctii:>n for backgrounc concentrations ba•;ed o:t diLition. 

• Calculation of 1.)cal corr.bustion efficienci1~s and maximum 

pote1~t'al errcrs. 

t lntcgrati:>n of local combL.Stion efficient,;i~;; tO C'btain glo:>a1 

combustion efficiencies. 
The pMcedures used for these redl,ctions are describe~ ~elow. 

Corrt·<.:!ion For Backaround 

7his ~~ction describes the procedures used to cal~ulate the combustion 

efficiencies at the sarrp1@ locF.tions and to estimate the maximum potenti.'ll 
errors 'issociated with these efficiencies. The procedure requires: 

• 
• 

• 

.~si;ur:•!)tions on the nature of the comb!JStfon products . 

Corr~ction for cancentr~tion ~f combustion 
~pecie! in the background. 

E~timates of tre maximum potentia~ error 15soc1ated w1th 
each loc.il comt~stion eff•cienr;y. 

Combustion Products 

Kr\Qw1edge of the completely and i~co~pletely burned co~bustion ~roducts 
~a~tu?c.tiur-: of 

!he lo:a1 combustion effitlencies are based on the i~~ompl~tely 0ur~td 

carcon. Carbon dioxide is considered the 011y comoletely b~rn2j carbon 

species: Carbon ~onoxide, soot, an~ nydrocarbons reported as methane !Gui~­

elents are considnee! inco1+:1etely .:>urned species. Generally, these as:,iirnp­

cions are valid. 

rJilution Factors and Backgro_1md Concentrations 

The combustion products are mixed with am!Jient air, wh~ch may contain 

signif:cant le.,els of the species in the fhre plume. ":'he concentrations 

of fncmnpletely burned species must then :ie corrected for the arll:')unt of 

materi~1 ad~P.d by the amoient a1r. ~his c~rrection is based on the stoich-
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ta.etr1c products of cOlllbustion and 1s acc011pltshed throtgh the use of ~ate­
r1al balances. Sl•ply subtracting the concentrat1ori ,,f ;pec1es 1n the back­
v••und frOll the 11easured c.cncent .. at1ons 1s incorrect a11d aay lead to ~:"rcrs 
'""1en cot1centrat1ons of incon1pletely burned .,ydracarbon in the alllbient air and 
the flame pluwit are similar. This can occur becaust· of efficient cOlllbustion 

or exces~1ve d11ut1on. 
The •11" 11tion factor, DF. 1s defined as the 110les Clf a.b1ent afr entrained 

with one 110l~ of sto1ch10lletr1~ combustion products. The dilution f•ctor 1s 
calcu1ated frOll ina~e~ial bal~nces (see sche~at1c diagram) conserving any of a 
nullber of species. 

overall COllbust1on Efftc1enc1es 
An est111ate of the total a110Unt of incompletely burned hydrocarbons ex1 :-

1ng frOll flare flaiaes ts required to adequately characterize the!:'! e111hsiou. 
The overall 1!11\1ss1oos were obtained in two ways 1n thts study. First, the 
entire plu11e was colle~ted, mixed, and sa•pled in a hood for flare flames 
with low flows. This technique w~s limited to f.inall flows because of the 
capacity of the hood, fan, and associated duct work. Second, the global 
eff1<:ienc1es for flares with large flo~s were <Jetenained by measu"ing local 
cOlflbuc:th·in eific~enc;es at five locations across the plume and integrating 
these values to obtaf n an estimate of the overall efficiency of the flare 
fl a111e. 

Flare f1ames produced plumes with inhomogeneous combustion efficiencies. 
Theoretically, a complete map of concrntra~ion~ and velocities a~ound the 
flare flame is required to calculate overall colllbustion efficfen':ies. In 
this study, the concentrations are mea~ured at five d1Cicrete locations 
,,cron tl'le plu111e and the veloctty d1stribut1on is assumed to take the form 

calculable fr'llll jft theory. The assu1111>t1ons are: 
l. T1.e carbor. flux ouhide tne area spanned by t;1e P'"Obes is 

neg11g~ble or the contbustion efficiency is the sa~e as 
within the sampling region. 

2. Fiare flame~ are axisymmetr1cal. 

3-14 



3. Tt:e fldre ;>luntl consists of iive d'~crete zon;:s measured by thL 

rake probes if'!!'. ;ae nf which th.~ conc.entratio~s and velocities 

can b~ approximat~d by a un1for·:i' composition eq.ial to that 

measured by the ;'lr"Obe in the cenur of the ;:one. 

The combust10n efficiencies can be calcu1ated by: 

Un~iurnt Carbon Flow 
Combustfon Effi.:iency ._,, 1 - lo~al CarronTT.;w- (3-12) 

Above the f1are f1t1me, the unburnt and total carbo:is fl:.ixe~ m.iy be calculated 

by: 

where 

Unburnt Carbc.;ri Fl ow = X E Ci vr Ar , r ,r 

Tota1 Carbor. Flew "' ;;. r C. r vr A 
J J. r 

Ci is the .;oncent~ation of car~mn species 

vr is the axial velocity at r~gion r 

A r 
i:; the cr{'SS ~ection area of region r 

denot~s unburnt species CO, HC, soot 

j denotes tot~l carbon species: CO, HC, soot, co2 
r denotes the regions covered )y the r~ke p~Jbes 

( 3-13) 

(3-14) 

B(~fore the 11b:>ve relationships can be applied to compute co11bus-

tion efficiencies, the meJsur !d Sj:'E"Cie:: con\:entratior.s :nust be corrected for 

the influence of b~ckground concentration. ~l~o. v~locit~es and area5 of 

flux rn~st oe specifi~d. 

_Background CorreC"tion 

The concentration of a species at the probe positi•)n can b:: C'Jrrec1:ed for 

th~ concentration ~f background speci~5 by: 

c. = c _ ( IJi_!,Ytior Factor,,..) C. 
·: ,r.et f ,:neasured DlTU11onTartor ~ 1 i, background { 3· 1 7) 
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wrH?re the dilut~::.n fac·ror is definea as: 

iotdl 'Jr,lume Of Gas Which Contains 
OF = lhe Sto~chioo:etric Combustion Products 

'/olume M Stofrhiometric Combustion Pro.jucts 

Locating the Flame Axis 

The axis of flare flames occasionally do not ;orresoond to the a::is cf 
the flare head. Since the regions along the f!ame axis have m1nimum air en­

trainment. the f1.wie ax1s is located at the oositfon where the rr.~asur~cl di1-

~tion is a rr.in•m~m. 

!Jefining the Sa.!!!£.!.ing Region 

The flare flames are assumed to be axisy111netrfcal. In addition, the 

species inside the five regions covered by tht r~ke probes ara as~umed to be 

horoogeneou:; !nd id~n.:ical to that measured by th~ probe. The boundaries be­

tween these region; Jn! selected to be half-way p~ints between adjacent 
probes. 

Velocity Profiles 

The velocity !>rofile of the flare ph1ne is assumed to take the forn: 

detennir.ed by jet :heory. 

vm = 'oJ0 (0. 1 6 (~) - 1.5) \3-15) 

where 

Vr,X * Vme:<p{- Ci0(r) 2 ) (3-16) 

X = axial distarce from flare head ex1t 

r "' radiii1 distance from fh'.'.le axis 
d :: 

v :: 
m 

'J = r,X 

diameter of fiare he~d nozzle 

cente1·line gas velocity 

local gas velocity at radial dista~~e r and axial distance X 

The velocity w~ thin e.ich zone is a~sumed to be uniform and identical to that 

of tti~ probr~ r:>oc;it10'1. With the above si!i;;J!ifyin9 assu,iptions, the relative 
contrrbuti<'n .... ' ee.c:h ;;irobe sample to the corrhustion af-Fic1ency can be 

weigh~d. 
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;hP. procedure for calcula~ing the tombusticn efficiencies is 

recog~ized to ~e approximat~. However, major e·"rors are e 1 iml~ated by tha 

pn.ce,:ure used to calculate these efficiencies. The velvcity, which is ..:nown 

to be Approximate, appears in the r...imerat.or and the d.?nominiltcr of the intey­

ral equations and, hence. errors introduced by this approdrfldtion are partial­

ly ca!'lcelled. The probes .,.,ere, in most cas::-:,, extended t) t'le maximum rad~ r11 

distance~ allowed by the geometry of the fldre sc<1ffoldincJ. Tne outsi..le 

r.robe usually measured high cornbust'ion f:fficirn..::~e!. In some cases. with 

asynmetrical flames only one out:ide probe measJred high combustion €f~icien­

cy. These higii ..:ombustion effidenc;es indii::t:te thdt the amou.'lt of incom-· 

pletely burned hydroc1rbons outside the syn.netdcal rrobe sampling region can 

usua 11 y be neg 1 ected . 

'.Jome ea .... 1ier !;Wdies relied on estimatin.:: cCJTibustion effici!ncy from a sari­

pling dra•11m w"th ;~single i;robe positioned on tile axis of the flame. Thes1~ studies 

arqued that rapid motion of th9 +'1Jrne anJ ~ong srrapling times would yield the 

true overall coMbustion eff:ciency of the flar~. This is true under 

very restricted ·:onditions i)ut ir: general may result in •naccur·ate estimdte~ 

of the ccmbustion efficiency oT' the fl3me. Firs;·, <.i. si1gle prob.:. ignore; 

the influence of V"!10city prvfilE'!s (variation of 1ldSS flux of unb1..orned carbon 

out of the system at different positiors). Second, assuming the probe is 

sampling at a unHonn rate the cooLustion 

pro)e in a flu::tuatil'\g flalll(• is 

n l r .E.<.. . t. 
I :: - . ~U .) J- . 1:. . . 

l , J 

efficiercy cJeterm1ned by a sirgle 

( 3- 17) 

where CiJ'u is the unburned carbon and C;; ~s tne tot .. l :ar~1on, t. is the 
. J 

total time sampled at relative f~anll'! ~·osit;ion j. The frJction of tir.if: a 

flame will be in relative OJSition j is t1e intermittance fact"r, f),. Tnt!"C­

ducti:m of the int~rmittance factor at ,.adial pos~t;on j r-esult3 1n"' 

(3-:8) 
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A single probe w1ll ther. yield tile overall combustion 'lf effici~ncy if tre 

l.:>cal com.">usticn effici<>rcy Xj ~p or .Qj is constant across the flame. 

Figure 3-7 s"lows c.n examo1e of thJ variatio:i in h:cal combustion efficiency 

with radial distance. Ir. general. local c.ombus-::fo·, effi.:.iencies an'! 10.,,.er lt 

the edges than on the ~xises oi the flames. Fiqure :3-8 stiows thc\t the inter­

mittf".nC<l! factor,.Q, decn:~se witfl il"creasing r?.dta1 disti>r.ce. The net result 

of these varfations is that tt\e cve,.a 11 c(Jl'lhU:>t.fon effi::iencj nec;sured by c 
single probe biases the Sal!lPle towards the hi<,Jher ·:cmbustion efficitmcies 

near the axis and could rest.lt in overestimation of the overa11 combustlon 

effi cf ency. 
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(~e) 17000 at nnzzl~ 

z = axial dist<1ncf 

>: = radia1 distanre 

dr; nozz1e diameter-

g = in Lem it tency f<1c tor, re I ated 
tr, timl' of p1·esr.nc:~ 

Fig1,.re 3-3. Distribution of I11ter11ittency Factor.-', an··} Mean Forward 
Veiocity in a Rcund Frea Jet {Corr:;in Pa l<.ist1er. 1Qt;4} 
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4.0 fLAME STKUCTURE 
The main purpose of this pr~qram w~s to estimate the combustion efficfa~· 

cy of cORiercial fla1·e~. Currently it fs v1rtually impossfble to n.easure the 
comt,ust1on efficiency ot ope,.atin9 fi;11re-; b1~cause of the flame size, elevated 

1ocatfon 1 and 1ack of ~patfal stab111ty. As a consequ~nc~. this progra.11 w;is 

<ies1gned t.o measure th~ cOIMustion eff1c1e.,cy ot large. ptlot-sc:ale flues. 
Extrapolating the results of pflot~scale flares t.o larger flares rco,u11'!~ 

the knowledge of the scal1ng laws cf coiat'l~st1ons and of the mechanfs~s ~hich 
lead to 1neff1cf@ncy. Therefore. considerable effort wa; de~oted 1n this 

progra111 to deftr.1 ng the operatf ng and des1 gn r,~ranieters wh1 ct, control the 

structure of flare flames an<i <1etennfne flare collbust1o:i effic1ency. In 
addit,on, a nu•ber of structur11~ features are 1mport:mt to the des'tgn and 

o~ratton of flares: 

t Flamt: volume 
• Flame lengt~ 
• Fl~~ 1ilution 
• F1 aine 1 \ft off di stance 

• Fla~e stat11ity 

This progr-a:n i~as ~o'lected data on large p11c!-scale fiare flames over a large 
rar,ge of d~sign ~nd operating flarameters re?res~r1t<ttive of 1ndust~·ial use. 
Several ir.easurement technfques were 11sed to investiga~e the structt•re of the 
1 arge pi 1 ot-s:-ll e fl ar~ fl anes. The characte~; :>tics uf the flames were ob­
served aga1ns~ a graduated background, visual ob~erwat1ons were supp~em,~nted 

with long-expc:sure and sh0rt.-exposu1·e photograr,ihs, high speed motion pic.,:ure'>, 
arid ~~suremeots of gas compos'ftio11 in the plume of the f1art! +'lames. 

F1ame sna:>e (volurue and ler1~th) -.s dfrectly rel~ted to the rate of i:om­

bustion and th~: me1;hanisms i::ontroning c•Jmbustfon and will f'lfluence combus· 
ti on P.ff1ci ency as well a1,; tre amount t.nd the cPn•roi d of radiant emission. 

~-1 



Previously. thl! length and vol1.tme of tuoyant transitional and turbulent jets 
have been stud·ied. Correlations of the flali~ length have been d~veloped f1om 

these stud1es. These correlations have been sugge~ted and are use~ to 
estimate the structure of flare flames. Most of these stu~ies investigated 
the flame str11cturc of sma1l f~an;.::o; over a 1;mited range of 0pt~ratin9 con­

ditions. Some of the available corre·1iition1; were unable to prec!ict the 

·.·ei;u1ts from ti,is study and aY'e not ret:onm::?mled. The corre1atfon of Zukoski 

et al (4. 1) anc of Hottel and Hawthorne (4.2) suctess•u11y predi~t~J the re­

sults f~om this s:udy when the coe~f~cients we~~ altered. However. a more 
accurdte cc~relation for the flame length was developed 1n tri~ study. 

~ength wus develcp~d 1n this study. 

The nte and extent of d1lutil.r. of the combu~t1011 products in a f I are 

flame will ir.fluence the temperature, rate of quP.nching and, hence. canbustion 

efficie.ncy. The di1i;t1on fact>rs measured in this study were corr,:lated using 

a P~chardson number approach similar to that of Spaulding and Ricou(4.3). This 
cori eh.til)l"I wa~ l.i:llble t'J adequately accO\lr;+, for the influence of diarrw:>ter on 

the diluticn hctor, anci a mor~ accu-~·te dimensi:>nal ccr. elation was de1\'!lo~ed. 

The liftoff dista~ces of the flan~ control the extent of entrainment of 

air prior to combustion and, hence, H,e rate and extent of r:omhusti0n. This 
study showed that detached .;l<:;rres can be stable and ooerdte with hiyh combustion 

efficiency. The liftoff distances of thic: study were correlated by assuming 

dilution of t:1e combustion prorlricts fol lowed reea~urements rra.:le i'1 simple jets, 
ani:J t·.~ crHeria that the fla~e speP.d must equal the imposE.d velocity for 
stable r.ornhrstion. Eff~\.ient combustion can only take place 1~he'l the flare 
flam~ is mu.intainP.d. Inefficient con1bustion often occurs near the limits Jf 

flame sta~i!Hy. n~ stability lkits of flar:ie~ in this st\ldy were correlatec 

usins result:. from simple jet theory, me3Sl;·ed flame ~µeeds and measured flarrrnability 

from simple jet theory. ~4sured flarre .;;~eeds ar.d measured flanmabi11ty 

11mits. Calculations based upon accepted theories ~ere un~uccessfu1 i" 

predicting the performonce of flare flarr~s (liftoff distance, sh~oe, com-

b,J~tion efficiency), but corr~lati::ns were de.reloped ·,.ith special c.;,1stants 

hased upon th~ thecretical equations. 

4.1 Te..il,_Condi:fons 

The operating conditions of ~hQ f1J1~s tested 1n th1s program co1ered 



the range of para111eters of coflJTJercial f1are~ _ This section will discuss 

the design of the test matrkes. exp1ain ~r1y 111'.>difications to the test ma­

trices. and compare the conditions tested var .11s those of commercial flares. 

Test Matrices 

Three test matrices were developed initially and modified as the pto~ram 

progressec. The first test matrix. was designE!d t~ deve1op scd1ing princ.ip1es 

for flare flames. The second was designed to test ~Olll!lerci'l flar9 heads ac 

conditions comparable with those of the first test matrix. Tbe third was 

designed to test combustion efficiencies of fare flames at high velocities. 

rhe origina1 test matrix was designed tn develop scaling lr.w~ fer tte 

structure and emission of f1ar~ flames. ;'s S'.iCh, the matrix wes designed to 
test four scaling criteria ovr.:r three s111cl1, :i!.!t comnercial size, flare heads. 

The scaling principl!S ~ere: 

• Constar.t velocity, u 

• Constant residence time, d/u 

• Constant Reynolds number, pd~ 
µ 

• Constant Richard:Jon !ll.imb.er, gd/u2 

where u and d are tht: e1it veiocity and didrni>ter, o and :1 are th~ exit gas 

density and viscosity, and g is -::he gravitaticnal c:nstant. The sizes of the 

flare heads w~re :1-, c·, and 12-ir:ches in dic:.ineter. The matrix was also 

designed to test the influence of steam injection on combustion efficienc.;1. 

"'."he original test mdtrix as modified in the program is sho•m ir Table 4-1. 

The conditions cf this matrix, denoted by an ''X 1
', were tested one or nore times. 

A c;econd test matrix was designed to compare th~ flame structu; .. e and 

emis;iors 0f c011111ercial flare heads with thosP. of the pr~totype head designed 

by EER. The .r.atrix for testing of corrrnercial flare heads is shown in Table 

4-2. This tE=~i: iilatrix was completed with minor exceptions. The cow.bostion 

efficie~cy at one probe position for the !ndustria1 Flare Head 8 was not 

neasure1; however. a complete stability curve was obtafred for thi; head ana 

time did not permit deterMi1Yil'9 combustion efficiency at the la~t prube 

position. This offiission ~as thought to be of minor iMportance since the com­

bustion efficiency was deternnned at twc other rak~ positions fnr tie same 
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TABLE l!-1.. FLARE TEST COOuITIONS 

X T~sts cond~ct~d 



TABLE 4-2. !t!ATRIX FOR TESTING COfw14ERCIA~ FlkRE HrAu~ 

:.1r:asure1Pent of Corrt>1.1<;'tion Efficiency 

Velocity Gas ~ Stearn Rake Probe Position Bty/ft.,j 
l 2 3 -----

Industrial D.2 j ~()0 ~o x 
Fhre Head A ') 1300 No x 

4 1300 Nu x x x 
4 1300 Vi:s x 
4 286 No x 

Optional Stab'f 1i ty 
© Curve Ne 

·---- - - - ------ . --
~ndustrial 0.2 1300 No x 
F~are Head B 2 1300 No x 

4 1300 No @ x x 
4 1300 Yes x 
4 286 No )( 

Optional Stability 
Curve No 

- ··-·- ·-- -
lndustrial 
Flare Head C 0.~ 1300 t\o x 

2 1300 No )( 

4 1300 No x x x 
(I 1300 Yes x 
4 286 fiO x 

Optionitl Stability 
Curve No x 

. --- ---@2 Test not conducted 
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flar0 flair.e conditions. T111e did not penn't c<>111plet1on cf the optio~al 

stab11 4ty curve for the lndustrfal Flare Head .\ however one po1nt of 

t:he stabnity curve we•> detenained. 

A. third test 1ntrix. Table 4-3, was d.evel•)ped to test the irdluence 
of h1gh velocities on t~e cOIRbus~ion eff1t1ency of flare flantes. 

~at1ng ~on11tfon~ 

The range of cond1 tf ons tes ;;ed in this ;tudy covered the 11ajori ty of 

the 'J~~ratlng cond1t1~ns wh1ch are comion practice c011111ercially. Figure 
4-1 shows the r~nge of f11re d1~11eters, exit velocities. residence t1•es, 
Re1nol •s nUllbers and Rfchardson nUlllbers t~sted in this study. Tiie range 
of cot1aerciai)y operated fl~re is si•ilar but 1n~1udes larger diameter 

fl are heads. 

4.2 Mechanis~ of r.owitustio" 

As descr1~ed above, flares have a wide r&nge of operating :ond1t1ons 
and these co11d1t1ons res~·lt in J1fferent G1echan1s111s controll:ng cotRbustion. 
CorAbustion is ccintrolled h a11 flare fh~·1es by the rate oc mhing of the 

f~allli: gas with •lA,Ygen fro11 the afr. Mixins fo the na,.e flame is dictated 
by: 

• Buoyf.nC.) forces 

• Molecul~r dtfdfus1oi 

• Jet ~1x1n~. 
This se,t1on G~scribed corre~ations developed for the flamt lt!ngth, entrain­
ment, liftoff d1stanc~ dna fiame stabilit,;· with operatfr:g par1meters of the 

f1cire. These C'orre1ations were develoned fr.r prorane-nitrogen mixtt!res and 

app11cabi H ty to other gast:'.l has not ;,eeri ~e110nstrated. 

Mix1r.g Mechanism 
Two classical rescr1p-c1ons of fh111e struct•Jre are available. Hottel a.,d 

Hawthorne (4.2) descrfbed the 1e~9th of flames as a fJr.ction of velocfty, and 

Ric~u and Spaulding (4.3) described the entrainment of ad>ient gdses into 
flames as a functfon of the rroude nu!lber (ratio of 1nertia1 forces ~o buoy­
ancy forces; ft is the reciprocal of the Richardson number). 

4-6 



TABLE 4-3. ILST Cot~DJTJONS FOR HIGH-VELOC!TY FLARES 

Btu/ft3 Velocity 
---, 

Test flames Fl are Steam _____ ___ Lo~ Medium f!!g_h 

""" 
Open 1300 30 lb/hr or Soot Suppression x x x 

I ! 
....... 

2 lJOC R1ng 30 lb/hr or Soot Suppressil"';1 x x x 

3 Ring mnimum Soot Suppression x x ): 

4 Ring 600 Soot Suppress1on x '!. x 
5 Ring 1300 ~~ot ~upprP.ssion > x x 

6 Ring 2350 Soot Suppression ·! x '( 
" __ ... __ --- -------------
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The flai-es of this study tied Reynolds nUll'lber:.: below ZxlOS 1nd beM:d on 

the f1a•? 'ength cr1ter11 of Hottel and Hawthorne (4.~l. they were not fully 

develope~ turbulently. Ffgure 4-2 shows the length of fla!lles r.teasured 1n 
this study on a plot ~i•ilar to ti-tat suggested by ltottel an:t Hawthorne. The 

plot indicates that the lengtn of the flaw.es in this study continued tn i.i­

~re1se ts ~he Reynolds nullber incre~sed. The line f n F19u1e 4-2 corresponds 
T.o fla•es burning 56 percent propane fn n-:trogen. The length ond structure 

t>f full.v turbuleo~tly dfl"'!loped fla!llfl;. no lc"lger depends on Reyr?olus nu:'Rl)er. 

Since tt1e flames of thts study were tnaependent ot Reynolds numbf;·r, :n"x1n9 is 

partially controlled by molecular diffusion and buoyancy forcEs. rigure (-2 
also shows ~hit SIWlller nozzles •nd hfgher a110unts of collbustfbles ~f~lded 
longer fl11tes, while addition of ste111 slightly reduced the length of the 
flame. 

St~tlarly, the Richardson nUllber for the f1111es studied varied froe J~l0-5 
to 8xl02, 1nd1cat1ng that llOSt fla11es were controlled by buoyancy-doniinated 

mh1ng. The Richlrdson number 1s the r!!t·10 of buo1anc~ forces to iner,1a 

forces: values greater than one indfc3t.~ 1>re:h•inance of buoyancy for·.:e~•. 

while values less than one fndicate j predominance Jf inertial f~rces. En­

tratntnent as ~ function of Richardson ru.t>er w111 be shown ~at~r on a plot 

st~flar to that suggested by Ricou ~nd Spau1ding(4.3J. 

Rate of Surface CCllbustion 
Contr·ol of 111fxing by l!Kllecular diffusion to the flame woulrJ yield flamef. 

w1th constant-heat-release·per-unft-surface. F19ure 4-3 shows that the sur­

face heat release rate fncreases wfH1 h~at ~lea~e r·ate from :'\000 to almost 
200,000 Btu/ft2/hr. Therefore, mixing of material on the f1.·.m~ surface does 

not strongly contrfbute to control of the COlilbustiori rate for fl are fl a~s of 

this study. 

lOlu11etr1c Combustion Rate 
Volumetric control o.• combustfon rnuld be the re:;Li1t of <:ont~·ol by two 

1riechanf:tms. The flrst can °'cur when ~1as~s are conplete·1.· r) -.ei' at the 

1110lec~lar level and the -.;ombustion rate· 'is c:ontroll~d b) k i;;~•.ic:r;. Kin~tic 

co:-itrol is unl fkely for those flames w1 th s1 ow m~ x\ 1g and <'Pi d cc111bustio11. 
The second can occur whe~ mixing is contrci1ed within a volume. This can 

occur when the fla11c~ envelope includes pockets of air and cc,111hust.ible gases 

whfch are not mixed on ~he molecular 11!ve1. "fgure 4-4 s~O#S that constant 
volumetric c0111bustfo11 is app:-ox1mated for all the flames of th1s study. A 
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A least square regression analysis WGuld yield: 

rtame Volume • l.21 x 10-5 (firing rate, Bti.•/hr)0.85 (4-1} 

~owPver, the data does n'lt sui;port such an accurate equation (IOd the simple 
i'elation that the volumetric heat release of f1arP. flames is constant at 

90,000 Btu/hr/ft3 is preferred. This va1ue is supportc"' '.-,y evidence on pool 

f1<1mes(4.5) and from ind••strial experience(4.6). 

The vo11.1T1et.~ic heat :-elease of the fll're with steam 1njection is 

typically increas~d (lower volume of the flair~ tor a given heat-··elease ratei. 

This confirms conventional thinking that s:eam increases the ir1d1ction of air 

into the r:>at of the flame and increases wixing inside the flame envelop~. 

Th~ reruction of the flamP vo1t1:ne by steam injection is not large, but 

observations and measurements ~hO\'f th~t this difftrence is suff~cient to 

~ompleteiy suppress soot production. 

The above eviden~e supports ideas of combustion by volumetric mixing in 

fiare flames. Volumetric mixing will b~ important in flames into which air 

is induced by gross mixing mechanisms. This 1.:an occur wher ~he buoyancy­
dominated flame engulfs large cmounts of air into tni= apparent flame volume. 

C()ill[)ustible mater-ials are not molecularly mixed inside this volur:e, b•Jt are 

congregated into pod~ets of air which ara mixing with pockets of fuel. The 

mixing of the:.e p':>.:kets c1•ntrols the b1irning rate. !his view is supported by 

short-exposure photographs and high-speed ~Jtion pictures taken during this 
study and is consistu1t with the viel'i of ccherent strJctures(4.7-4.9). 

4.3 _Fla~Leng~h 

Calculations uf the length of flare fla-nes dre needed to estimate 

radiation from the flames to the ground, and as an indicatior of the com­

bustion mechani~m of tha flames. A~ the start of this work, e rumber of 

empirical relationships for flame lengths existed. Some of thesu were par­
ticularly coriplex(4.10~A.ll), and some \'/ere reco1rA11ended for predicting the 

le:igth of flare fla1.1e5(4. U). The conditions under which these e.:pressions 

for flame length were derived ar~ listed 1n Table 4-4. r•any of i.hP cor­

relatior;s ~ere di:rivcd under conditiMs differerit frori those of flare flames. 

Table 4-~ !>hows that the rr.ajor d~fferences between this and previous studies 

is the use of large nozzles and extension to iligh Ri~harrison numbers (i.e., 

::>uoyancy-dominoted flames), 
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Tf\Blf 4-4. CONOITIONS Ut:OER ~.'HICH CORRElATW~S FOR FLAMES WERE PERIV[Q 

r~-------· 1-- -T NOZZ:.E GAS 
VELOCJTY 
{FT/SEL') 
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TNVESTIGATIUNS 

This Work 

NozzLc ' rUEL OR 
sr~f~)_ JI INJECTEn 
(INCH~ GAS 

t. 3, j, l2 j Prop.me-Nitro-
gen Mixtures, 
Natu .. a l Gas 

Hottel & 0.25, H;:, co, cay 
GiJ.S Hawthorne (~.2) 0.18i'5, 

~icou & 
Spaulding (4.3) 

~c~~r & 
Liang \ 4. 10) 

Brzustowskl 

0. 125 

0.0625 to 
l.25 

0.1, G.H\ 

0. 197 

Air, lly<iroqen 
Propane, C02 

L OO'Sl1e r ci a 1 
Propane 

Cl.2 to 4W 

To 258 

80 to 2~';0 

n .5 to t.'60 

41 

REYNOLDS 
NUMBER 

1910 to 
• 16,700 

2500 to 
80,000 

1310 to 
48,200 

15,823 

RICHARDSON l 
NUMBER 

2.9 x 10-0 • 
8.04 )( 102 

Greater than 
1.0 x 10-5 

2.68 x lO ·6 to 
5. 24 " 10-4 

o. 91 x 10-5 to 
4.43 x 10-J 

3.14 )( 10-4 
( 4. 11) 

Zukoski {4.1) 2.54. 7.48 
19.69 

City ~s 

I . --- --------'-----·------'I----·---- . ---
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Most of the exirting models wer~ unable to predict the flame lengths ob­
served in this study. Figure ~-5 shows that estimates by Becker and 
Liang(4.10} and ~rzu3towsk1(4. ll} c0t;;(! pr.::aict neither the absolute value nor 

t1e trends in flame 1e~~th. Howe1er, while rhe ex~ression of Ho~tel ana riaw­

thorne(4.2) could not predict the a~solute value of the flame le~~th, the 
&xpression prec1cted the trends. 

The e~pression of rot tel and !-\'lwthorne wo.:> derived for la1ninar di ffu5 ion 

flar.e~ ar.d contained t~o constant~. Adjustment of the~e corista~ts result~d in 

a simple expression w~ich reason,\bly fits the data of t'lis study {F'1gu1·e 4-S). 
The succsss nf the Hottel and HJwthorne correlat:ons suggests that to ~ome ex· 
tent, the amount of fuel fed to the flare partially ccntrols the rate ot mixing 
and, hence, the flame length. Cvrreli\tions of flame le11gth for pool fires were 
also available. These c:-,rre1ations were obtained assuming th~ buoyant force 
is dominant. n~e "'f'SUlt of one such corre1atirm is shr:iwn in Fiqure 4~7. The 
correlation of fla:r.e length with buoyancy folces is quite rea$onable for short 
flumes which w~re minimJlly in"luenced 'Jy velocity. H.:>wevev-, •.he "'elation!:hir.­

unaer·preciicted the le 1~9tr. of long flames wr.ic•i were parf:ially ccntr:.illed by 

inertia! effects. 

Finally. -l c0rrelati-:>n was derived which prt:dictecl the lengths (•fall the 
flarr~s of this study. The correldtio~ is based en t~e Richdrdscn rumber 
corrected for the L:m;ierature rise of the? plun:e. "!'ne Richardsc.n number con­
tains both the infl•Jerice of inertial Jnct buoyarcy forces. 1 ne correlat·on: 

L/D = 7.41 ( ___g_x F )0.6U ~i-C.215 (4-2) 
Cpw 7= (l + 26 x) 

is s'lown in Figurf:> d-8, and is Cd:.;.,Jle cf ptedictin·.~ the flame le'lg:h of this 

study within a~out 20 percn~t. Tnc terns are ~efired as: 

l. Flame lengt~, ft 

0 !,czzle diaFlf-'ter, ft 

X fhe fraci;ion rf propdne in the oropane-nitrugen 111ixlure 

26 A factor :o accour•t fur stoiu1io:netr1c con,bustion of propa"le 

with air and will chanqe fur jther fuel~ 



f·,gure 4-5. C0111parison of Flame Ler.gtrs Predictad by Availabk 
~tudies ~ith Those Observed in This Study. 
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c.,.., = Hot capacity of ambient air, ~tu/lb mole Of 

T.. • T1:>mperature of arrtiient air, Of 

F ~ Fraction of heat radiated from the flame (empirically 
de1·i ved) 

Rt = Richardson nJmber • gd/u2 

lhe fraction of heat release emitted from th·~ flame was derived from a single 
set of data at a ·~ichardson nwnber of 2.0, as shown in Figure 4-9. The 
fr~~tion of he~t of a pure pro?ane flame was assumed to be that value neces­
sary to predic.t t~e flame lengths. The facto-rs determined are a function of 

only gas c.,•1ipi:>s1tion and are shown in Figure 4-9. These values were then 

successfully correlated with all the flame lengths of this .;tudy. The derived 

factors agree with visual observation of flames burning d1fferent amounts of 
propane. The dJllOunt of propane does not aff~ct the flame ~tructure or apparen'~ 
radiation abo~e 60 percent propane. Below that value. the radiation of the 
flame decreases with decreasing concentration of propane. 

4.4 Entrainment 

Tfie rate or air entrainnent has sOllle influence on the rate of corb~stion 
and flame length, Lut has a large influenr.e on flame liftoff and stability. 

The flames of this study hdd Richardson numbers varying from 3 x 10-5 
(:nomentum-dorr.ir.ated fL1•1E!s). to 8 x lOL: (buoyancy-iomina'.:ed flaTJJes) (see 
Figure 4-1). Ricou ?.nd Spauldirg!4.3) have successfu11y correlated the rate 

of entrain~nt for rnomentur,1-dominated jets and flnrries. The correlati'.'n in­
volves the FroutJe number (the reci proca 1 of the R i chai·dson n1Jml::el'); howev1>r, 

this tP.rm appeared on both sides of the ex!Jresshn and cancePed from the 
final torre)ation. 

Entrclirnr.ent in the flan'! flames of these stul ir.:s was muc~1 faster t~ar. 

pred"icted b.Y jet theory. Figure 4-10 shows that entrdimr.c~nt in ttii:> st:.udy 
was grc.uped intr> two regimes. The first regime is for flames with low 

velocities. Entrainment in this regi~e was two-to-three orders-o~-magnitude 
faster than that preclictea by jet t~'.e:>ry. l;lepenci~d inversely on velocity, 

but did not scrongly depend on nozzle size or the heating valuE of the gas~s. 
The entrainment for high-ve-tocity flames fell into 1he secon<:I •·egime. Her"e 
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the ent··ainment was closer to that predicted by jet theory for the higher 
velocity jets in this study. 

Attet'Jlpts to correlate the entrainment i~te using the dimensionless 
di~tance and the Rich:~rdson number were only partially successful. The high 
rate of entrainmel'lt appare!itly caiJsed by ens1J1 f1ng f1u1d in a buoyant plume, 
and the inverse relationship between entrainment and velocity, st•ggest tt'lat 
the Ri~hardson number should aid in corrPlating the entrainrt1ent rate for 
flare tlames. Likewi:;t., the Ficrease in entrainment with distance abJve the 
flare head suggests that the dimensionless distance, X/d, should aid in 
correlating entra1nii!E'nt. Correlations of the entraf:i;nent rate with the 
pr:duct of X/d a~c the R~chardson number were deve1oped and are shown in 
Figure 4-11, but were of only medium strength. Development of strong cor­
relations ~as trampered because of the strong deµendence on nozzle diameter 
and the fact that this was reduced by incl~sicn of the Richardson number 
which also contained the nozzie diameter. 

A dimensional correlatio~ was developEd which ~easonably correlated the 
dt'.ta. '!'hb correl~tion invol' ed the dimer1sionless distance and the recipro­
cal of velocity. Th"' co;--rela~ion shown in Figure 4-12 succe~sfully collapse~ 
all ~he data of Figure 4-10. This data included 3-, 6-, and 12-inch nozzies, 
variation in heating value f ">n 300- to 2350-Btu/ft3, and nozzle velocities 
from 0.2 to 4~J ft/sec. Tn~s correlation can be used to roughly estimate 
the entrainment of ambient fiuids into large flare flanes operating in 
the reg1 on between b11oyr.n".:- and inomenturn-dom·, nation. 

4.5 r1ame ~iftoff 

The liftoff dist:rnce of a flaiile car, in theory, be estimated by simple 
combustion thee:ry. The liftoff distanc.~ will be the distance required to 
induce sufficient a1r tu redu~e the jet velocity at least in one location, 
to the flame velc~ity. The flame velocity will pass through a maxfwum near 
the stoichiometric mixture as air is mixed with fuel. C'l'lce the flame is 
stabilized at :.t location, ti·,e propagation of an ignition ~ource rrust extend 
to dll regions of the flared gas to achiPve efficient combustion. Aero­
d).1amic devici.>s or pi1ot flames can create regions of ignition which will 
prop~~ate an~ stabil)ze a flame under conditions where the flan:e ~ould 
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nonnal1y be unstable. 

The 11ftoff distances measured in this study are showr. in Figure 4-13. 

A reasonable curve of liftoff distance versus velocity is deffried for gases 

with heating 'Jalues tetween 700- dnd 1400-Btu/ft3. Gast!s \\ith higher 

heating values have slightly Sr.'..1ller liftoff distm·ces at equivalent 

velocities. The liftoff distances for low-Btu ga:;s,; do not correlate as 

~1el1. This if. "sc:-ibed to tM'! extreme sensitivity o" the stable flame 

·iocation for low-Stu gases to ambient perturbations. 

Attempts to calculate the liftoff distance~ using jet theory and flame 

·;peeds were unsuccessful. Jct theory is strictly app1irable tc fully 

.:Jeveloped jets outside of the core region. The flare flames studied hera 

!lre not developed turbulently, and the liftoff distance typkllly hi wHh­

in the core re3ion and is difficult to characterize. Some success was 

achieved fn estimating liftoff distances using jet theory mt'dified to the 

::ondi tions of the flames of this study. However the stabil it./. and hence 

the 11ftoff distances o~ the flames. W3S found to be extrP..nely ser.sitive 

to the velocit1 orofiles and few useful results could be obtained using 

mc1dif~ed .jet theory to estirr.atP. liftoff aistances. 

A successful corre1dtion of liftoff distances was, however, deve1opEd 

using t'ie abcve principles. Figure 4-?4 shows the liftoff d!stunces measured 

in this study correlated wit~ the prcduct of the ratio of nozzle velocity to 

maximum flame velocity, and the ratio of concentration at the maximum flame 

s~eed to the concentration of gas in the nozzl~. The correlation is very 
good. However, sensitivity o,.. flames burning low-Btu gases to perturbations 

results in unccrtninties ir t~e ~easurements as il did in the calculations. 

4.6 flame _?tabiJ.2.!i: 

The stabf)ity of the flame wi11 influence the combustion efficiencies. 

Flames OJierating Mar the region of stabi'~t~1 {as defined in Section 2) ma.11 

result in incompletely burned hydrocarbons when slightly disturbed. A 
flame wi?l be unstable when the vectorial jet velc~ity is greater than the 

flame velocity. The flame may adjust itself to a position whei·e the two 

are equ~l. H~~ever, the Jet velocity ;s reC.uced i~' flare fiames by in­

duction of air. This lowers the mixing strength of th~ ~uel and the fla~~ 
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3peed when the mixt~re strength is on the lean side of stoich1ometry. A 
flame cannot be maintaf;,ec under conditions wt.ere the vectorial .fet 

ve1 ocity cannot be reduced to the flame: speed before the mixture strength 

of t~e fuel fs outside the limits of flallTilability. The result is that 
1ow-calcriffc gases flared at rdsh velocities have narrow regions of 
stability, operate close to the limits of stability, and are subject to 
PE""turbations and may result in pocr comb~•stion efficiency. 

The minimum heating value of propo~t ·nitrogen rn1xtures required to 
maintain a stable flame with (. ghen nozzl~ velocity was determined fn this 
study. Figure 4-15 shows that at low velocitie~. stable fianes could be 
obta1nPd with gases of ~eating values of approximately 300 Btu/ft3. How­
ever, high ~eatin9 values of the gasas wer~ requir€d to stabilize the 
fla~es at higher velocities. 

Most of the da:a was obtc:.ined for rlare heads without special means 

c•f stabilizing the f1ame. ~:one or the flames werP reta-:ned with a pilot 
flame. A converge11t and a divergent ring were usec on tre 3-inch flare 
flames but thfs did not improve flo~e stabi~ity. Some commercidl flarP. 
ht:iads employed proprietar.:; devices to aP.rodynamically $t:oil ize the flarne. 

T~ese dev·:ces re:;ulted i11 some differences in s~abnit1 betweer. th~ EER 

orotot.ype flare hea~ and the c0111m&rcial flare heads. 

In trecry, the s::abllity curve <;~own;., F:gure 4-14 may be generaliz~J 
~sing other fuels by µlotting :he log of veloc· ty versus a reciproca1 ~lame. 

tempe:~ature. F;gure 4-16 ~hows that riany normal hydrocarbons follC'W tn1s 
relationship. This relationship assumes t~at the fl~~e V(lucity is a 
function of reactions with similar Arrehtmius parametP.rs. As evidence from 

~igure 4-16, this is not true for co~pounds of wid~1y different structures. 

Hoi,•ev~.-. FigL:re 4-17 shews this re!ationshio to hold for the propar.e data 
"lf this study. In this Ph>t, the flame temperatu•·e 1!: approid'llated by: 

(1 + 26 X) Fl alile Temo • r:p ....... _ .._Q""'x~--'-'--

wher~ Cp~ is the ~eat capacity of aMbient air, X is the volume frartion of 
propane in the fuel, 26 "s t11e number of moles '.f products for st1>ithio111etdc 
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5.0 COMBUSTION EFFlClt:NCIES IN FLARt:S 

The main o~ject1v~ of this study was to develop 111et~ods to t~aracterize 

the cOflbustion effac1ency of t<>t!mercial t1ares. This section ~eports the 

characteristics and ~ollbust1on efficiency of t.he f1ames of this 1nvest1gation, 

c<>11pares the resul~s of this stu~y ~fti those of other studfes, and correlate$ 

the cOlllbust1cn efffc1~ncy w~th operat1n9 paraineters of the fllre. This sect1on 

reports the .·esuits ..>f tests whfcn devto1oped ~echn1ques to scale the em1ssfon 

oi 1nCOl'ft:>~etely buri':~-1 hydrocarbons from f'1are flames, tests :>f co111nercfa1 

flare !\eads, te>ts of flares at tif9h exit velocith:s, i:lnd tests on the influ­

ence cf stea~ inje~tion on the et11ssion of f nc011plete1y burned hydrocarbon from 
fl are flames. 

5.1 St"dY Con11tfons 
Appendf~ C provides a cc•plete list of all tes~s conducted. Tables 2·1 

through 2-7 Sl.llMlarize thesP. co~1ft1ons and eliminate duplicate conditions, 

samples w1thdra~n frOll the Sdllle flare ~nd the rake pr~be at different positfons, 

tnd samples taken within the fla111e. Conditions stud·1ed include: 

t Flare Ht.>ad 

- 3-in-::n EER pro·:otypf' 

- 6-fn-::h EER proto~ype 

- 12-f nch EEP prctotype 

- 3-tnch EER prot·)type with co11~e ... gent r1 ng 

- 3-iril"h EER protot.vpe with divergent ring 

• 12 .. ; nch 1.oinmerci a 1; 3 mirnufacturers 

• C'asts 
- Hl,stly propare d11 uted with ntt,.ogen 

- C1·.e data point us i 'lg methane 

t Gas Heating ·1alue from 286 - 2350 3tu/.:t3 

• Gas Exit Velo<:1t/ fro11 0.2 t'J 428 fthac 

• Stea11 l:iject1f'n ,- .. °"' 0 to l.C' ~b stea11/lb fueJ 

The combustion e~ficie11~:h:s of these crtals are rE?Jiorted fn the following 

section~. 

5.2 Cc~pa•'1s'.'n. ~1.!.h Othtr Stu1i ~! 
Th;s study set out to rP.move some of the uncetatn•.y vt pre\1ous stud1.~s. 

The n1ajor unt~rtai ntf u iferf": 
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• Ability to ciose a mass balance; 

I Measurement of soot concentratf ~n; 

• Assumption that the 1ocal combustion eff~cienc.y meas·Jred at 
one point is rep~esentative of the global combustion efficiency; 

• Development of a scaling methodology. 

Mass B.,lance 

,.!iis stud,1 was ab1e to close a mass balance using bot~ the hood arid 50
2 

as a trdcer (see Section 3). 7he results indicate t'iat f~ctr .. '. combust~c~ eff·i­
~iencies can usually be detormined without strict closure of a ~ass bala~ce. 
This implies thlt material which is lost funn the sampling region is negligible 
or of similar co111positio11 to that in the sampling regime. :tierefore. t~e 

inability ·~o close a :nao;s oalance does not prsclude use of the data from pre­
vious studi e:;;. 

Soot Co~centration 

Most previous studies fai~~d to measure the co~c~ntration of carbon as 
soo~ for a large number of samples. The combustion efficiency measured in ~uch 
studies would b'~ "iqner by the a!T!Otint of unmeasured so'Jt which esr::Jpes the f1ame. 

Oat~ from this study (~ee Appendix D) indicate that sv0t rarely accounts for more 
than 0.5 percent c.if combustion inefficie.n.::y and can be compl.:~te1y eliminated by 

injecticr' of c;tearn. Measurement of the soot concer.t··ation is usually unim;:iortan•. 
for the detenniiation of combustion efficiency. 

Axial Combustio~ Efficiency 

Measurement.> of 1ocal cor.ibu.;tion efficiency at a sin~le axial po-;ition may 
not be representative of the combu•tion effici~ncy oi flares ~s discussed in 
SE.ctlon 3.3. Graphs of dilutior: factors at various dista11ces from the olune 
center line (see App~ndix F) sh~w that velocity profiles must be combined with 
conccntra ti on 
~f fi c i enci es. 
m:iy rot be as 

profi1~s and int~grated acro~s the flame to obtain overall c,'lmbustio~ 

Thus, the ~ingle ~robe te~hnique for estinating combustion efficiencies 
i~curate as the multiple ~robe techn;que used the study. 
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Scaling Methodol.!9! 

~cal '1ng rriethodolog1es were developed for al 1 the important characteristics 

of flare flames in this study. Volumetric combustion was found to be a con­

stant, 90,000 Btu/ft3-hr, fer the flames of this :;tudy. How-aver, the nozzle 
size ar.d cperating conditions were reqvirRd to scale the fol lowing ::riaracteris­

tics of flame structure: 

I c~a~~ Len~th 

• Flan~ Lift-off 

t Flame Di' utlon 

The limits of flame stability could be co~related witt. the properti£~ of 

the gases irrespec~.ive of size of the flare head. These c.orr-elations are 

discussed in Jetail in Section 4.0. 

The combustion efficiency could also be correlated us1ng only the proper­

ties of the gases for the fl"lres of this study. .i··.wev."?r, the combustion eff1-

c. iency is correlated with the sta?ility limit of the fla.ce which co11ld be 

changed by addit io'1 of ~roprietary stdbil izers and pilot 1 i gt.ts or diff~re11t 
gl!.ses. 

5. '3 cqr:r.el_~t:i~~~ 

The goal c..f the correlations w•·s to :lctermine H the test data was 

scalable over the range of variat:>les examined. The corr.t-ustil r. efficiei-:cy of 

thf! l;· :·? ;Jilot-scale and corm1ercial flare flames was fo·.md to be inde::ieP.d·?nt 

of the cii dmeter of the fl are ·1~11d ·-1i thh the : i ze range tested. 
\,, 

~he combustion efficiencies esti~ated in this study di1 depend on t~e 

exit velocity anJ the heatirg value of the gas. ~he v~lccities studi~d were 

in the rarigP of velocitie5 for commercial flare heads. However, only ;r.ixtures 

of µropane .Hid nitrog2n W9re tested. The results way be different for other 

gases, bu~ are expected to correlate with the sarie paran,eters as prooane. 

Figure 5-1 shows the condi cions (..;ark symbols) ·~hi ch rcsul ted in cor:;bus­

t ion efficiencies lower than 98 percent. The line is a least-square fit to 

the stability curve of Figure~ ~-2 ~nd 4-15. Most of the conditions which 

n•sult in conbustion efficiencies less than 98 PE:•ceni are below the region 
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of stab11ity. SCAie flaiAes at similar conditions resulted in COllbustion effi­

cf ~ncy ~reater ;l\an 98 percent. However, all th~sP condit.1ons are near the 
11•1ts •:>f fla.e stab1iity. At these conditions, slight perturbations wfH 

cause ~ fl.me operati:'lg with high combustion efficiencJ to become unstable 

with a resultant decrease in cOlllbust1on efffcfency. 

The influence of fla11te stability is 100re clearly shown when the graph 1s 

pl~tted in dimens1onless fon11. Figure 5-2 shows the plot of coMbustio~ effi­

ciency 1ersus the ratio of the heating value of the flame to the Minimum heat­
ing v;ilue necessdry to sustltfn a flame at that velocity. The t1eatin~ values 
At t~e jtability limit were detel"llfred from the lower re9ion of stability 

showr1 f~ Figure 4-15. SO!lte flar~s operating below tie minimum "eating ~alue 

required to 11aintatn a flame have righ cor.lhustfon ef,•tcienc1e!. However, all 

conc.1tions which caused low cOltlbustion efficiency were firing gases within 

10 'lercent of the 111nmu11 heati!'fg value required for a stable flame. Cinly onP. 
fl u1e fi r1 ng a g.ts with ::- rati \> greater than 10 percent above the l.'a 1 ue re­

quired for a stab1e flaMe result~d iri low-combustion efficiency; the reason 
for this fs u~~nown, and the dai:a point. is ri;r.siClerr:d an anomoly. Ttiose 
f'1ares ffl"ing gases with heating values ~ear the !Jtabf11ty 1 imi't.s are sus­

c~pt1ble to per~urbatfons and poor combustion efftc1ency. 
Thesa results are 1~111ited to thE conditions dl1~i gas 11 .. xtures of ~his 

study. rlowev~r. the forrn of the correlatiJn is exp€cted to be generally 
va1id fer many gases anci for flare heads w~iich rely on exterriai mixing. 

Future studies ev~luat1ng the effects of other gases and ~he influence of 

p1l ot flames and aerodynamic devices ('" fl arie stability ~1 n provide ad di -

tional information. 
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5.4 CJ1111ercial Flare Heads 
Three e01111erctal fl are heads were loaned to the program ~Y 11anufact~ .-. , ~:: !~d 

tested. The manuhcturers were requested to supply a standard 12-fnch f1 ,,-~ i;:•ad 
as deser1bed in Secth:ir, J.O. The ge011:?try of the heads d1ffer{>d and all v1;;)'lc.fties 
reported here are based Jn t~e opei area of the head. 

The fla'"'°' ~eads showed sma11 d1ffer~nces in combustion efficiency when burn-
1ng 56 percent pr·opane. Tables 2-5, 2·6, and 2-7 show combustion Pff1c1er~1es for 
~he dffferent heads r~igfn~ frorn 98.3 to 99.7 percent. 

Wiien burn1ng the 11ir!imum hutfng value gas required to sustafn a flan.e, 

1arger difference.; fn cOllbustion eftfcf encie~ were o"served. (See "Low Btu Tests" 
on Tabl~s 2-4 through 2-7.) At lJw velocfti~s t~~ perfor111ance of the headi was 
sf11flar. ~owever, the perfor11ance of the EER protot;pe h~ad, which had na flame 
retent1Qn dc~1~~. and fla,-.e head C, were poorer at higher ~elcx:1t1es. 

S.!» High \'e1oc1ty_ 
Tests were conducted to de:~rm1~e the influence of high velocity on the COll'l­

bust1on efffc1Ency of flar'e f1&1.ies. Propane-nitrogen 11htures ·*'re burned on the 
3-inch flare head at velcci~1es uu to 428 ft/sec. All the fla~~s in these tests 
were lifted. Re:su1ts are sh·:.own iri F·:gure 5-!. Only two condition!' at internledl­

ate veloc1ty resulted in a low rombus·don E:-ff1ciency. Ttie contbustfon efficiency 
at all other conditions was gr•eater th;:.n 99 percent. From this we cr'lcluded tt1at, 

provided the heating value of the gas is not close to the min1Num ~alue to ~ain­
tain a fld11e, high velocftfes may slig~tly improve the 'oinbu~tion 2ffic1ency of 
f1 .ir4:' f~ aines. 

5.6 Stem 
The influence of steam injection on cumbustio;, e,"ficiency w11s .:1so deler­

Nined during these tr1ais. Figure 5-3 shot~ th~t stelm injected into t~e f1ares 
of t~fs study had effects sf11flar to those axpectd~ in com111ercfal practice. Tnat 
fs, steam co11?letely suppress~d soot. However, steam injection at normal rate5 
had! minor influence on O\ferall combu~t:::i efficiency bE'causP the amourt of •oot 
fs s111a.11. Opt1mU111 levels or steam 1njection for combustion efficiency were found 
to be 0.3 to 0.5 lb steam/1b fue) supprt:ssed the S"'lot, hut ,'ed•Jced tt!e ovei·al~ 
combustf~n ~fficf ency by quenching combustion of CO and hydrocarbons. 
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ABSTR/.CT 

The ce~ign of the EnvirorJ11ental Protection Agency's (EPA) flare Test 
Facility (FTF) at Energy and Environmental Researcr Corporation is described. 
The criteria for ·he design, construction, calibrati~n and ¢peration vf the 

FTF are reported. Details of construction and operation are given ~f the: 

• Test Site 

• Fue! System 

• T .. ac;er System 

• ~tea111 System 

• Flare Head 

• Sam 1 i ng System 

• '.'i sua l Monito:--s 

• Ambient Monitors 

• Support Structure 

• Data Recording 

The f.TF is used in EPA prograr1s to detennine the c0mbustion efficiency of flares. 
and is available by arrangement for testing of desiqn, construction. oi::en,tion 

and use of con"ercia1 f1are heads. 
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1 • n O'ICRV I EW 

A te~.t facility (Figure J-1) has tetm de~i3ned and cunstructaa at Ene'"··~ 

and Envi··onmenta1 Research Corporation (rEK) to test lar~e pilot-scat?. flares 

•rnder U.S. EPA Contract t:>S-02-3661. i~i:. r~port ~f:ScriOes the fol~cr,,r!ng: 

• 
• 
• 
• 
• 
• 
• 
• 
• 
• 

Facility , i te 

Fl.He gas rleli~ery sy~tem 

Tr~cer deli verv sys tern 

Oesian of :rie flare heads 

Extractive s~mp1ing systems 

Visyal monitors 

Ambient monitor!. arel controls 

~upport structures 

DatJ recording systems 

The pilot-sea I·· facility ilils been designed to deterr.iir.e tM -.:ombustion 

effir.ie"'lcy 11f sma11 flares. Ir1 f'.articular, tr~ fac~lity i~ oesign~d to ar.swe-r 

the follow~n~ questions: 

1.2 

r. What are the corrbusti Jn efficient ie:; 01· pi iot an:i sma 11 

crn11nercial flares? 

• Ho11 are the~e efficiencies influericed by ooe;·at · ng pararr;eters, 

flar? ~esign, f~el ~o~~osit1on and size? 

• What riechanisr;.s cortro1 these influenct·s? 

The cri::erfo for desf~ning tiw pflot-scah:' facilit~: were est3blishe., 
oy (,Ol)Stiltatfon with the T•:chnical Advisory Panel, cou1oc·sed o,- Flore 
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mtnufacturers and users, and arF: SU11111arized fn EPA Heport No. 6C0/~-83-070. 

• F1are head size - 3, 6, and l2 inches in diameter 

• Fue1 gas 

• Gas velocity 

• Steam ratss 

Prcpa~P is the base fue1. Nitrogen is usPd 

to dilute the fuel to th~ appropriate heatirq 
valuE:. 

- Maximum of 10 it/sec for all Jizes(J) 

~inimum of about 0.5 ft/sec. 

- Maximum of 1 1b steam/lb of fuel. 

1 Wind 'ondltion - Natural cal11 conditior. ( < 5 mph) 

T~e flames fror.~ this facility ar~ characterized for structure a~d 
er.rlssions of 1r\complete1y burned hydroc:irbor.;. 

·vi S.!a·1 Cha: acter·izati :>n 

Visua~ -:-haracte:·izat.ion is 1.·,;ed to establish f~ane fot·rn arid structu1·e 
and to identify sources cf e1111ss1ons and means of s;aling the rihenome'1a ~hich 

re,;ults in incomple'i:e combustic.n. Visual characterization col".;ists of 

still photographs and high-speed mcvies. 

Still :.:ihotography .;s used to record thP ilVe"age .nd instai:tane.:iu: 

g~ometry ~rd struc•"Jre of the flare flames. The fluct11afing nature of fldre 

t'~~mes reqdres tr.at the e.verage flame slructure be rec\lrded 011 film usirig 

long ~xposure tine:; crnd that the instantaneous stru.:ture or the flame be re­

corded on film using ~xposure tin~s on the order of one mi1~is~cona. The 

resi.'lts will e!"tablish l'!la:<imum, minil!'.um :>nd avera9e flam, ';jeor .ry and provi<ie 

li:nited 'nfnnr.ation of flame stricture. 

High-s1Jeed movies are u,,ed to record tre evolutbn of t.r.P f1MP ""'.ri.c­
t;ure. ''es ts nave shown that a speed of 200 frames/second can sat 1sfactori1y 

record the evo1utfrn of turbulent luminous pockets in t;ie f1al'1es. The high­

speed movies are used to .:.valuate the gerieration, size and historv of these 

l umi r:o11s s true ti.!res. 
----"·-·-- ··-"·-------------

(l)Th·.s desi<;.., c1·iterion was s:.ih~equently chano:?d to P"Gvide for exit velocitie:; 
in excess of ~00 ft/sec. 
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Concentration Measurtnhlnts - --
The e~ficiency ~f flare~ is detennined f~om ga~ concentr~tions of samples 

con••ctLd 'in a hood or probes at severa1 points above the flame. Species con­

Cf'ntrat;O'iS of 02· co, C02· !.O\H and sec are obta1nec :.ising both t.?chniqL1es. 

Compositions obtained from flares operated at different ~onditions are used to 
e~tdb1ish the co~bustion eff-~iency. 
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2.0 FACILITY ST7E 

The site for the flar~ t~st facility was selected to ptovide: 

• p1·ei:li ctab le wind cond1 ti cm; 

• ~ow background levels uf jQ2, CO, co2, soot ~nd hydrocar~ons; 

t isolc.tion fror.1 heat-$e!""1t1ve e:quipment. 

The flare te~t facility was built in a car.yon which provid~s suitable 
topoyraphy~ room for facility lJyout, including the control roo~, and access 
to necessary utilities. 

2.1 Jopo~raphy 

·rhe topography of the test site can minimize the difficult problem of iso­

:atfng the flare from the ambient conditi6ns. Figure 2-1 show$ the terrain 
around the tPst sitF. The canyon wall is tbout 10 feet high and sur·rounds the 
flare facility on three sides. Wind blows predominantly alon.;; the direction 

of the canyon. The flare facility is on a flat clear·ing about 200 feet long 
and 100 fee1. wide. 

2. 2 1-ac il_i..!:i Layout_ 

Figure 2-2 :;hows the p 1 an of the faci i: ty site. A cha in- 1 ink fenc.e 

topped with barbe·i \·lire surrounds <.:he area to ~revert unauthor~z~d entry. 

Access tr the test site is tr.rough .::n E'1evcn-foot l.\'ide swing gate. The rnjor 

insta11ation~. include th~ control room, the hood ar.u sampling suppoi·i; structut~, 

th~ steam bo.ler, fuel tanks and v~oorizer the 1iq~id nitrogen supp1y and 
•:<lporizer, +;he flow controls and the flowmeten:. 

2.3 ContrQl Roen:• 

The con!rol room is directly opposite and provides view and a~cess to 
t~e flare head. It hous~s the gas f~ow control paneis, the electric control 

panels. ~he sample fl~N r.ontrol panels, ~he gas a~alyzers, and data record1ng 

~quipment. Figure 2-3 shows the arrangement of the control r.':>orn. A wi(\c'ow 

provides a cornp1ete view of the flare ht:ad, sariple hood, and probes. Gas 

flow rates and electrical power are controlled inside an~ can ~e t~rned off 

rapidly during energencies. 
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Figure 2-1. 7E::rra in · 1. ty t s:ac-. l • . around flare tes . 
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2.4 Ut11 lt1~s -----
Water. comprc.ssed !ir, natural ,,as, and electricity are available at the 

test s~te. WatJr is supplied thrDu~h a o in. pipe at 70 ps1g. ~atura1 gas 
is supplit:d at 15 psig thr0u9h a 2 in. pipe. Compressed air 1s supplied by 

a shop compressor at 100 psig througr al in. pipe. E1ect.-icity is de'.iv~1·ed 

to the test site at 440 V three-uhasc and 110 V and 220 V are obt~ined through 

a tr<rnsformer. The available electrical c-lpacity is 300 KVJ" .. 
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3.0 F~EL SYSTEJi1 

The fuel system im:luries the supply an~ fl°"'' contr0l und metering 
equipment for the fuel and diluent gases. The experiments reported herein u~ed 
propane ~~d naturdl gas as fuels. Tnese ~ases have H/C ratios of ?.67 and 4, 
and heating Vi\1ues of 2450 and 98!) Btu/ft3, respecbvely. Nitrogen wa~ 
used to dilute the fuel gases to the desired heating values. All gases we~e 

metered to control t11: gas exit velocity at the flare head. Figure 3· 1 

illustrates the control system for the fuel system. 

3.1 Fue1 Supply 

Table 3-1 list~ the planned experimental condttinns and the flow 
requirement~. The total flow rates range from 11 to more than 28,000 LU ft/hr. 
Propane is storea as a liquid in a 2100 gallon tank. Natural vaporization 
of the liquid provides sufficient propane gas for low-flow experiments. At 

high demand rates, ttiree :>ropane-fired vaporizers, each capable of 2900 cu 
:t/hr supply the needed gas. Th~ tank will last about 11 hours at the highest 
flow rate anticipated. 

Natural gas is supplied at 15 psig fro~ the gas uti 1ity company t~rough 
a 2 in. pipe. The capacit3 is exi:ected to be ab0ut 7000 cu ftlhr which is 
sufficient for testing the 6-inch flare at 10 ft/sec ar.d the 12-inch flare 
at slightly more than 2 ft/~ec. 

N1 troger. is used to dilL<te the foel qa!es tn the desired heat con­
tent. A wa~ifold ~~cepts tte liquid nitrooe~ fr~m twelve 3500 scf 
bottles of 9as. ThreP atmosoheric convective vaporizers (Cosmodyne Model 
SV-Zx4) each C·~Jd0 !~ 0f vaporizin;J 3000 cu f'f /hr supply the qas~o":: 
nitrogen. 

3.2 Flow Control Metering. 

lhe very wide ran~e of flow rates (2570:1) cannot be controlleri ~nd 
measured by a ~ingle valve and flown.eter. Valves a~d flowmeters typically 

have rr.axfmum Jsable ran~es of less than 10:1. Hence, i:araile1 SJ~te~s with 
four valves el'd flowmeters are used to contra·. the pro;;:rne, methane, and 
nitrogen flow rates. 

Figu··e 3-1 shows the colll!lon ~esign of the flow system:,. The gas surply 
pressure is •egu1ated to less than 45 osig by an air-loaded pressure reducing 
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TABLE 3-1. PILOT-SCll.LE FLARE TEST CtmOITIONS* 

r-1---- 1 I I q ¢ --.-- -~-- J-··1 
) I 1 cw 1 . • '111 ' uo) "'"''Pd•te PrOJMn~ Melh.iRe Metha'le Nl :roGen ~I troQtn I 

!hi. Vp)'.)cl!.1· .'<:itf' I ' 'Jn i llt>y~r>ld~ l Ri< 'ldrdwfl ri ..... P.dh· CoH flOlll ltat< Cost Flow P.dte Cqst I 
-!=-",_--' _r·_~_P-*'·~·(ft_:.'~"'".:~""'~""'l_"*"_""'"~1~.F='l"'-) 

1 
_•Hec)J .. ~~~,·~ .. ~:~ --~~;~ -~~1h_r~~°'"~=)*=(=S=1·=·"=>l"'*·-~~b/hrl_£bl I {~~r) (lb/:r");t) I '.it~r) . 

f I 
'>.~ I I. lJ •).::; BB 1 ~on 334 32 . .'•: I , ~ 1 .. 1 i l.04 fl.·, 

3.J < 1.u I J!>3 it!: 11.i1 ?.r111 I n 4. r 14.6 .:>.4 

i----+----r--1-"_·'_i_ l :m ?~ 6t81 -~'~---· -~o_.o ___ 1_1_.u t?.o 

71. l 
l 

4.63 

I HJ. Ii nn 
44.) 'l.1 4 '.J 707 50~- 13J7 1!3.1. I .~:. 8.C 2'.J.2 4.8 

; 6.0 r, ?.ll.1 ?000 Ill 171\S ?.Gl.i I !21l 22.6 82.6 13.5 1<:'5.'.' 76.'.' 
! 6 10.0 1069 5'.l H:n <1.161 4!il .''J.ll • 1•n.1 47.9 44?.4 q1 P 

, 1.? 5.,6 'iO~O 'J3~• 005 36 6.4 23.4 I c.9 . _,.,,4 1 1.-1 '
f---+---+------+----+--+-----+--- ... +--.-:- _i ___ . . ·- ---::1 
' 12.u ll 1.:1 56'>5 ~o 53~ 'l J'> :i61 63.B 233.7 ;a.s [ J~4 14.<: 

'J 4.D !IJIO L ;!!;() l06V9 / <1'l 7?? '127.7 16'.7 :6.6 : !18 ~ 

(d) Propdm! d\lultd ll· l35C 1Hu;ft1 ::-.n •01111~;) 
(bl Met~ane '1re<1 without dl lutlon 

(c) tlit.roqen ;sed to dilute pro1-dre ~n 300 f,tu/ft 3 (f~/.5 v:ilJ111(' ''.~ 
(cl) l!>ynr>ld~ numt>l'r ba\f'd '"' •,t;i f.rnJh!llf!. 44~. nitrt.J<jf'n lftixtur·! 

* Ba~ed on origina~ test matrix; see stction 4-1 for add~tional test conditions. 



valve which is remote1y artivated at the control panel. The flow rate is 
contrl11ed by 1M>1ually adjustfog OnP. (if four val "es and i'i measured with 

or.e of four calibrated square-edge orif~ce plates. The differential pres­
sure si~nai increas~s with the flow rate and is indicated with a Owye~ Mano­
meter (Model 422-23}. The metered gases ar·e combined in a header whir.h is 

plumbej to tne fl~re ~tack. 

3.3 S~<:ification, Perfonnan~~ 

Table 3-2 l*sts the valves anr orifice bore Si!es for th~ three g~ses. 
T~e orifke plt.~es hav@ been ca;ibrated using air as the flow medium and 

referenced tC\ on~ of two Mtiriai:i la1!linar f'IC>Wleters. The calibration arrange­

ment and procedure ·is ~escribe<.. at the- end of thf s Appendix. The 
applicability of the air-calibratir.ns to pro~ine. methane and nitrogen 
was verified us~ng the s~allest bore orifice plates and a liquid Jfspla;e­

inent ·-:ta·.hnf Que. 

The ca~ibratio.1 data indicate that tne fluw rates can be calculated 

according to the forlowing generdl e.:iuation: 

where 

__ L /P +14 °J 
q = 9Zl.22 x K x jW x JhH

2
0 x v l+l6TI° 

q is flow rate, SLF~ 

K is orifice flow f~ctor derived from c~libration data 
MW is mole,ular weig~t of gas 

h~20 is pressure dror,, feet of water r.olumn 

P 1s pres~ure 1Jpstream of orifi:·: p~ :g 

T is temperature ;p5trea~ of o~ifice. °F 

The calculated flow r~ted agreed to witnin 3 percent of ~he calibrated flow 
rates. 

The accuracy of the meterin~ system 1~pends on the condition of the 
orifi-:e olates a'ld the differential pre:sl•re •;i:msing system. Absc'1u~e 

e.ccuracy i" 3 percer. t and nmea :~abi h ty is t:ietter th?n 3 percent. Fl ow ratt!s 

thro1.;gh the fue' system at't stabl~ anc unciffected by variation!> in wind and 
combustion conditions. 
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4.0 TqACER SYST~l1 

11e11sured a110unts of suli'ur •Hoxide ~il\ be added to the fuel gases as 
a tracer to detennine d1 lut1on factors and verify material balances. Tne 

actual s02 additi~n rate will be determined during experi~ntdlicr.. However, 
it is e,;timated that one volum~ p~rcent sox in the fuel will be sufficient t-:> 

rroduce about 1.0 ppm in the combustion product. The rate of so2 anticipated 
ranges from 0 .11 to 263 5Crn. 

4.1 Tracer 3upply 

The so2 is purchased from Unior Carbide as a 11quid compres~ed gas cy1in­
d~rs containing 900 SCf. A dip tube draws liquid and passes it through two 
steam-heated shell and tube vapor1zer~ shown in Figure 4-1. After vaporiza­
tion the so2 is controlled anG meter·delivered to the fl~I""'! head. Figure 4-2 
sho~s the flow s~hematic of the so2 system. 

4.2 Tracer F~ow C~ntrol and Meterirg_ 

The wide range of flow rates (2570:1~ 1•l''iuires using mu1t'f;.ile valles ar.d 
flot1 rreters. The so2 pressu'"e {34 psig} from the vaporizer is regulated to 
15 psig with a stainless stee·i re~ula~or :union Carbide Moci~l CRC-15). 
OepP.nding on the use rate. the so2 is con~roller. Ly a sized needle val~e and 
metered with a rotometer. Table 4··1 :ists the c'mponent speciticaticins of 
the va 1 ves and fl ow r.·eters. 

4. ~- Pe'."fonnance 

The pe··fon1mnce of the systf'll' r•'xing and delivering the S02 trC'.cer hds 
been verified b)' measuring so2 ptMiles at the base of the flare stac:c 
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TABLC: 4-1. TRACER FLOW SYSTEM COM!>0!'4E~lT SPtt,;IFICATIO~ 

--, 
~f:NENT I SIZE OR 

NO. DESCRIPTION M(\JlEL NO. CAPACITY REMARKS 

r--VPl , \'P2 

- ·~·- --- - --··-- -- ---------

Vaporizer Custom 10 CFH Steam Heated 

I Vl Bot~le Shut-off On Bottle: 

I V2 Ball Valve, Worcester l" tlPT Main Shut-off 
St:dnless Steel 

PRl 1 Pressure Re~ulator Un ·ion Carbide 1/411 NPT 
CRC-15 110.1-15 p•f9 

PRl Pressure Gauge Marsh Type 6" Dial Stai:'lless Steel 
100-3 i 0-60 psig ;p. .... 

I RMl Rotameter Brooks 0-:2.7 CFH .,,. 
1110-09H3B1A 

RM2 Rotameter Dwyer, Rl"IB 0-ZO CFH 

RM3 Rotameter Dwyer, RMS 0-5 CFH 

V4 Control Valve Whitey, SS-4kS6 CV = 0.51 

i V5 Control Valve Whitey, SS-2RS4 Cl/ • 0.15 I 

I V6 Control Valve ~itey, CV = 0 .or~ 
I 

I SS-21RS4 

L~~-
I 

Sole.1oid ValvP ASCO, 8?.11C87 1 /''/' F~it ~hut-off _J 



5.0 STEAM SYSTEM 

Steam is requi:ed at the flare facihty for si:tPJlating '>tean:-ass;stt.d 

.'lares and for au}..ilfa1·y heating. Steam ~s injecteli into the flduie at the 

flare head to incr:!ase air entraiPment an i combust,or ir.tens~ '..Y and reduce 

1uminousHy. Typical ;njection rc:tes are fro111 f') -:o 1 pour.d of steam for each 

pound of C0111bustible gas. 5itea1n is also 11s1?d ar the +'~are tacilitv to 

vaporize SO., for use as J tracer ~nd tc lledt sample lines t'l <lVOld condensa-
' tfon ·t1hich would r:ause loss of sulfur a11d hydrocarbons in the lines. 

5.1 Steam Supply 

Steam is supplfeJ to the flare test facility tw a 15 hp boilPr. 
The boiler. which can fire protlane or natural ga•;, supplies 400 ;:-ount:is of 

saturated steam per hour at 100 psig. 

The feedwater to the boiler is filtered an1 the calcitt~ and m~gnesiU/!1 

ions are rf'~:Oved by a resin-bed ion-exchange water su~·f;ener. The wa~er 

softener has <> one-cubic-foot bed and can ~1roress 10 gallons "'f wc:ter p~r 

minute. lhe i·psir. bed is aut001atically reg.~nerated oy salt s0luti·:>n. 

5.2 ::'lo\<; Control ona r~e_terin_g_ 

Meterin'J of steam is di ?ficult beca1·se ot the \o.'ide nnge of flow rates 

ancl the P"'Oblem of n:etering a ga<> which may conder1se ~t t.hf' mc .... ering ~empere.­

ture. Figure 5-1 i 11ustrates tt,e steam-flow control and metering system. 

All lines are insulated t0 minimize heat lo~.ses. Tti~ boiler prouu::.:es S3t• .-a­

.;ed steam <"t 100 psiq {348°1='). ThP. steam fic; . .,s .... 1r:1ugh a ::iressure-redu,;.1n'.J 

valve (Leslie Model GPK-1~·; which control;; the ~team pre~:ur~ betwee11 10 to 

fQ psig. Expansion produces dry ~uperheated stea~. Conde~$ation rorlll'?d 

downstream of the pressura-:·educing valve is remov~d by a steam trap at the 

nnnifold and the "dry" steam flc~s tht'ough one of four orifice 111eters and 

is cont.·ol led by manua~ valves. ''~e flo•- :·ate is indicc.ted by the pressure 

drop across the orifice meter me~:· ... r ?.. ~ifferential prec;sure transducer 

(Val ,dyne: Model P3050). Specia1 , .ons arL~ •.1sed to re~d the differential 

pressure in the o:team line. Bleed·v~lves clear tile .ressw·e sensing lines of 

liquid before ea..;h rea1ing. The manifold pressure and temperature are mea 

sured on dial gauges. T~ble 5-l lists the specifications of tnc ~etering 

systl!m. 
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TABLE 5-1. STEAM METERING SYS1~ COMPONENTS 

MODEL NO. 

_unkenheimer 
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~es'ie 
GP(-2 

F1e.dtra~ 
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M<ist1r G.i<Jge 
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:us ten 
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Tile s tedm c,~•ste.1 operates satisfactorily. Figures 5-2 ttirough 5-~ show 

t"e calibration r::w"v<:: .if the orifice meterc;. F1ows were calibrated by con­
densing the stean downstream o·' .he control valve and weiqhinq the collected 

conde:1sate over a ~imed interval. 
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6 'I .v DESIGN Or fl~RE HEADS 

The flare ~euds should: 

t be geometrically s;mple to allow a scientific 

interpretation of the results~ 

• .-imulate the ih1µ.:>rtant featyres of comnt!'"ciol flare heads; 

• pre.duce flare flames representative of coo.nercial flar 0 

flar.ies; 

• be cnnsistent1y scaled. 

A straight pipe was used for the flare hea~s on the advice of the Tec~nical 

Advisory Connittee. They concluded that flame arrestors, retention rings, 
and other proprietary features of cornercial flare heads were 

unnecessary and unde~1rab1e for the flare test facil~ty. The head 

\''as provided with e simple stean,-rin<:i and steam-nozzle~ for injectinQ stearr 

to suppress soot. 

6. l f.l_;1r~ Head Support Base 

Different flare heads can be mounted on th~ flare base shown in Figure 

6-1. The base is a 6-font long, 6-inch oiameter pipe welded to a p1atfonn 
compose~ o~ ~ ~-inch thick steel plate a~d four legs. The gas inlet ;s a 

2·inch pipe e11ding .;ith a standJrd 150 pcund flange. The mount for the .uu" 
flare hends is a standard 150-pourJ, 6-11'\cti pip?. flang.-. ~·1;e top of t'le fl ire 

head suppurt baSP is 7 feet ~~ove groJnJ level. 

6.2 Flare Tio - -
lhe flare heads are norrinal1.v l, 6 and 12 inches in diameter and each is 

8-feet bng. An i llustratinn is shown in Figure 6-2, and the dirner.sicns are 

listed ir T~ble 6-1. 

6.3 Sleam P.ing and Nolzl~s 

A key feature of c001mercia1 flare 11ead~ is \..he steain ri11g and injection 

rlt' . .c:zles. The$e are designed to induce air e•itrairnrent and tl:rbulen:e at the 

base of the flare flame. The d~sign prir.ciples emplo.ved ii' cJlllllercial flare 
heads ar·e proprii::tary and unavai1al)le. Hence, the cesign of the steam injec­

tion nozzle assembly for the te.>t flue was based :;n empiri:a1 info:ina. 
tion rei:>o;·ted in the 1it£:rature. The basic :tssumptions appllad to the steam 
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TABLt b-1. FLf.RE HiJ\D SPEClFICATIOHS 

,- -----------------·------------------
Size (fnch) 

\ 
-L----------P~_RAM--ET_E_R ______ ,.,_ ____ ....., ________ , _____ ..._ ___ 6 ______ ....... _____ ,_2_~ 

j Inside Diameter (inch) 6.3 12.3 

Outside DiaMeter (inch) 6.6 12.8 

~1ow Area {in2 ~ 31.2 118.8 

Manifold Flow Area (in2) 

~lumber of fozz le s 

Noule ID ( inct:) 

~!0zz 1 e OD ( i!lch) 

Length of Nozzle (inch} 

V€rt~cal Position 
(inches from tip of ~lareheJd} 

' To!al Flow Area (fn·) 

Overal1 Height (feet frOI" 9round} 

I 

3.06 

4 

0.263 

0.375 

o.~-4.5 

I 0.217 

1 

14. 1 

8 

0.37 

o.:;o 

s 
-1 to 5 

O.fs60 

33.1 

ib 

o.~2s 

0.625 
., 
' 
O to 6 

3.464 

15 
i _ ....... l_._. _ _:_ __ ._J __ 1s 

~~~~~~--.........1 



nozzle design arq: 

• Corrmercial flares have S1110keless ca~acity of about 20 percent 

of the maximum g:is capacity. This yields a smokeless exit 

veloc;t) of about 120 ft/sec. 

• Flared gases have jensities of 0.()(i37 pounds of hydrocarbon 

per cubic foot. 

• Stnokeless operation requir~s 0.27 pounds cf ste~m per pound 

of nydr.:icarbon. 

From the!:.e a:;suf'lptions the stearr. flow .apacities are cc11101.r~ed and the steam 

ri"9 .:ind nozzles s1zed. To simplify tti~ analysis Jf stear.1 jet entrainment, 

st~dight stainless steel tubes with l:irge length-to-diameter ratios are used 

fo,· t:ie stea11 nozzles. figure 6-2 shows the flareheads w1th the ste:im ring 

ar.d 1·able 6·1 lists the specifications of the flarehead. stea'l1 rinqs and 
riozz. l es. Some steam condenses in the steam ri n:i in spite of 1 i ne 1 nsu ht ion. 

·me stean. r-ing is drained through b1ow-dn'.'ln v:lves prior to tests with ste~!il 

ir.jection to eli.11inate the 1njec:t1'Jn of water into the flame. 

f. .4 Pi1 ot 

The pi 1ot is required to ignite the fuel ')ctses at the fl\..reread. Typi­

Ciffly. the fue, gases .,.,;11 reir1ain ht unl~ss the exit velodty h tf)J higr., 

the wind is too stro"lg or •:he gas 'ieatirg value is too low. Under such :;cn­

ditiOn$ the pilot 1io1ill provide a reliat:le continuou~ source oi' ign1t1on. 

(01:imer::1~~ flares burl'I about 125··200 scfh M natura1 gas contfnuously a;; 

pilot flames. This is siflii~ar to tllf f~c1 flow for t'1e m&~r. "'lare for many c,f 

the tests. In thes~ cases, use of~ continuous pi let flame would ubscure the 
"1ajor o~ject~·.re o+- thic; ,ro~r<?r.i \-1hict· is to detenr.ine the cvnbustion efficiency 

~: the mein flare. Thercf,re, a srr~ll hand-hold torch which uses less ,han one 

scfh of gas was u~ed to isnite the flare flames. 

6. 5 Flame Arresto_i:.~ 

C\ATJnercial flQ:·e he.:\dS are equippeJ w1th air !'.Ir liquid seals or flarre 

ar r~sto·~. to mi1imi;..e the potential of flas'l-Lltk wt.ich C'lr recur when air 

enters the stack and forms a CClmbustHle mixture of gas. The Technical 

Advisory CoRlllitte& :;;.;g~e,.ted d flar;e ar.-estor not oe used on the flare test 

fac:"f l itJ. The al"rE:stor >¥as u·1necessary :ie.;ause the head is purged with 
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nitro~en before and after o?i\Ch test and it wouM distort the vE=locity 

1>rofi1e at the exit of the flare head. 

6. 6 f.lame P~tent i Q:,LRi ng 

Retention rings are us..:d on flare tii;s to stabi1';:e f1;iri:. flames ai 

high velocities. n.e ri'l·~S are usual •Y nf special nropriet:..a·y design and 
are nci; required fo-:- s"1al1 flares wHh low exit vel0cities. Therefore, t;1e 

Te<.hnit.al Advisory Cor.mittee recon111ended the pilot·SCl\le flares be operated 

without a retention rir.g. (Note that in subsequ~nt tests at high velocities, 

re:ention ri.19s were used.; 
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7 .O EXTRACTIVE '.i~PLE S'tS~EM 

In o-1er to determine th·~ ..:cmbustion efficiency of flares, samples 

are extracte!:4 from tlie fla'lle o1urr1e and analyzed for o
2

, co. co
2

, sulfur, 

hydrocar1:>1Jn and particulates. 

7 . l ~~!JI l e P~ -1..!! •. t.i 

The locatfons for sampl~ "'itht.lrawal must be detennined experimentally. 

A hood plac~d above the f1ar~ flame collect; the entire plume and a five­
pro'>e rake withdtaws sarr.111es at c;electeu bc,1tions above the flare 
flame. 

7.2 Hood Samp11ng 

The hood collects the flame pl~me into a chimney and hornoqenize5 the 

co11'h:.J.;;tion products. If this method is successful, it is a qu ;ck way to 

_ .... tec111e ovP.ra11 fldme combustion efficiendes for ~ .:t11 flames. 

Hood De~.i9!!_ 

Figure 7-1 shows the sampling hood as:>embly. Ttie i'lcod desii::n \tas 

improved several times during the program in ortier to better mee~ the program 

objectiv"s: 

1 To vi~lect the entire f1are-f1ane plumes from the 3'' flare head 

and the plumes from a flamt· at 2.8 ft/sec gas exit velocity for 
the 6" flare-head. 

• To h(J:-no(lenize the pll.:me to ii mixture with unifor111 '.;f)ecies 

concentrations. 

t To provide means to mcasurE material balance:: t'ln,ugh the l'lood. 

• To ffiinimize disturbance£ to the flar~ fla::ies. 

The hood assemtly consists of two hooo sections, an axial duct boost~r 

fan, a mixin~ chambEr, a flow straightener, a measurement chamber and a flow 

damper. The two hood sections are con;,tructed of 12-gitUce ca1bor: stP<:i '!n<i 

cJv~r areas 8 feet square a~d 13 feet 8 inches square, respectively. 

The hood converges to a 2-foot diarreter chhmey. The t: hp aJdal floy.i 

booster ~an at ~h~ entrance to the chimney ~.an draw 8200 CFM of air at sl3tic 
::ires sure of 1 /.;. inch water col u11n. Thi::; fl-: .. ,·ate 1 s about 250 times the 
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flare ga~ rate at 2.S ft/sec from the 6-.r.ch flarehead (equ1~alent to about 

17 times the plume of a S6 percent i:wopane flame at c;toichiometry combustion 
conditions). 

T"ie mix1n~ cl'laruber is a 4-feet lcng. 2-feet in diameter J,J!~c, with 9 flow 
dfrectors to in!:rease turbulence m1;:in9. However. the duct booste.· fan 

changeci the flew pattern in tl'>is chamber to hiqrly swirlinq, A flow­

straightt::ner at the exit of the mixing chamber was used to reduce the sw1.·1ing 

flow. The stra1ght~l"er ··:-: 111ade of two banks of 2-inch ··ride steel bars at 

tWQ-inch spacings ori~ntea 90 degrees from each other. 

Thl:! measurement chamber is 2-feet 11, diameter and 4-feet long c:ind houses 

the sample probe, five velodty probes and a type-I< themocouple. A da;nper 

valve at the chao.l>er outlet allows a·jjustments of the flow rate through the 

hood. 

Pro!::!_ Des~ gn 

The hooo probe is shown in Figure 7-2. It consists of a center samplP. 
p.:!ssc;ge irade of 316 stainlec;s steel, 1/8-inch, scheduit: ll(l pipe. An exterr.al 

flow jacket, 1~-·;n~h 00, carr~es steam to ma1nt-ain the gas sample at the 

desired temperatt.:re. A stainlC!ss s;eel fllter holder (Gelmar, 1209). 11e1ded 

to the probe tip, houses a gla~s fiber ti1ter to collect solid part·cuiate~ 
The particulate lot1din9 of the COl"!bust-'on orcdur:t is dc!ten.ined by measuring 
the combustible mar.erfal ~aptured on t:he filter etftt!t a '<nown vohni-;e of 

sample 11as passed tnrough the tilter. The prob•:? is desiqned to oun 50 cu. 
ft. of gas ;:ier hnur. Various-sized tips are used to Pnsure that the s;unpl ing 

is ne~rly isokinetic. 

7.3 Mul~l~Po1nt Sampling 

The hood samoling system pro~ide~ average :iroperties of the c~~bustion 
products. ~u 1 tiple ooint 5:Jmp:1ri~ rlPtenrines lnca1 species ccrceritrations ar.d 
ide~tifies che contrihut~on o~ indivirlual ~la~e structures to t~e overall 

plume. :t uses five ~e:oarate ;;robes ar.J Sd;rplir:g trains tc co1lel"t five <>:::mple:: 
sfmult:ineousiy. 

Support Gantry 

The multiple ;:.iroues are supported by •i gantry which can bF: lifted by a 
12-volt CC winch. It covers sample heights from 6 to 50 •pet above ;round-
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level and can traverse a cr~S$-sectioa 15 feet by ~S feet. Figure 7-3 shows 

the p rot,e position f n g me cha n i srr. 

Probe Design 

The prob!~ u~ed for t~ multiple point sampling ~re the same as the 

prob(• used io ilood sampl,ing. Refer to Figure 7-2 for the probe design. 

7.4 Samp1e ConJitic:.;1s 

The sample collected by the prl)bes cannot be analyzed directly bec.ause 

It ls 11ke1y to be too hot, ladf?ri wHh particulat~ and wet. ihe conditionin<1 

required depends or. the specific property t~at is to be measured; namely. 

conc~ntrations of o2 , CC, co2• so2 (or total ~aseous sulfur), hydroca~·bons 

and particulates. These concentrations can best !>e 'l!easur-ed if the gas tem­

peratur~ is near 80°F and is frcr; of particulates and mcisture. Figure 7-~ 

shO'rls the sGhematic Lf the sample tra1n. 

The sample temperature ranges from Mar ambient to over l00(1°F d~11er1ding 

on the sample location. Ideally, the moist sample~ should be maintained 

between 160 and 300°F so moisture dot:s not cor.oense ;1hich WOIJ~d remove a 

purtfon of the so1chle gases. The sample temperaturP. of th1! probe-; is con­

trolled by passing water or steam tr.rough out~r jackets. ~he moist sa~ple 

i~ Keot abo{e 2ooeF by electrfcally-heatea Teflo~ sample lines ~ut drops tc 

ambient levels dow~ ,tream of the driers 

Particulate Rem~v~l 

The probe ti1> cor·tc.in the filters in stainless steel holders, to 
collect particulates, keep the jdmple line clea~. and reduce t~e contact tim€ 

between the !:all'ple gas c:.;1d the potentiaiiy rc:uct~v~ p~rtfrulates. Combusti­
ble particulat:r ~re determined by b1Jrning the filter and sampli... Filters 

(Gelman GA Triacetdte matc?nal with pore ~izes 0.2, 0.45, C.8, 1.2 and 5;m 

are adequate for tempF.,-atures below 212°F and at1;ir"~ch ,,elocitie~ from 1.64 

to 16.4 ft/sec. Otner glass-fibre fi1 . ..;rs are adequat~ up to 930°F (Whatirc:n 

934AH), but sho"ld not be necessary. 

Dryi 1'!9. 

Ho,'.tPre in the gas sumple must be removed before ~t condenses and par­

tially rer0ves the SOl~ble gases SULh as SQ~, J~ addition, water Vapor inter-
'-

feres wi':h infrared analysis of co a.id co2. 
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·,tte 1110is"'ure is removed by Pennapure driers {Model P0- 1 000-24~5) which 

u!.es a llefllbrane tubP. bundle tl.l transfer select; ve ly w.:. ~.er vdpor fron the gas 
stream. Tht water pa.;ses ~nrough the 'llembre>.ne where it is removed b~' dry 

nitrogf.:n. T~e driers have 40 cu cm ir.~:!rnal volume and ca" pass 9.95 to 

51. ~ cu. ft. of sar.ple per hour at 0.15 anJ 0. 75 psi pressure drop, r,~s.,ec­

tively. The amount of purge-gas required is 117 cu. ft. oer hour. The out­

let sample is designed to achievt ~n~F dew-point. 

~ontinuous Analysis 

ConcentNtions of CO, ro2 , o2• so2 , HC in \:he dry, clean gas are me<>s•J.~ed 

~Y ~ontinuous analytica~ instruments. 

Bag Collection 

One ~et of analyzers is available, consequ~ntly samples from the multiple­
probe sampling will be simultar~ously drawn and subsequently analyze~. The 

samples will be stored in 1.8 c1..•. ft. capacity Tcd1ar baqs. Tedlar bags llre 

fabdcaled on-site using a heat sealer. The bags include stainless 

steel valv<!s tnrough which the ~as wi~l enter, be trapped in the bag, and 

exit for analysis. 

7. 5 Ana 11!!1. 

The gas sarr.ples a1-e ana i/zed for CC.'f1cen';rdtions of o2 , CC, co2 , S1J2 and 

hydro;arbons and the particulate f;ltf~rs are weighel.i tc deternine partic1.il'-tt 

loading in t'1e sample gas. Table 7-1 li::ts i:.l".e analyses, .;ensitivities, 

acces~orfos anC: typical ranges of gas ccncP.ntration~. 
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TABLE /-1. ANALYTICAL METHOD~ ANO A~~uRAClrS 

SPlCIL JNSTlll!Mf'IT 

0
2 

la)'lcr ~7M ?uaraagnet1c 

CO ti: Scckr11.in 3bA J Non <:1i~pcrs1ve 
lnfrdrPd 

! I i Al.sorpt1on 

[·C~~- --- ·-~ed:Mn .Jl~P,- - ·- -~on-d1s-pe~~1~e 
I Inf rd red 
I t At:.~11rpt l 011 

.'iC ---··1- Bf.'~~:an 40!1 I: riillaf' 
ionl1a':lon 
Celectioro 

------L 
I 

I 
I 

Meloy SA 260 

~----------- r 
LPdrt1cu1:_J_ _f1~-~er --1 · 

L 

?ti<Jt1J111er.r1 c 
Lletect ion 

Re.tel ion with 
Perchlur.itt! 

Tl111ed 
Col lectioo 

I I "'"''" --, 
~~_J :':~"" - g_:j:;;-~---1 
0·500 - , ... ... IYP1UI 3-IO .PPll 1 o-z.oi :zoo POM H1n11U11 l ppm 

Max 1111Ut.1 3!10 ~>JAi\ 
----+------- -· 

i IJ-~.o-. ·O.O?i Typica 1 0 7-0. ;i 
0- IOt t •0.1'1: Hin1S111.1111 O 071. 
o-:"'"'. .'0.7t'. Maxi111U111 J ,(Ji 

3.r, wm I .05 • ypfca' - )-;_;,-10 Pµt'I 1 
0-SC r-1"" 0. 5 ppm •:l nilnu111 - j """' 

0-500 ppl1l •5 JIPlll M4'1- 200 p:m 
0-5000 i:;ii• '50 PP" 

o.~ i;pb 
to 
10 Pl~I' 

1 le 100 pp;11 

- -~..,--

0 to 10 
ib/ft3 

'10'1 of 
musuntd v•lue 

:Si of 
llll!1s•11·er value ' ____ J 

0-'i x 10· 7 lblft l 

• ~hort-t1.-n1 accur1cies w1thln 20 11lnutu ot in•t...-nt1~ tal1br1tt0fl 



8.0 VISUAL MONITORS 

ThE~ flas11e behavfor is 'E>torded by a video recorder, a stil~ camera 

and a high-sper.d, 16 nn movie earner~. 

8. l iJi dc~,li'stern 

The ~i deo S)'stem has t>een used to :noni tor ilrd r~co~'d gross-flame 
structures. ~'. JVC color camel'cl records -the '.}ross-fiar..r: cna1 dcteristics on 

tape. The recorJ.:! ... uses c 3/4" wid<: magnetic cassette t1pe and or~wides 
frame-by-fra;ne pl~y-back. A 12-tnch diagonal CQlor monitor peni1its on·line 
monitoring :tnd playl.iack. The video monitor system is 1 imited b,y its svatial 

and temporal resolut10r. and narrow range of sensitivity tJ light. 

8. 2 Photograpliy 

A still r~mera fs JSeo to r~cord the stru,ture of the fl~lllf'~. 

Long tllne-~x?Qsures will record the average 'tructure an~ short time-exposures 
~ i 11 record the i nstantdneo•Js s >:rue tu re of t!lP. f~ amt:~. Both E:xposur<!:. ire 

recl'Jrded with a 35 ll'lfl single- lens-reil~~. Ccl!ien (Cannon ~iodt!l AE-l) with a 

5') fllrl focal 1'.?ng-.:h and an 80-20f. rrm zoom lens. 

High-sp~ed fllOtior. uictures help ii" understar,dinq be evolution of 

f1are-flaioe structures. This information is used tr· unde:stand tne influ­

ence of flame structure on the comb~st· on eff~ciency aod -:.ca.le of the head. 

-:ne flame struf+lwe is recorded w'itr a -i6 r.:1 Hycam cariera using a rota-

ting prism and lens with focal length of iO to 100 lllll. Hotion pictures can 

be taken with this camera at speeds of 100 to 1000 frc:mcs/sec. Experience 

has shown that .lOO frames per !:r.c<lnr is 11deq . .1at@ to reco.·d flare fla~c $truc.­

ture. 

A camera platfom 'r"ovides sta~le pos1-.:10ning for 1·ecording the flame 

strurtur~ (Figu~e 8-1). The platfrrm is 15 feet above ~he ground and can be 

positioned up to 30 feet fror: ;he flarehead. The 30-foot distance produces 

acc~p~able flar.ie resolution wher. using co1T1111:.r-ly dVailable lenses. 
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9.0 AMBIENT IQUTOR ANtJ CONTROL 

The flare-flame is nJt enclosr•j and is subje<.ted to envirorvnental varia · 
tions i'l wind velocity. Sr.reens w-?. ui;ed to atte1,uate natural wind. The 

~1ind speed and aribient air tempcratur~ are monitored durinq tests and no 
tests a""'e conducted dudng high \-1ind conditions. 

: • I Wi ndsc!eens 

Perforated steel paneis, 8 feet by 10 fc~t protect the flame ~rom 

win~. Eighteen pane~s cover the four sides from 10 to ~6-foot levels. 
Figure 9-1 shows a typical wind-screen panel. The ~anels have 22.7 percen~ 
open area with one-half-inch diameter holes on one-inch triangle oitch. Ob­
servations using smoke borr.bs showed that the windscreen:. effectiveiy reduce 

the influence of the wind on the flare-flame. 

9.2 Monitors 

Wind speed and direction are mJnitored by a three-cup anemometer and 
wind vane (C1imatronics Mode1 Mark 1). ~he velocity is retorded on a ~trip 
chart and dry-bulb the "lllOmeters use~ to measure ambient air ter.ip~ra t1.1re. 
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;o.~ SUPPORT STRUCTURE 

The structure around the flarehead provides su~port for the huod. the 

ra~e probes ~nd the windscreens and acts as the position reFerence f~r the 

flame and samplinq probes. 

10.l Overal: Structure --------
The structure covers an area 20 feet by 20 f~..:it. Figure 10-1 shows the 

schematic of the sti"ucture. The corner poles are 4" x 4" :< "£" box-tubing. 

the hori zonta I beams :ire 4" x 4" x '-'" H-bean.s supported by di agc.11a 1 

!'!embers. The structure 1s stabil1zed by 3/8''-diameter steel guy 

r.ables attacher to the corners and anchored to the yro1Jnd. ThP vertical and 
horizontal mf'mbers are mar~ed by paint stripes spaced at 2-foot i'ltervals to 

prov~1e a r~fen::11ce fow- flaioo observations and probe riositions. 

10.2 Hood Su~port 

The hood, as shown in Figure i-1, 'Neighs about 2500 pounds. It is lifted 
at four points by 3i8"-,iiameter wire ropes. A system c.f pulleys gi.;id~s the 

wire ro~es to one corner wnere ~he wire rcpes are bridled together. An ~lec-

tric winch is used to rais~ t~e hood , which can reach 50 feet above the ground. 

10. 3 Rake f robe Suppon; 

The Rake Probe Gantry weighs about 1200 pounds. [t is guiQed at one end 
by trolleys and a tvngue-in-grov~ arrcngerr~nt at th~ othe~. It i~ iift~d at 
two points r.ear tne ends by 3/8"-diar.!Ctcr wire rope. These are guided through 

pulleys to one erd and are bridled togei:h~i-. ~n eiectric winch lift-; t!1e 
orobe, which can i'r.ach 50 "'ect t.1bove: the ground. 

10.4 Windscreens Suopor~ 

The ~ind~creen ranels weigh c 'roA:mately 180 pcunds each. Wire ropes 
hangif'g from pu11..!ys at the t.:>p ot the structure have thimble- loops spaced 

~t B··foot ir.tervals. Hoo:'.s at the top of the panels secure thern to the 

thimble locps. The windscreen asser.1bly on each sidE> of the structure is 

lifted tnd lowered to the appropriat~ height by electri~ winch~s. 

Al0-1 



cOOD~ 

•or' 
:it: iP 

":" /!, ! ._ .. '! 

12 "':ot·cn~ 
o·:> )h.»wn 

/ 
,/ 

~LaOC"1'" 
"°!'J't:1ca1 _ 

4 L<><:1t1ons ,/' ~ 

! ' \ 
{ .ddder \ 

.""'- I .. p ...... ~O) 

~ \ _____ / 

/ 

se1.tlon d-d 
Ladder Brace 

Oet~ ll 

Figure 10- ~. "·:pport structu:--e fvr ~i'mpl ing hood and rake probes. 

Al 0-=1 



11.0 DATA ~YSTEM 

Oata arc! recorded manually and with the aid of a data loggtff, and strip­

ch~rt re~orders. 

11.1 Data L099!,!. 

A data-logger (tsterline-Angus Mod~l D20~C) is us2d to scar. and 
print ui:: to 20 volta;~ signals at 2 channels/ser~n~. It is used prirr:arily 

to log the t ..• opentures of +:h·:? Probe, structure. and Fuel gasE:s. 

11.2 Strip ~ecorder 

A 6-pen ci·c~t -ecorder (Soltec Model 3306) cont1nucus1.)' rei:ords the ·:>ut­

put of the o2• co. ~o2 • HC and the so2 analyz~rs. It also re~crds the wind 
speed maasured by tile 3-cup an)11ometer. 
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12. O Orifke Fl m.1reter Ca 1 i brat ion 

The orifice plates WEr':'! c;a11brated using air and calihrated laminar 

flowmeters. The appar·atus used to calibrr.tc the orifice meters is shown 

in Fi~ure A-1. ir.e flow rate through the· lam)nar flowrr.etP.rs and orifices is 

.!djusted with a cor.trol valve rnd the following data are recorded~ 

• pl pressure at :Jpstrea111 tap of 1a11inar flowmPtPr 

• p2 pressi.l•·e at upstream tap of orifice flo\M1eter 

• .dPl differential pressur~ across lamin~r flowr.leter 

• ~p2 - differential pressure acros> orifice f1owmeter 

• T air ttmpP.rature u~~trearn cf iaminar flowmeter 

Th~~ ~1ow rate of air is calculated From P,, jP1 and T using the equation wHh 

the fo 11 cwi ng forni ~ 

F'1 ow Rate .. 
( 530 ) 
.4mJ+r. 

whiart flow rate is in SCFM (1 Hmo', 70°1-) 

l.\P1 is in inches water column 

P is in psig 

Table A-1 lists the c<.libration con~tants for t:he 1aminar flowrr .. z~,~r~. "\'"!le 

calculated .-::ha"i:lcter1stics of tn~ orifice flowme1:ers us~ the •0Jlo1d•q 

r-----, 
q a K x ./T~i x F Ql'tS /

'P + 14.7 
x J hH O x. \j ~ + 460 

2 

where 
.. SCFM 
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TASli. A-1. CALIBRATIO~ CONSTANTS OF LAMINAR FLOWMETERS 

I 
I 

-
FLOW ~ 8" W. 

MODEL Sl:JdAL 00. a b /atm, 70°F (S 
- -

I 
' I 50 MY 15-6 S-4291-l 51.27 -0.4479 381.5 

~O MW 20-2 _L_ R~3049-l 10.017-5 -0.071875 75.5 
I 

-~ . .;. - -- ---- -----·-- ---·-~---



v = ol'ifke f'low calibration content " 
MW • molecul~ weight of 9a~ 

Fgas = correction factor for gdS other than air 

Fair= 1. Fpropane - 1. 14 

hHzO = pressure drop in inchP.s of water 

p = ::>res sure of gas at orif;ce, ps;g 

T = t~~pcrature of gas at orific~. °F 

Table A-2 lists :re orifice. flow calibration constant, K, of the o:·if1ce 

fl owrr.e ters. 
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-:'ABLE A-2. ORIFICE FLOw!-!ETERS CJ\LIBRAPO~ r:uNSTANTS 

-i-·- i FL<* of A;!{ 
BORE STA~OARD ~ 20" liC 

VN.!F!CE '-IPSTP.EAM ~!At- ·eR FlOw OE'i; -~ T 10~ I atln, ~J"f 
Mt;MBEA IO \!loch) • i .. ~·.; c .\CTOR, K I Of K (SCrM) 

·-- ~·· 

Fl 2.46; l. ii~ 7366 ,1€,f Z9!>.0 

Fe I. 6"0 1. JJ Hll1 f 4; !2.J 

F3 0.824 J 52 460.~ 5.6 18.4 

F4 0.824 0.2w 120.3 3 ~ .. 4.82 

F5 2.469 1. 58 504~ 17 ~Oi .e 
F6 ~ .610 0 87 1195 35 47 .8 

F7 a. 4.; 3~0.7 ~ .. 12.l 

~~ u. ~ I) 7';" 73.e- 2.30 2.9? 

F9 2 :5g 1. 32 ; 307 '15 293~ 

C' :"; 
I. 5i0 I. J4 1821 36 72. 9 ... 0.824 0. Si 470.3 t:f. 3 18.3 

i= ~ '-: 0.82'. ). ~8 135.2 10. 3 s. 4• 

' .....__ ___ __..__ 

~u 
;:-• c., • K x .,· ~ x F ~'" • .; h x V 'r"°"+'l>(r 

• Ire~ o:· Wate·· 
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,l\PPE~O IX Cl 

TESTING METHODOLOGY 

The methodology used in testing is discuss~~ in Appendix B in sections 

• Bcckgrouni ~oncentrat~on determinati~ns 

• Test conditin~~ 

• :idmp le co 11 ecti on 

• Analytica) procedures 

• ~isual observations 

o Data reduction 

Background Concentration Determinations 

During the ear1y phases ot the te"t program, the backgrounc concen· 
trations of 02, CO, C02 and HC were foun~ to be cornoarable with those f~om 
th~ flare flame. Hence, loca1 combu:tion efficiencies need to be corrected 
for t;1e conc!"l'!t.:3t:.::n of the species in the tackground. To accomplish tt~is. 

the concen.ra~ion of the $pecies in the background is determined Prior to 

each test. 

The bac1<gro1..::1d samples are co 11 ected and analyzed fo 11 ow, ng tl ::irocedure 

identical to that for sampling of the f!tire gases. The ~acility e-;uicment 's 
operated norw.ally exceot that the f~ue flJme an~ ~.i1ot flames are n<.1 t lit. 

!luring sarrplirig for t"\·' back9n:Hmd 1..oncentrations. the probe is 1ocate:i in 
:.ne sarrie positfor. as it is for saml-'ling from the flare 1lame. iable 8-1 lists 

~he r~nge of back9round concentratic~s for 02, CO, C02, HC, soot, and S02 
rreasJre~ duri~g the testinr period. 

·rt•st Condit~ons 

The f1are test f,cilit) was designed co achieve thi tes~ c~e·ating con­
ditions with ease. 7he coerating p~ramete~s are: 

• Flare head tyoe and size 

• Fu~l composit1on 

• Gds exit ve 1 oci ty 

• Stean: to combustit:le gas rr tio 

• Trace~ flow (S02) 
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TAiRE B-1. 8J\CKGRom11) SPECIES CCNCt:NTRMIONS 

·---
SPECIES MEAN MINIMUM MAXJMUM 

02 21% 2H 21% 

CCl 2.2?. ppm O.u ppm 6.7 ppm 

co2 694 ppm 519 ppm 927 ppm 

HC 3.17 ppm i .5 ppm 7.15 ppm 

Soot 0.50 ppm 0 ppm l.32 ppm 

$02 0. 17 p;:wn 0 ppm 3.F> ppm 

----
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Although "M>t a daily operation, c:langing the flllre head was a sirr.~1e procedure 

and cou1d be acco111P11shed in thre1! to four hours. ihe supp'v Ii.;:- "itrogen, 

propane, and natural gas were set on a fl'lw system designed to a\'•v.d trans;er1t 

fluctuatiOr'ls. The flow rates of these gases were held consto it durin9 testing, 

\o:hich usually lasted twenty rr.inutE!S. 

A small boile,· supplied stea1.~ to the S02 val)or1zer, the '.:ia1;1p1e prcbcs, and 

the flare head steam injectors. Steam u>~ci for the vaporizers ?.nd s~~ple probes 

was a srna'1 fract1on of the total bo~ ler outp1Jt Steam flow t:o the flare head 

was hela constant up to the boiler's cJpacity of rbout 400 lt·s/hr. Steam 

line~ were preheated and drained pt'ior to trials usin~1 stedm inject'ion. Tht: 

lines were heated us in~ steam flow i;nti l no water was ejected from the nozzles. 

This typically required abou•. twenty m1nutes. After heatiri'j anr:I drai'ling ~~c 

trap, steam flow rate was set by a manual valve ~nd deterrnin~d from the d1ffer­

entfa1 pressure across a calibrated orifice. 

The flow rate of tr'3c~r was rr.oni tored by rot3meters and control led by man­

ual valves. The ma>.imum safe flc.w rate of S02 was limited to 7 star,1ard cut.lie 

f~t per hour by the vaporizer capacity. 

5amp1e Co llecti Of'!. 

Samples were collected by twl.'J rrt•thod5. For small flare flames, the 

samp1~ hood co11ected the entire t-ll1~ into a midng cha'llter where ga~ and par­

tic.i1ates were sampled with a si'lgle probe. For larger f~al'llECS, samples were 

drmm sim!Jltaneously by five pro?e!. spaced on a diamE:te1· 'bove the fla"a fl.'ir.ie. 

The sample probes were of a uniform design, as shown in Appendix 0.. Gas 

was sa.r.pled at about 30- to 45-!.tandard-cubk-feet per :·1our. 1\ b-inch-fong, 

J.250-inch OD. Q.19-inch 1.1, s~u 1 '\le:.:s steel tube "4as used us the probe 

nozzle. Ttds resulteo in ;)as entrance velor.ities of ahout 50 feet-per-sr:cond. 

This value was usually higher th<m the plume r's.: \'!'!1ocity. However, the soot 

part1cu'.ates are small and the error Ct1used by araisoldn~tic safllf)ling fs 

U'li mr~:· ~unt. 

The !)rob€ tip lle1d a glilss fit:-.~r filter to captu1·;i s'3lid \)article<:.. The 

prc!>e!· 1~€re steam-heated to 21zor to m11ii:!'i2e moisture condensation and loss of 

conde.1s~ules and soluble ga~ snr:cies. Mois~urt:! was removed by Perrr.apure dryers 

and the samples cool":!d to rool'l' temperature downstrearr of the dryers. 
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Gas samples could be analyzed oi a real-time bas1s for 02, CO, co2. HC, 
and S02, but usuallj were stored tempt1rarily 1n Tedlar bags for analysis. T.le 

mE•thod of continual analysis could give on-line infonnation. However. ex)eri­
er1ce shofled that the real-time conc.entra·don readings fluctuated over a very 

wide ran~e due to ·.t1P intennittent n'JtJre 'lf the flare flame. Integration of 
tne traces could no;:. det.ennine the :-once,,tr.,tion as reliahly as mixing the gas 

in t~e Tedlar bag~ ~rlor tQ analysis. Hence, the 9as sa~ple~ were collected 

in Tedlar bags befort analysis, for all tests. MixinJ \oh1S accom!)lished by 

manipulatin~ the bags and by noni.al diffusion. The contents of the r.iixed bags 

were subsequently analyzed for 02. ~o. cc2. HC and so2 concentratioris. 

Sulfur di<;i<ide .,·~s also analyzed ~Y wet cher.1istry by diverting part of 

each sample to a bubbler cvntai111r.g 3 per:::e11t hydr'OJen peroxide solution to 

absl')rb tne sulfur dio.>ide. ihr. gas bubbllng rate and bubbling time '!lterval 

were recorded for subsequent r . .:.kulations. 

A.!:l.?..!Yti ca_! FrQ._cedure~ 

Tech:ii ques for detenni ni n·; gas sa,;::> I es a re l is te<i i !"I Appendix A. Those 

for soot and S02 conceritratiO"lS are dis•;ussed in this Appendix. 

So~.Concentrati ons 

The procedure to detenr.inc soot was modifi~d early in the trials. In­
itially, soot concentration wa; determine...i b_y weighing the filter before and 

after collecti :in of a soot s~mple from a l:nown volurrM; of gas. This prc.cedure 

t.'as unsatisfactory bect'.use tre filter substrat1"S were fragile and Sll'all part.. 

were 1 os t tc the filter ho 1 der. The procedure deve lur;P.d to 2 l i mi na te this 
problem was: 

l. Preparation of ttie fiL:~r subst:--ate Ly baking iri an ovln at 7oo0c 
for Ol'e hou'". 

~. Installation cf the filter st1bst~ate into the orobe tip. 

3. Sample tollection. 

4. Drying i.he filter on the samplE: sJecimen at 700F for one hour in 

ari oven. 

5. Weighing the filter and speci~n. 
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6. ~U"1ing the combustible material from the filter in an oven at 
100° for one hour. 

7. Ot!tennination of the loss in weig~,t of the filters on combustion. 

1nis meth~d yielded im~roved results becP-use: 

~ Chance~ of losing part of the filter $Ubstrate are r~duced, because 
the filters are prcte.:ted thrc•Jghout t~.1~ st~ps that are critica1 fn 

detcnRining sample weight. 

• Burning the sample wi 11 .rieasure only th~ cunbusti ble products, and 
non-combustible ~terials, such as airbor;ie soi1, will not 
contr1but~ to the weight loss. 

• The only disadvantage is destruction cf the solid sa1nple. 

Fo~ calculations of combustion efficiency, the gas and the so,id must 
be converted to a consistent set of units. ':"hi~ is accomplished by 

converting the soot loadinq to the equivaler.t parts-per-mi.llion of 
gaseous carbon. The concentration of the s~lids in the gas sample is 
detennined as pounds-of-solid p~r standard-cubic-foot of gas. This is 
co11verted to pound-r.10les-of-carbon pel" cu~ic-foot of gas by: 

lb carbon lb carbon 1 lb ~ole carbon ~lb moles carbon x = x x = ft3 ft3 12 lb carbon 1 ft3 

Tne mole density of an ideal gas at ~tandorc conditior.s is: 

0 mole, gas= P = ...-.--14.7 =lo .no1es,, 2.585 x 10-3 JJ?. moles r. 10.73 x s30 ft3 ~r 

~ 3-1) 

(3-2) 

Therefore. the eqlivalent s~lid cor~entration in ~arts per million by volume 
is: 

~lb moles c~ 
[soot] a ____ f ..... t_J_g .... a .... ~·----

2.585 >('rn-3 1b_mc1es x 
ft 3 ~as 

3.224 x 106 x ~o·~ 

l 06 ppm =- --.i.. 105 ppm 
., 101" 1"-2 x J. J x "J 

(3-1) 
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whare x is the concentration ~f solids in pound!-per•!tandard-=ubic-foot of 

sampled gas. 

~°'- ~et~rminut1ons 

S•Jlfur dioxide 1s det.et'mined by withdrawing gw; samples with a vacul.lll 

pump, bubbling them thro•.1gh 25 ml of 3-percent hydr·t>gen ~eroxide solution for 

20 minutes. Sulfur ::'io.<1de is absorbtd 1.i the scl1Jtion 'f.hich is chilled by 

an i cewate1· bath. 

After sampling, ttte solution 1s analyz!d for sulfur dioxideinanin-house 

analytical labora~ory. Isopropyl alcohol (IPA) is added to tn~ sample to pro­

duce an &J-;>ercent IPA solution. The solution is titrated with standardized 

barium perU.loride solution using thorium ~s an indicator. To attain a Salmon 

endpoint, the background of the :i:>lution is deteiiniried by titrating the s~ 

a.inount o'· 80-percent IPA I 20-percent distnled watt~r solution using the same 

IPA. 

The concentration of so2 in the original gas sar!l)le is c:slcu1ated as 

fo 110\ljS : 

273 - B-'.' P 
Ys(ST?} "' '/s x 28.3 x m+·.,.. x ~~· 

where Js(STP) r '/oh1ne Sa"'i'led corNcted to standard c~nditions, liter 

Vs = Volume sampled 

T s aver~ge temperatJre during sanpling in °C 

B "' barorrEter readin~ for atmospheric pressu~e 

V.P. ~ 3verage vacu~~ pres~ure durin: sa~oling 

(B-4) 

(B-5) 

where Vs • volume of Ba(C104}2 t1tra~t added to sample to obtain end-

point (ml) 

Vs ~ volume of Ba(C104)2 titrant added to obtain endpoint in a 

blank solution (ml) 

Nsa(C!04)2 • nonnality of barium perchlora~ 
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Vs(STJ>) • gas volume sample.j, .;orrected tc standard cor1itions 

Y·i sua l Observations 

The f1rst ph~se of the test program focuse!d on determining the v;~ual 

characterist 1cs of the flare flames under a 1"1idt~ rang·:- of operating co.iditions. 
T~b1e B-2 list~; tl1e ccnditions used fer photography. 1igh-speed cinematography, 
ard vidPo reco·oiny. 

The cameras 1t1ere mounted on a r;latform 15-feet above the ground and 30-
feet away frOfll tn~ flare head. From 1..:lis position, the largest flame (40-feet) 

would subtend an angle of about sso. However, most flames were less than 30-
feet long and would subte~a an angle less than 450, Under these conditions the 

cameras were ~~le to record three-quarters of the fla111e for the large~t flames 

studied in th~s investigation. 

The 'umino~s tlames. i.e .• those produced from high-heating-value fuels, 
were capable of being reco1·ded with all techn·;qu~s. The non- luminous blue 
fla<nes produced with low-heatin~-value fuP.ls had insufficient luminosity for 
thtirn to he photographed wi t.1 time exposu1 es le~, than 10 secona::. However, 
high-quality pictures of flames burning low-heat-value fuels wer~ produced at 

night wi1en interferen;:;e from backgrou;id t;ght sourc.es was reduced. 

Operators rer~rd~d visual observations of the flaJTle structure during the 
rest <Jf tiie i)ro~ram. They r":!corded mean, minimum, and rr,aximum flame len~ths, 

::leflectfon of tr.e flarie caused by crosswind, the spred<l drr~'lt: Gf the fL'?m~, 

the maximum width of the .elamt'. the fiame liftof"' distance from the flare riead. 

the flame color, the den~ity o~ smoke, and the amount of combu-:-tion noise. 
Estimates are ba~ed 011 th'? judgnent of the operators, so fluctuatior:> of tne 

flame !> trJctura could f~'!sul t in ;iotential errors. However, these errors are 

limited t•l •~ss t'lar'l 20-~.?rcent of the '"ecoraed observations. 

Data Redu•:t ion 

The 1>r'lced1Jre for cali::ulating the operatp·~g cof1ditiuns, the combustion 
efficienc~es, and estimating the potential error in the combustion cf~i~fenc1es 
are d1~cu-sed in Appendix C. 
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APPEtiDIX C 
DA1~ SUMMARY TABLES 

The s1.111111ary tabl ~s of 31 l test data are µrovided in this aoper,c!ix and are 
g_rouped by tt1e size of tile flare head. The en~ries ,ir~ self-expla:ia+.ory. 1:ith the 

exception of the observations wh1ch :equir~ furtne;· cla11ficati0n. The obser·· 
vations were 1J1ade by the test ope~3tor during sampling. 

Wind is t.he wir.d speed mon·i ~or-ed by a three-cup anamometer located 10 
.:ee-r above the roof of the 10-foot hlqh control room. The anemometer is. 
about 40 feet from the flare .,ea·i anG outside the ·.-1ind!:=creens. Hence t~e flare 
flames were affected by less wind than measured. 

Flarae 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 fl~re head and the ignition print, 
identified by onset of vis1ble radiation. 

Color is a ~ubjective iescription by the operator 

S1:10ke i~ a subjective assessment. Part~cu1~t~ cJncentrations are deter­
"'i ned oy the f~ lter proceci:.Jre discussed 1 n Appen<Ji x B. 
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APPENDIX D 

INTEGR.!\TED COM8USTfQ~1 EFFICIE~ClES 

The tatles in this apµencix 1'\st test co11diticns of tre flare flames af'd 

the "int.?grated" combustion efficiencies calculat-.!d :iccording to the procedure 

described in Sect ion 3 '.3. Most of' tht• designations ai·e cle<"r. 

The SIZE column 1 is ts the nominal diameters of the various flare heads. 

ihe actual dimensions of the Em test flare heads are 1ist~o in ftoprndh A. 

The SI:ES C'f the industrial flare heads ar€ d.:sigriat.1ons by the manufacturer 

and do not ne.::e:;<;ar'i1y reflect their physical dimensions. 

!he VEL column lists the nJmina1 velocity of the gas r"ixture exiting tr.e 

flare heads. These e ·e calculated f~om the measured compo~ent gas flow rates 

(.Ir.\! the flow area ba:;i?d on the nominal SIZE of the flare heads. For the flare 

heads whic1; have nozzle flow areas different from the nominal value, the gas 

velocity cJn be si~nificantly high<:>r. Both the nominal and actual gas e:i:~t 

velo~ities Jre tabulat~d in Appt1dix C. 

STEAr RATIO i11dicdt~s th~ mass flow of ~t~am injected per pound of com­

bustible. rhe nass flow of combust~i:'1e gas, rather than t"le total gas flow 

(i.e., it excludes '1 itrogen). is used because on 1 y ttie <;Or .b1i..; ti b 1 a fraction 

has a tendeucy to smoke and nitro~e11 does m;t: increase the f11el 's tendency to 

snoke. 

i1T is the heig11t c..f the probe tip above the flan· he<.ds. 

The EFFIC1£N~l£S are the results of the integration procedure described 

in Section 3.3. 
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APPErmIX 

SAMPLES OF TEST OATA 

Data for the 105 tests c<Jnducted in this program were compiled and 
analyzed via coinputer processing. ~xamr.1es are show in the following ta~1es: 

• Input Flow Conditions 

• Me3suremer.ts 

• Combustion Efficiency 

Input Flow Conditio~s which list the flow r~tes of the propan~ natural 
gas, nitrogen, so2 anJ stearn flows are in cubic foot (St~) based on 1 atmos­
phere pressure and 7G°F t'ffilperature. The calculated c~ncentrat1ons are 
reported in volume percent (%) and perts per million (ppm). The mass f~ow 

rates are reported 1:1 .:'ll)urids per hour based on the theoretical densiti.:!s 0f 

the fuels. ThP. STEAM/GAS ratio is calculated per pound of combustible in the 

fuel r.iixture. 

Measurelll':nt~ lists the concentrations of o2, CC, co2, HC. ~oot, and so2 
preser,t in the ambient air and the sampled gas. These are rep0rted a~ volume 

II 

percent. The numbers following the "+ - syrrbols are es:imated m.'lxirnwr pott:n-

tial errors of the valJes reported in the units of the concentratirn. The 
nuirbers behw the headi:-igs "AT SR=l BY CO~" and "AT SR==l BY S02" are the s.pe­

cies concentrat 1on5 that: wovl d have been measured it the comb us ti on products 
\~ere not di:uted by a;nbient air. The mettcd of estimating the maxir.1U1:1 pvtt~n­

tial errors and c~1culati119 the undiluted species concP.ntrations are dis­

cussed in Sectior. 3.3. 

The sampling 111ethod and location are listed at the top. For the RAKE 

prc.!:les, the locations are those of the probe tlPS. For the HOOD probe, the 
101..Hion is that of the in~~ of hood. The ~ctual loca•ion of lh~ prr.oe is 

in trie samp1ing chambE:r which can be !:.. to 8 feet above the inlet depending on 
wh~tber the h~~d ehtens1on is used, 

Combust~on Effici~n~v lists tne calculated combustion efficiencies ba~ed - ·-------
011 CO, co

2
, I-IC. and $oQ:. These a.re reported in volume percent(%). Th:maxi­

rnum potential err:lrs cf eacr rarameter fol low the "+ -" symbols and reported 

in the ;mits of efficiency. 

E-~ 



Dilution Factors are the aBlOunts of air entra~ned in the corl!bust1on pro­

dJcts. A dilution factor of Lero means thdt no additional air is entrair.ed 

into the ~toichi~metries combustion product~. A dilution factor of 1 means 

that the st:>ichioi:-oetries co.nbtJstion products are di luted by an equal volume 

0f ambient air. The respective maximum i;otential errors fcllo\or the "+ --" 

symb~1s and are reported in the unit of the diluticn factors. 

1. If a dihtion tactor is zero. 1t mear.s that the measured co2 or so2 
concentrations is 1t!s~ tt •. ln those measured in the b<:.t:k~1ro1md. The 

dilution fa :.or is also zero when the measm·ed o2 conlentration is 
higher than that in the backgrou~d. This occurs for e;~trem.::ly dilute 

p1 umes. C;m:;eq'4ently, the corresponding species cone en trati ons at 
SR~l an~ the combustion efficiencies are small and diffitult to 

determine. This is evident whPn an er.tire column consists of only 

zeros. 

2. The "*··~" indicates that the "orresponding nllliher is too large to 
be ~rint~d in the allocated spe~e. 
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OB C4 35 "'llE FLARE DAT 

l'CtNT 9Y1E 3 0 If\: 
••--•••••••c•••••••&•..,••••••••••---•••••a••••••••••--••••--•••---•••••••••• 
'l"1>VT FLJIJ CCiNOlTlONS 
v'ELOCITV 0 'O FPt ~'" . 13.1. '.2 B" Ur CL• FT 
PROP-.Nli I) a.:z4 SCF"I 55. a ;, 5 4 LB/Hit !TEAM 0 0 LB/Hi> 
N QAS J 000 SCl"M o. 0 ;, 0 0 LB/HA S~AMIOAS 0. 000 
'llTROOEN ~ 44' SCFl1 43. 7 •. ;;! 9 '.13/HR 
SC2 0 4!1'> ~:FM ,304. PPM 0 oe LB/HR 

~ASVREl"lliNTS W l rH RAl'.E ·T HEJ~T 7 0 FT ;;!. 0 FT FROM P'\.AltEl-IEAD A)J!!! 
SPECIE BACll.~!:).JND 11EA&l.f!EO M SR"l av co;. AT SR•l rsv so; 
o;.; \'%.j :u. 00+- 0.00 20.90+- 0 02 o. 00•- C,. co 0.00•- o. 00 
co CPPM> 4. 31+- 0.40 2. 70+- o. 40 -o. 00•-19q&. ql -o. 00•-008. i9 
C02<:"Pl':l 742.+- 150. 940. - 174. 132733 •-401,0llt. 11 :IO.,,. ·-······ 
"4C I Pl"11 l 3. ~·- 2. ' ' :J. '\)+- o .. ,, -o 00•- lb:U. Oo -0,00•-••••""• 
SOOTCPPM) 0 Sb•- 0. :JC, J. 26+- 0.03 ?'9. 77•- 439 49 ~4 30•- 93. ,4 
SOO!<PPPO 0 00•- o. 00 O.CO•- 0 10 49&.49•- 814 91 4iil0. bl•- ,2, 5ij 

C~BUSTJON EFFIC:IENCY ( 74) 
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F"ILI! FL.All<!. DAT 

POINT F~AREHE:AO EER-PRQTC 3.0 lN 

-·---····················---··········----~·-···· .... ·····--······--······-··· 
H< .. VT FL.CW COHO IT IONS 
l.iE1..0CtTV . .;). :10 FPS f;\I • 1 :J l • 2 BTL1/CV FT 
PROPANi "'· e;:4 SCF'"I 515 a ~ 5. o L..11/~FI $TEAM 0. 0 L..l:l/HR 
N ~$ 0. COO SC"'l"I 0 0 1' 0 0 l..DIHR liTeA/11/QAS • 0.000 
NP.ROQ._I\. Cl £.~5 !iCFl"I .\3 7 ~ :.& L.BIHR 
508? c 4?0 SCFh :!1304 ,..,.,: 0 oe 1.s1;.111 
••--••••••••••••--••••-••••••~•••••••••--••••••••~•••••~•-••••.--•••••••a••• 
~EASUREMENTS wlTM RAl(E AT 
SPE~lE BACKGROUND 
02 1~> 21 oo~- o.oo 
CO cP"'H) 4. 31•- 0. ~ 
Cn2 c "'"'"' l 74:1. •- l ,O. 
MC <P~l'll 3. '9•• 2. 55 
SOOT C llPH l 0. 'iM>•·· 0. 311' 
9Q;CPPl'll 0.00+- Q.VO 

COl'1BV'STION EFFICIENCY (ZJ 

HEI~T 7 O FT 
f'IEASUREJ) 

<lO.'i>O+- 0.02 
;z. 70+- o. 40 
9b0. - 174. 
3. 'O+- 0.0, 
1. 2EI+- 0. 03 
o. eo+- o. io 

~.OFT FROM ~L..AREHEAC A~IS 
AT SR•1 BY COilZ AT SFl•l B" So: 

0.00+- 0 ()() 0. 00+- c.oo 
-o. oo+-1c;qe. 91 -o. oo•-e.oe e9 

1~~733 +-401,26 1150'!'5. ·-······ 
-o oo+-L&50.0e -o. 00•-•••••• 
2~. 77+- 4~.4~ 2024. JO•- SJ. :lo 
485.•e+- 6l4.•\ ~~o. b\•- ~2. 'a 

SPECIE llY 02 BY co~ av !SO.::? DILUllON FACTOR 
co 100 ..;o+- 0. !'1 lt'0.00+- l ,0 100. 00•- c. ,3 UV o; 0!09 O+- ~2 c 
-..:: 100 ro+- 1 lS l 00. CO+- I :2' 100. 00•- l. 1 'ii DV ;001 .. i!W,. 9 ... _ '74& a 
SOOT .,., 81+- 0 ::''t 'il<ll Bl•- 0 •: 'il<J. 81•- o. 41 BY 5 ... .., w• ,.4. 8·- 1··· ~ 
-:'OTAL 99 81 >-- :.2. 07 9q Bl•- 3. 4>6 Cjl<; SJ+- e?. 12 

MEASl.:REMENTS UTH RA!(!! AT HEIQMT :. 0 FT l. 0 FT FRCl'I FLARE•;EAC AXIS 
SPE: lE aA.::KC"Ol.iND '1£C.iVRED AT 5R•1 DY COOi! t.T 9'1•1 Ill' 50.2 
02 I'' I ~~ co+- 0. 00 20. l"O+- O.C'ii1 0 CO·~- 0 00 0 .,.,._ 

0 vv 
co <PPM: 4 :'31•- 'I 4,J .2. J;;?+- o. 4Ci ·O co- 1i0 BO -0.0~•-766 ;7 
C::l2CPPl"l 742 ·- : ,0 : lt>J ... _ 174 : 3 l733 •-21161!!e. 2S34::>1 ·-······ '-IC CPFMl 3 '9•- ;I. ,, J SO+- 0 C!! -o oo- 836 01 -o. 00•-······ 
'S'..JCT;,0?1'1) 0 96•- 0 39 77+- 0 04 ;>39 O&•- ;U,,7 J"il' '!lo. 0'•~1s,. 93 
30:;?CPi"~: 0 ')Q+- Q oc c 70+- 0 10 :;?1q 72- i114. 73 4ii0. e.1•- oO .;,q 

::JHBUSTlJf\. EFFl~!ENCV (i\) 

SPECIE JlV 02 av CO:! av 502 Dll.IJTZON F-AC70R 
:::::i 100 oo- 0 :i!:J 100 oo- 0 'e too 00•- 0 ::io BV 02 104. o+- t C' ' ... , 100 00•- i,) 1>0 100 OL+- 0 03 !00. 00•- Q. b.l BY COO? - 312. '?•- 4!01 0 

SOCT :;>q -:-e+- 0 :?3 99 78+- 0 ,5 91!f 78•- 0 il9 BV 502 . !!'?'?. 9•- 145 ~ 
,.:TAL.. 'i'9 76+- 1 Oo "I'\' 79•· I 15 79 7& ... - I. ill 
-·----- .. ·-- -------------· .. -------------------- ----- , .... ---------------
~EAS\iliE'IEf\ TS WIT ... tl•li><E A' 1-fEIC..,T 7 c FT \) ., FT :RCM FLAI'; El-E:AD 405 
5FEC:E 8ACkG"0VN0 '"EASURED A' SR•l !l't' C02 AT 3R•1 BY soo: 
~ .. ~ ~·.) :1 CC•- 0 cc ~C. 40•- c 02 0 00+- o. 00 0. 00•- 0 c.:.. 
::c :PP"ll ~ '.!1+- :> 40 3. So•- c. 40 -o. 00+- '.JJO 61 -o. 00+-'"a,J 7'J 
co:,PP"'t> :'4C. •- l!!iO 1199 ·- 17""- 1 :3::21'.33 +-1"I5646 148440 ·-······ -c <PP"'ll .J ~9+- ;;z 55 ' 50+- 0. 07 5!!7 08+-118.0:. BA Q.;2:?. 95•-95::l. JS 
SC:JTtf'll!'ll 0 Se+- 0 39 3 ,,.,._ 0. ~ n 1 40•- 646. 94 S.3 J0+-;?08 1;: 
SIC:? 'f'"°M> c C·J+ .. 0 co 1. ::30 ... - a. 10 ::!7'S Be+- 3.9. 7;;/. 4:2(). bl•- 3~. J~ 

CC119USTil.N EF1"I C 1 ;::~:c Y no 
SPE~!E llY 0:0: a·-~ co; B'f so~ cr1.vno111 FACT Oil 
cc lCO oo+- •J. 1' 100 00+- 0 25 100. 00+- 0 19 QV r;:;i 34 rJ+- : 
HC 99 ~a+- c 6:3 99. 59+- 1. 4<;> 99 59 ... - l 00 BY co;: . ozaa 1 •- ~--. ..... ~ 

sco- 9o; 14•- 0 ,.,, 99 42+- 1. 3~ "19 4~·- 0 o4 ev 30:2 . :J;;!"1. ~·- 5!:> e 
ro-AL.. <;c;o Oc.?•- l 4:J 99. O:+- 3 04 99 Ol•- i:iC: 
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OATA PRi~TED JN ;;:o-ccr-83 F(L£' 

"\)!N'r DATE lil-14-B.i' FLAR!Ht!:AO EeR-PRCTO SIZE 3 0 IN 
-·•·t>:'I" ••••n••••••m..11•••M••••••-••••••••••••••••••••& •:it.Ga•.-••--•••-•••••••••• 

MEA!:i\JflO::P'IEN ··s ~ITH l\A~E AT Hf!l~HT 7 0 fl'T -1 0 t"T F~OM FLAR'l:HEAD AXIS 
S"EC(E BAC~~;'lOUNO ME•BURFO AT 9R•1 ev coci AT SR•l av so~ 
r;;z <:o 21 OC.•- Q 00 ilO BO•- 0.0~ 0 00•- 0 00 o.oo+- " 00 
co <PPM) 4 '.l 1•. 0 40 3. ilB•- 0 40 -() 00•- 261 oS -o.oo+-7e:.o; 
CO;'.<PPP'll 74.1 ·- 150. 1424 ·- 174 1327::.!3 •-133788 47S4S2. +-•••••• 
HC <PFM> 3 5 ,,.._ 2 ,, .J. 50•- 0 05 -o. 0-0•·· jJ)., "6 -0 00 ............... 
~'00T; PPM> 0 Be+- c 30 ' 7••- 0 14 "'"· 1!14•- 5.!>11!. oc 343"1 3:Z•-······ 
SOO:<PPl'll O.CO•- :;' 00 0 illO+- 0 10 ~ 16. 21+- 82 C4 420. bl+- 70 IC 

co'l:1vs-:-1or ll:FFIC lliNtY ( x.) 
SPEC lE :n •J::? BY C02 BY S02 DILUTION F"-'.:"Cff 
co 100 C-0+- 0 1;:; 100.00•- o. 20 100. 00•- o. lci> BY O.l 104 o ..... 10 ' :-:c !Ov (,/\~·- 0 37 lOO. 00+- 0. 38 100 00•- o. JS !!Y !'.:O::> . 192. 7+- 104 ' SIJ'Jl '19 0:9+- ;J '!L 99. 29•- i. l4 99. il'I+- o. 76 SY S0'2 . 700. a-.- 1e::; 9 
TOTAL 9'9 ;:,9+- I Ol 99. ~ .. - I. 71 CJ9 ~9+• 1. ll9 

l"EAS\JREl'!ENTS WITH RAKE AT eiEIQHT 7 0 FT -ll c FT FROM Fl.AREM!:4D AXIS 
SPF"~ IE BA,~\wnCIJNI) l'IEASUAEP AT SR•~ liY C02 A"r SA•I BV !50:2 _, ..... ( ~;) 

.,, ... 00•- 0 00 :!O. 73+- 0 00: 0 oo ... - o. 00 0 :;o ... - 0 00 
-U (l>PMl 4 :Ji+- 0 40 4 ;?5+- o. 4C -o 00•·· 94. &a -·.j C0•-1;:10 36 

.. :tj~(Pr~i .,4&!. +- 15v 1'3eO. +- 174 • J:273:? +- 83477 . \8.11759•-79,';11 
,...c tl='PI'"' 3 59+- ill. 55 ., 50+- o. o~ -0 oo ... - 30;;?. 61 -). C0•-4;:,;; !2 
SCIJ1 <'l>l'h J 0. CJ6+- 0 3'1 "· OV+- 0. tii! 461 Sii!•- 196.6il 67'1 40•-139. qo 
~OC:<~P,..~ 0 00•- 0. oc &. oO+- 0. !::J :JO' of;>•- 120 30 4~'0. 01•- iil1 03 

·'.:(":~~V~TiON "'FF IC I ENCY (l'.) 

SPECIE 6Y c~ SY COA! BV sec; DILUTION FN~TOR 
c.: 100 00+- 0 07 10~ CO•- 0 07 !OC C?+- 0 C7 BV l12 76 8•- 'J s 
,..,- 100 00+- 0 22 100 00+- 0 013 10C )()+- 0 ~w BV CO<i? . l•5 C+- 4C ~ 

Sr'O"':"' qq t°"4+- 0 IS 99 64+- 0 37 9<;' c,4.,._ 0. '23 13V So;! . 160 8•- ii!4 0 
'!'rr 'l- .... e,.:O•- 0 47 '19 oO: ~- 0 67 '99 64+- 0. 53 
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~ATA PRINTED ON &~-OCT·B3 Fl LI: FLA~E DAT 

POINT FLAAE~EAD: EER-F~OTO !!UZE: 3 0 IN 
••••••••••••w•••••••••••••••••••••••--••••••,••••••~•••·--••••--••••••••••••• 

I •1PUT l'"L0..1 ~Ot4DITlONS 
VEL.CCPY . 0 ~O FPS HI.I " l 311 :l BTU/CU FT 
<>ROPAlllE 0 3;,/4 SCF~ s~ e Y. 5. 6 LBll'IR !HEAM 0 ') LB/f.<R 
N GAS 0 000 9CFM 0 0 Y. (, 0 LBl~R :31?AM/QAS • 0 000 
N:TROQEN 0 i!>"" SCFM 43 7 '( :l a LB/HR 
c;o;: 0 470 !'\CFH 5304 PPM 0. OEI 1..9/HR 
.- llJaaaa.-"aS aa:;; .. .:a••··-·········•-at••~D••aaam•••••••••••••:1.•a•aa.AM•W••••P:•a:"lt•m 

MEASURF.~ C:'!TS wI "H HOOO AT 
SPE~tE BAC~Q~OUNO 
02 IY.> 21 00+- 0 0() 
CO <PPMI 4. 31+- O. 4') 

CO:l< PPM l 742. +- l 50. 
nC <PPMJ 3 5'P+- :l 5!1 
SL~TCPPHl 0. Ro+- C. :J4' 
30:l<PPMl 0 00+- 0. 00 

CO~BUS"T'JC'. EFFICl~NC'r' ();) 

1-4!'.IQHT 0 0 FT 
ME4S\Jft!D 

:n . no+- o 02 
0 57•- o. 40 
L~4. ·- 174 
4 35+- 0 Oll 
7. 49+- o. 19 
0. BO•- 0 10 

0 0 FT FROM Fl..APEHEAO AXJS 
AT $R•l BY C02 AT iRsl ~V ~OJ 

0.00•- 0. 00 0.00-0-- 0. 00 
5!8 . .oi•- 500. 9<4 11<111. 78•·-•&•. 2a 

132733. •-15ll"72. 3U•26l.·-······ 
111. 19•- o9•.S9 11oll.42•-•••••• 

1507. o: •-1020. S& 34&7. U••-'<7~'i. 91 
llill. 71•- 13,. 64 \;J.&\•- ,; 5q 

SPECIE B' 02 BY co;z ev i02 !:ILUTION FACTOR 
:-o (\ oo-- 0. '.)() .... 02•- 0. lil:i! 99 

···- 0. 
52 ~y 02 0 o+- ~. ? 

HC (I o~·- ::i. 00 .,., . 87+- 0.67 .,.,. 137+- ~ . :!7 3Y co:;i LJ :iZ:iZo. 1+- l ~ ..... 
SOOT 0 00•- o. 00 ~9. 81il•·· 2 . .:>4 96. 99•- 1a UY sooi ,24 e+- I t7 s 
"'.'OT,.L 0 oo-- c. 00 <;S :n•- 3. 50 98. '37+- iil. 24 
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:.lATA ~RUHFO ON ii!O-OCT-83 08: Ob ~ F ll.E F\.Af!C: DAT 

~OIN~ 3 DATE !ii!-\5-82 FLA~~HEAO EER-PROTO liilZE. 3. 0 11'< 

-·~-0~----~-·····-~····--·--·-····-----~---·-···-·········'·-··········----· 
TNPL" 1":...Cw CONOrTIONS 
V!:LOCTTV • 0 ">ii Ff>~ HV • l:J 10 STU/CV FT 
OQQF'ANE 0 8:?5 SC ·11 ~5 ., ~ 5 6 LD/4R STEAM o.c LD1HR 
"4 GAS 0 000 SCFM 0. 0 -x: 0 J '.D/1-iR STEAl'll>;AS • 0.000 
NITROCE~ 0 '>4'?' SCFM 43 7 'X. i2 s LIUHA 
so:;: 0 -' ... v SCF'H 5293 f'PM 0. :)S LD/KR 
•••••••••••••••••••••••~••••••••••acar•••••••a••••••••••••••--••••---•••••••• 
M11:AS,JREi'1ENTS wlTl-I RAl(E AT HEIQHT 9 0 FT ;;: 0 FT FROM FLN!EHEAD AXIS 
~.PECIE BAC:~CRW\JN:'.) l'IEASt;RED ;!,T SR•l i;v CO::i! AT 5R•l BY so;;: 
02 l'l.l 21 00+- o. 00 ::10 7S+- 0 0::1 o.oo+- 0 oc 0.00+- 0. 00 
co (PPM) 3 29•- 0 40 5. 41 .. - 0 40 791 39+-lOb:.I 9:il 747. 16+-41-4. ?t 
CCl.lCPl'M~ o•:J.+- 150 104• +- !74. 13~?::24 +-2486lii! 12531~. +-•····· ....:: (PP:'!: 3. OB+- ;;1 55 3. '1'0•- 0 05 30• 05+-1259 74 291. 97+-960. 11 
S:"IOT•PPMJ 0 9b•- 0 39 1 61+- 0 04 2S0.86+- 302 55 '.,:!o5. 15+- 76.20 
SOii?<PF'I'!) 0 OC'+- 0.00 1. 20•- 0. 1 'J 44"1. 05+- •70 57 •20. 07•- 35.01 

COl'1SIJ5TION i;;FF IC ! "'N.::Y ()0 

SPl!.C ;e; 3Y 02 1!" co;; 11'1' !502 DILUT!Ot-1 fo AC.!lR 
';0 ?9 41•- 0 &4 99. 41+- 1 '" 99 41+- o. 96 3Y 02 94 5·- e 7 
,..,:: <N 77+- 0 9, 9" ?7+- 1 37 99. 77•- 1 00 JY C02 . 369 9.,._ ::io1 ;! 
·300T QQ 79+- 0 24 99 79+- J oii? 99 ?9+- 0 0'9 9Y so;z - '.349 l•·- 63 ; 
;"Q"' A._ ~ 'i7'"'- 2. <);;j! 'i'8 97+- 3. a' 9& . .;:+- ~- ,; .. 
."f:~S~'REl"i:-IT S WI TH RAIO.E P,T "iEIC.nT ~. 0 FT l. 0 FT l'qOI'. FL-REHEAD AXIS 
!:iPS::C IE SACK~RCvNO l'lEASURED AT SR•l SY COO? AT Sltmt SY 502 
t.:..i:! ':~) ;;)l OJ+- 0 ,~\c 20 q;?+- o. o .. 0 00•- 0. 00 0 00+- r:. 00 
co iop,-, 3. ;:.9+- 0. 40 '· 2,._ o. 40 ,77 27•- bSl. 40 q~C 44.,._,o, .•• 4 
0::0;? PPP"> 093. ·- 15.J 114,, ·- l/4 132724 •-197$419. 211b61 ·-······ ~c 1;.p/'1) 3 O'il~·· 2 ,, b.2:>+- 0 oe <;:JQ. ::1•-1489. 19 •,484. 9C?·-······ 
':OC'"<"'P ·1• 0 86+- o . .i9 .. Cl+- C), 05 JJS ~4..._ ~q4i?, 7~ ~9. <;4+-159 Sb 
:':Q~ICPf"'} 0 00+- c 00 (). 'l'O-+- Q. iC 262 a9•- ::"J<:. 4, -t20. 07•- 4b b7 

: C'l3VST ! O~~ O.Fi'ICIE:'llCY ('.f.) 

3Pi::ClE JV 02 llY C02 SY 30~ 011 .. UTl()llj FllCTOR 
:c 99 ,;+- o. o9 ?"?. 5'7+- l 14 99 ,,.+- 0. 00 llY 02 261 ~+- 6.:..1:> 
-<( qq 31 +- 1. 39 "N. 31 ~. 2 1ii! 99 :JI+- 1 34 ll\' CCP. .. ~1. l+- ;?2e. o 
:r.c- -;:9 75+- 0. 32 •n ,, .. _ o. 59 99 ,., .. 0. J: tv Cth? .. 4t-:I. 7+- 97 B 
..... T.\L.. "8 ·~<J + - ~ :J9 99 c,:; •• 3 9'2 96 C.3+- .., 29 ... 
~c: ·~5L''l!'~'!rN '"5 ;.i l TH 'l""KE. ""T HEIG!-<T 9.0 FT 0. 0 "'T FROM FLAAEl-<EAD AA!5 
"PC\.:<=: GA('.;,GP.:ui.o 
~::: (';;,) 21 00+- 0. c.o 
.. J :l>P"1: 
::;.:::rP"1l 
r:'. ;p-:::M~ 

'">"":<1T ,PP"'1> 
~O~<PPM > 

6'1::; -­
:J C8•-
0 86 .. -
0 00+-

FFi'IC !ENCY 

0. ol.\) 

150 
2. 55 
0.3"1 
C.00 

:%': 

"IEASVREC 
20 S:J•-

5 ::i::J·-
:v7l +-

4. 15'+-
2. 68+-
2. 40+-

.:.C"1tH .• •·=-;-::-t-i 
Sf'E'.: U:. ll" O:t o~· C02 
.:o '10:: .p·.- c 77 ;·~ 47• 63 qq 
HC 'I'? 7:!•- :l 9<!> '19 ?;'!•- 4;! en 
~C'OT "19 .i')-- 0 ;,o 9<;. 47+- l 45 .. 
rc·AL 'IR >6+- ;;1 :3! '18 06•- 4 46 98 

AT 5;;al llV CO;! A• SR•l DY SVC? 
C. 02 0 OC+- 0 00 O.O'l+- 0. ·:JO 
c 40 717. 56+- C"l:JQ. 92 :ii.1 22+--19~ 76 
174. 1:J;i?7~4 •-<?:J4a'25 oa'i154 +-oc.::;e4 
0.05 :378. 5<:>+-1250?. oq 191. 2:J+-4SC 79 
0 07 ':'09. 16•·· ?Ol. 6B :J55. 29-t- 77 n 
0. 12 S3S.i29+- SH. 01 420. 07+·· 21 00 

:iv so;: OILl.'TION rACTOR 
47+- 0 61 IJV o;; 1:<-Z. 5+- ,.i, 5 
7.:?+- 0 99 '9V C02 348 :J+- 321. 7 
4e+- 0. 63 nv SO'ii - 174. O+- 26 '.) 

61- .. - 2 41 

E-7 



CATA P~IN1EO ON ~O-OCT-93 oa·oo:!t6 FI;.e: 

POINT FLAREHEAD t~ER-PRo-o SIZE 3. 0 IN 

~EASVRE ... EN~S wt-H RAKE Af HElGHT 9 0 FT 1. 0 ;:T FROM FLl,'IEHEAD 4• IS 
;oscIE BACKrnOVND 
o~ 1Y.) 21 oo-+- o.co 
CO tPPM> ~ 2•+- C. 40 
co;<P~M> 093 •- ;50 
HC ;PPMl 3 cs+- li! ~5 
SOOTCPPMl 0 96+- 0 '}q 

.,;Q~(DPMl 0. CO+- 0 00 

CCM8"$TION EFF1Ct!:NCV ( Y., 

MEASURE:> 
20. SO+- 0.0.il 

4 o-,- 0.40 
108-, ... _ lH. 

3. a-,+- 0 QS 
:/ .. BB+- 0. 07 
;;z 10+- 0 10 

AT SRal OV CC2 AT SR•l BY SO: 
o. O<l•- o. 00 0.00• 0. oc 

?.00.9.,•- 498. 48 156 31+-182 35 
1:32724 ·-~6541. 79106 ... -?6305 

;.;4. 11•-!105. ,. 159. 10+-540 56 
os2.•o•- •55. 14 405 92+- es Ra 
707.31+- "65 17 420.07+- 21 00 

SPECIE av c.; BV COli! DV $();1 CILVT10N Fill>CTOR 
co ... 80•- 0 40 . ., e1•- o. 70 .,. 1!10+- 0. 4li! av oil 104.0•- 10 , 
HC Qq so- 0 84 ... 60+- l 16. 99 90+- O.B? av CClli! • 3~5 A•- 29• q 

!;;OOT ~ 4'il•- 0 ., .. qq .. .,..._ l 30 99 49+- 0.60 av sa2 • 1••.0•- 29 7 
TOTAL 99. Iii+- l ?? •• 10+- 3. 20 99 10+- I. 87 

l"EASVREl1ENTS WITH RAKE AT Hl!'.I'HT q 0 !':T -2.0 FT ~RQr! FLAR&:HliAD AX IS 
$PE:CJ!O BACl'.QRQ JNll l'1E 4SVfl I! D ... r SR•1 ev C02 AT iR•1 BY SCl2 
~& !:;> i>l 00+- 0. 00 ;zo 84+- o o;z 0 00•- 0 00 0, 0()+·- 0 00 -- , PP•~) ~.29•- o. 40 7 ?'3+- 0 40 L"qii? !5S+-ii?20:3.39 11370. 50•-706 29 .w 

:C?< PP'1l 093. ·- ::>o. 10:'\ .,._ !74. 1.3:2724. +-269128. 101il476 ·-······ ·•C :PPr1> 3.08•- 2. ~:> 4 !!()+- <.; 06 57c1. 69+-1649. 80Z QOl. 1>7+- •••••• 
31CTIP"l"l o.ao•- 0. 39 2 :!56+- 0. 06 687 1e+- '773. ii?~ ?17. C7+-:<i!5. 87 
.:;:.~ c :>P•n o. 00•- 0 00 00•- o. Iv 40& !!J+- 463.00 420.07+- 42. Ol 

-: Jl"B~•s1 1 o~ EFFICIENCY ~ i.: 
S~ECit: 0" ::i;;: D'f C02 av SOO' DlLJTION FACTOR 
:o 1e c-q+- l eo 9S 68•- 4. 24 'J't!I ~e·- 2 I') BY 02 1:10 ~··- !6. 4 
•-1C '9 58t- 1 26 99. 58+- 61. 06 <;><? !58+- I 34 BV C02 4;)1 ~H- 40?3. 3 
SOOT <?•l SC .;; .. 4 ...... 49+- l. !le 99. 4<;'•- 0 ;. 3 llY so~ 41~ . l+- B:J 4 

-QTAL <n '"!!J..-- :J. c7 .,, 7!'>+- 7 1"f '97 75+- 4 C'5 
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080&.56 FILE FLARE. DAT 

t>OINT· 4 o,:.n::. 12-16-92 FLAREHEAD EER-PROTO SIZE: 3. 0 IN 

IM'VT FLQl.i CONDITIONS 
vELC.: ti v .. ') 50 FPS ..... . 1310 B BT\J/CV F'T 
PP.OPANE v 826 SCF11 55.8 x "l. & LSIHR STE~M 0 0 i...B/HR 
N GA!!I 0 000 SCFPI 0 0 Y. o a LBIHd Sl."AM/GAS • 0.000 
t...IT"!OGEN ~ ;,47 SCFM 4:-0. 1 x :;> iJ Lll/HR 
S02 0 470 S'i"H ~?91) PPM (J 08 La/HR 
••4••••••.,.••••----•• .. -•••-••r .... -c:ia••••••••••·•••••••••••••••;•••---•••••••••~ 
l"'l!ASVl'l!l'l!.NTS WITH l'IAAE Ar HI!' IClHT 3 CJ"'!"''! :;> O FT P'ROM FL>R!HEAD AAi5 
<;PEC~E: !3ACKCR'JVND ~ASURED AT .,,,_ t ev co~ AT Sl'hl BY so~ 
02 1%) :a. oo+- 0 00 20 90+- o. om: o. 00•- 0. oc 0. 00+- o. 00 
co \PftM) • 63+- 0 40 7 73•- 0.40 1096. 7:1•-1::!75. 54 ................... 
CC2<P .. Ml 785. +- 150 1163- 174. 132730 •-234477 1590~4. ·-·-··· 
~c (PPl'!l 2.42+- 2. 55 2 es ...... 0.05 1~0. ?B+-1041. 6~ 178~ 64•-·-··· 
SCOTIPPl'I> 0.66 .. - 0.39 1 :10+- 0.0:.t 142. 2::!•- 152. 17 17~ 15+-•••••• 
!02CPP!'1l 0 00+- 0.00 0 10+- 0. IC' 34. '1+- 67. On 4 l 9. 5B+-oL.ct 58 

~Ol18VSTION EFFICI!NCY (')'" 

""'ECIE llY l'l:2 av <:0:2 BY SO:il IJILUTION F'ACTQR 
(;Q 99 1¥+- 1. :21 99. 19+·• 2. 37 99 19- 2. 1>7 9Y .':! 20". O+- 4;!. c 
... c 99 0'?+- o. EU 99. S9+- 0 97 9? S9•- 1 02 i,Y ·:0411 . 349. 1+- 3;? l ' -= ;ci ..... s:;•- o. 15 99. 89•- 0. 3C 99 S9•- 0 34 av S02 " 4l.94. e•-40<.'9 1 
; ;)TAL .. a. Ql•- ., 15 98 'f7•- :.i. •;1 98 97+- 4 01 

:o!EAS\JREl'IEN•s WITH RAKE AT 1-EH'HT :::i 0 FT 1. 0 FT FROl'I FL. .. ME"IEAD A~IS 
S"EC:E BllCKCROUND !'li.::ASVRED AT SR" l ov C02 AT SP•! iY so;;: .. , 
.a r";-• :::~. 00+- 0.00 2C. 130+- C. O;? o. oo+- 0 00 o. 00+- 0 01.: 
;:i ~ r>;:>M > 4. o:J•- 0. 40 ~. 02+- 0 40 lo. JO+- 1 El3 :14 1 JO. :'I0·>-&79 as 
::'::JC?:FP~J 7S,. +- l~O 1:!03. +- };'<4 1:32730. +-1:?7367. 

2;)2:122. ·-······ "': ',. ':1> ;;:. 4~+- C?. ,, ... 0.1- 0.0:1 108. 09+- :129 &9 lilil. OJ+-8::>9. lb 
5;)C1 tl'P"> n Bb+- 0 ;)9 ., q;+- 0 07 ::ieo. ;J:.!+- ;z;z;;: ti1b 007 :J4+- l03. 97 ~ 

::i("!:.;:tPPM> 0 00+- o. 00 l. 30+- 0 lO :i::ie. 90•- 41 4~ 419. se•- 32. 28 

":; .... auSTHJlll S:FFICIENCY (7.l 

SPEC!!:: BY O.? s~· co;: :3V so;;: OH .. vTION 'llCTOR 
~::; -79 94+- o. :s ,.,. 94 .. - o. 19 CJr'J 94+- 0 IS l3Y ;);> 104. O+- IC. s 
''C "19. 92+- o. "1 99 9J.+- 0. 4'/ 99. 9i<+- 0 42 BY :0:1 - 19:1. 8+- ?4. ; 
S:JCT 9'7 .,~.., 0. ;;?O 99 71 t-- 0. 44 ~. 71+- 0 2S av 50:2 & 321. 8+- So b 
".''.JTf.L "IC/. ~;+ 0 7S C/9 58+. 10 ~ 56+- () 80: 

---~ -· --·-··-- ·-------- - ..... ---. ----· ··-~----· 
ME.ISVRE:'1t:P.. "'5 .4t1H 'lAl(E' it.T t-IEIOri. 3 0 t--=' ... 0.0 F'T FROM f"LAAEHEAD A~1S 
3=':::-_~ I~ OACKQRCUNO ~'EA5UR€0 AT SR•! ?" c~., \J& AT SR•l SY ~'J;:' 

02 .,., 21 CO•- a. oo 20 50+- C.02 0.00+- 0 00 c. 00+- 0 00 
·;::i <PPM> 4 63· - a .;o :? 1 S:t·> . 0 43 8!'.:I 54+- 186 :12 l:Jlo. oe+-259 01 
CO~\r;)M' /95 -- 1 =Cl. 3540 ... 174 1J273C +- :l'?:lti 1. 2148-48 ·-~08~4 
HC iPPMl 2 42•- .. 5S 11. :15•- 0 14 429 J7+ :.. ·::i 97 69~ 90+-:309 s; 
~OT<PPl•n 0 66+- 0 ~ 9 :11+- 0 :13 405. 7"'1+- 95. 57 657. Bl.,.-133. 50 
::;c;;: ( l'Pl'l l 0 oo~- 0. 00 5 4')+- 0 27 25a. 62•·· S'?. ec 41"'1. ~B+-· 20 9"1 

COMil•.STlON E'FFIC IE~JC" ( Y.} 
5PEC.::C 9'r .)~ l!V ~O;? llY 502 DILUTION FACTOR 
co "9 39+- 0 15 9'1 3'?+- 0 32 99 3'1~ - 0 28 av 0;;' 4 l O+- 7 

4C 9q 6S•- 0 16 <?9 68+- 0 25 9" OR· - 0 2:1 gy co; ,, •6 9~- 8 i 
500T qo 70+- 0 OB '19 70+- 0 16 99 70+- c 14 BY so:. .. 6. i'•- 1: 5 
TOTAL ~ ?7+- 0 37 '?B. 77+- 0 12 '"' 77•- 0 64 

----------------------·------------------- -··---------------······ - -------------
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FlL.E Fl.AAE O.T 

P0:1H 4 ;ATE: 12-16-S~ F~AAE:-!EAD EER·PROTO SIU 3 J IN -.--···············--······· ............. ,.. ....................................... . 
ME' A3c.'REl1£NT S 'il":H RAAE IH HElOHT 3. 0 F~ -1. 0 FT F'ROl't FLMl!!l-£AD AXlS 
SPECIE 9ACK(;.RCIJ~ ;1<;ASUR::'.O /!IT iR•l av co:z ~T Slhl BV 50;! 
!);/ t:'" ;a 00+- :>. 00 20. 30+- o. Q.;! o. 00+- 0.00 o. 00+- o. oc 
co i"P.1) 4.0!3+- 0 40 16. 6:!t+- 0. 40 525. 9'il+- 123. lh 6:51 21•-i.:A. 6:5 
C02<PP"1l 78:5. ·- 1:50. ::Jeti:7. - 174 132730 ·- 363'il3. l64421 ... -41:579 
... c :PP!'l1 2. 4~+- :i!. ~, e . '0+- 0 l1 274. 60•- 1:•9. l• JJ't. '77•-l<ro.60 
!!OQ"!'1PPM> 0 l'ta•- C.:J'? 11 ~7+- 0 ii!B 41!>6. 94+- lOil. 11 '6c,. 48•-114 il9 
S0~(PP"1 0 o:>-- 0.00 7 E, ... _ c. :Jc;> :;J::Je, J<Z•- 74. 58 419. '11•- ;'? <;16 

::0t1BIJ!STIQN EFF!CtENCY 011 
5P"I!:: fl! 8'! 02 DY C02 gy :150~ l>IL.IJTlCJN FA~TOf! 
C'O 9" o1+- U.09 '-19. 61+- 0. 20 9Q. 61+- 0. 18 !!Y Chl 2" O+- o. 9 
11c :-;.; 7 .... o. 12 99. El<'+- 0. 17 "'9. SCH·- ~ i. I BV C02 42.4+- 7 4 .., 
SOOT "19 .,,.o+- c v7 99. 66· - 0. J7 '79. 66+- 0 u BY so:z ,2. 9•- 8. 0 
TOTAL 'i9 °"+- 0 27 <;19 06+- 0. :54 '~-De+- () :50 

M€AS' IAEl'1EN7S iolJTH RAAE 4T HEIOHT 3. 0 FT -2.0 FT FROl'1 FL.AREHi:AD AXIS 
SPl!C ti! IJA:~~OUNO 1'1£Al>IJRED AT SR•l BY COlil AT &R•l lilY SIJOI 
02 ('/.) 21 co ... - 0 00 ~o 70+- 0 02 0.00•- 0.00 o. 00+- 0.00 
:o 1pp I 4 6:3+- 0 40 4. 63+- 0 40 4. b:J+- 1'41. 10 4. 63+-479. :;z 
COO<(PPl't' 735 ... - 150 ! 531 +- 174 132730 +-1:Z299S. 447'1:36. ·-······ 
~c ,pPMl 2 4&:+- 2 55 3 25+- o. 0:5 148 34+- 530. Oil 496.93+-•••••• 
$00T(PPMl 0 Se•- 0 34' 5. 69+-

0. '" 
e5a.02+- 411-..20 Oile'i'S 9~•-969.87 

SC2\PPM) 0 00+- 0 co 0 70+- 0 10 123 81+- 79.37 41~ 56+- ~H. '?4 

'.;OMB'~S-ION EFFil!ENCV (°Y.l 

:iPE;: IE =·i o;, BY :o&! BV :30:2 oru·r:a~ FACT JR 
: (j 9<? 99•- .j 11 JOC. 00+- C. ! l 100 00•·· 0 II BY 02 69 O+- 4. 7 
.'"'<; c-..9 8Q•- 0 40 99 89•- '.). '° 99 89•- 0 44 SY C02 . 175.9+- se. 1 
SOOT ~" _J,.. ·- " 39 99 3t:>+- ::; 95 '99. 36•- 0 6'i! SY $02 . 598 4+- J44. 7 
>OTA. '!9 :~-·- o. ;:c: 9'1 :15•- ,4 99. 25+- 17 
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09:06::16 FILE 

POINT· 5 DATE: L'-l6-Er.? FLA~E'"EAD: £ER-PROTO SIZE:: ::i 0 IN 

~-----------···---·--·--···-.-··· ... ········-D··-···-L••····--···-~·-····--·· ;NPU1 ~LCW COPoiDITiomi 
.1F.L flC I TY . 2 00 FPS HY • 1319 0 BTiJ/CU FT 
PFiOP~E :::: 302 SCFPI 

56. ' " iil2. !I L.B/HR ST&At'I 0. 0 I.Ji/HR 
N :,.1.5 o o.:io SCFH 0. 0 'X 0 0 LB/HR (ITEAP'tlQA& • 0.000 
-.ITROCEN 2 . .373 SCFl1 43. , 'X 1 J 2 L.OIHR 
s~ 0 4?n SCFH 133::? PPt1 o. oe L.B/riR 

~············--·-·········M••••··•••w••············-········---··-·---·--··· 
MS:ASl!llE'tENTS l•ll Tl-I HOOD 
SPECIE 8ACKc::ROUND 
02 ('l,l 21 oo- 0 00 
CO CPPMl 5 7•+- C 40 
C02<P~11l 700 +- 150. 
HC <P~t'll 2.90+- a 55 
SOOT<PPMl 0 86+- 0 3• 
S021PPt1l 0. 00+- ~ vO 

c011avs-10N EFFICIENCY on 

AT H£lQHf 4 0 FT 
11£1.S'JRED 

20. 5<,.- 0 02 
a 12+- o 40 

2424 +- 174. 
:S. ".)0+- 0 06 
~ iLOT- 0 11 
0 70+- 0. tO 

sPEi: lE av o:? BY ~02 BV SO&! 
·:O <>9 6tr•·- I.I 08 ~9. 80+- 0. 14 99 86•- 0 
,. .. , 99 67+- 0 1 f, 9CJ 87+- c. 24 99 87+- 0 
SOOT 99 ac .. - 0 .:;:, 99 90+- C. l' 99. 80•- 0 
-oTAL 99 ~::; ... - 0 32 99 54•- v. ,2 '' '4•- 0 

E-11 

0. 0 FT FROfl 1-i.AREHiAD AX l S 
AT SR•l av ,;o;z AT liR•l SY S02 

o.oo+- o.oo o. 00+- o.oo 
194.32+- !05.Sb 355.32+-0Xl3.'?'9 

132796. +- 57944. 2993~~-·-~••*4• 
171.37+- 240.0S J~.83+-469.03 
;:!£,:.75+- 81.92 511.69--l!t!!!~., 

53.64+- 21. 17 105. 01~- 1,.00 

DILUTION FACTt~ 
14 BY~ 4J 0 ,_ 1 7 
23 i:lV C02 • 7::1 6.+- 19.3 
14 3V S02 • 149 O+- :c.2 
'1 



DATA FRJNTFD ON 20-0CT-a3 oe 06 s& FU..&: F'LMIE. DAT 

POINT 6 DATE lil-17-9:1! &t '!E: J C !N 
~•--Y••••••••••••••U--•••••••••••--•••••••••••--••••--•••••••r~•••••r•••••• 

INPUT "LOW 
VELOCITY • 
f'ROPAl'IE 
I~ GAS 
N[TROOEN 
SC2 

CONDITIONS 
ii 00 FPS 
J. 30:? 9CFl1 
0 000 SC,... 
ii. l:l<r.l SCl"H 
O 470 SCl"M 

Hli • 1314 9 

5!! " " 0 0 •,t 

43.•" 
13:::!7 PPM 

BTl.J/CU F'T 
2:?. 5 L.0/HR 
0.0 L.81HR 

11. 3 L.BIMI 
C' Oliil LBll"R 

STEAM 0. 0 LB/HR 
STEAM/QA&• 0.000 

•••••••u•••••••••••-••••••••••••-••••-•••••••••a •-•••"'·-••••--•• •.,. ••• • =t-; 

MEASUR~HE~TS WITH RMtE AT 
SPEt!E SACkQROUND 
c~ <~> 21.:>o•- o.oo 
~~ <PP~> 3.27+- 0. 40 
C!J2'P"M> 519". •- l~. 
1-11: ( >'r>M l :1. 23··- <l. 55 
SOOTCPP11> O.'P7+- 0. 39 
S02lPPM> 0 00+- 0.00 

COMBUSTION EFFICIEN:v cX> 

HEic;HT 5 I.) FT 
MEASURED 

iU. O<>o--
5. 7.,.-

1485. +-
3.4'0+-
3 :?0+-
0 1a.-

0. ( : 
0.41) 
l 74. 
C.05 
o. Oliil 
o. 10 

~.OFT F~~~ FL.AREH&A~ ~~IS 

AT SR•l av C02 Al SR~1 BV 502 
o. 00+- Q.00 0.00+- o. 00 

375. 01•- .~,. 77 1473.~4•-... ·~·· 
1~•7•2. +-10387'P. 5~~17A. +-++~•++ 

57. 37•- 404.02 217. 2S+-•••••• 
32". a.3+- 163. 35 1 :JOO. 4J+-94:J. 19 

20. 55+- .6.05 104.9S+- ~. Jil 

iPECIE BY~ BY COil BY SIJ;I 1'11 .. UTION F,CTOR 
:o 0 00•- 0. 00 ~- 7i2•- 0. 4,J .,., Til+- o. :'15 Q{ Qi:~ 0. O+- 0 c 
~·c 0 oo+- 0. 00 .,.,, 91:1·- o. ;34 </9 9b ... - 0 36 BY .:02 - 146. 5+- 6;' a 
s.::;o-r o. OC'- o. 00 99. 75+- 0 3i2 9'-: 7'!+- 0. 43 B'l SCii! • 5e:i?. 2•- ::l81 5 
TC:: "AL o. 00•- 0 00 ~. 4;!•- l 07 '?9 43+- 1. ::i:::: 

l"EASVREl'IENTS 1oi ITtl RAKE .... 1 HElGH r 5.0 FT 1. 0 FT FROM FLARE'hEAD A~ rs 
SPE\'li llACKt;"lOl JNO l"EAS\)qED AT SR•1 "V co;i AT SR•l llY ;o:;i 
c;z \I.: '21 ()f)+- 0. iXl iilO oO+- O.Oi2 c. 00+-- o. 00 0 00•- :.J ·::>C 
..:o '""'Pl ll J.~/+- o. '10 22 ... ., •. _ 0. 4'! 110:;> ':;?+- :172. 50 0 00+- 0 i)C 

~02<Pl>l'I> 58'9 .. - 150. i1900. •·- 174. 132762. +- 45350 0 +- 0 
'-C <P"I"> 3 43+- 2. 55 1:3 15+- c 16 570. 4l+- ~6e "3 0. 00+- 0 00 
SOOf•"'F'!'! c. 97+- o. 39 i2 <:>;;?+- ~. 1)7 112 Jf"+- 31. 01 0 OC+- 0 oc 
',;:Q;?<PP""'} o. oo+- c oc c. ~O+-· 0. 10 0 O()+-- 5 72 0 00+- 0 cc 

CUM8UST •r;;~ E"'F IC l i;.!'.·;V ()\) 

S?EClE DY C2 av CO:? av sc:;i CILUTIOI' FACTOR 
S\l 99 15.+- 0. iil::l ., ... ta+- 0 41!1 0 oo-+- 0 00 DV c:z :'11 ~·-

~ 6 . 
~c ·'? $B+- o. iill </'? 58·- 0 34 0 Cl)+- '.) 00 ov :o; . SO. ~·- 11 7 
-oc-.- 99 ~2+- 0. )::J t?C:, ,.,~+- 0 05 '.) 00+- 0 00 BV so: - 0 C•- :· ;:; 
~0-AL ?6 07+- 0 46 99 67~- '.) 9' .1 00+- c /XJ 

·-------------·--·--------------· --·. --- ____ ... __ ... """-----------~------- . --
·c~s1..·;; C:!"ENTS WITH RAAE A1 ·'"'IQHT 5 0 r: r ,) ~ FT F'R0"1 FLAAEM:AD A([S 
SPECIE. :lACKGR:JUND l"EA9URE:J A• 91hl BY Ct'"? AT 3q,.1 DY :;;;r..-
02 ("}',) ~! 00+- 0 00 10 "JO-to- 0 Oi?. 0 00•- 0.00 0 00+- 0 \,;.; 
:o <P"':-1> " 27~- 0 40 !EU!! JO-+- ·~ 77 4490. '59•- 6'53. 93 .... ..,. ... _ ... ~-'Cf·· 
Ct&!IPl>M; 589 .. - 150 6039 .,._ 174 I 3i27b2. ·- 241.lOS. 1 ~0778'Y •-+-.>•~·· 
«C O:Pl>Ml 3 Z)+- 2 5-. I 71 50+- 2 14 .:ao84. O;.•- 614. 4S ......... ,._ ........... 
SCOT I PPM I 0 97+- 0 3'9 9. 95.,._ 0. 25 2Hi. ?I+- 38. °"' :n 4.il 78 ... -•••••• 
S02<PP"1l 0 00+·· 0 00 o. 30+- 0 10 7. 213•- J.32 104 'Yi•- 34 <;q 

·:C"1BUSTICN <=:::FtC!ENCY !lU 
.:iPEC:E llY O:! SY co:;i JlV sr12 Dl:..\;Tl.'.'N !""ACT::ll\' 
::a 96 84+- 0 '.ll 91.o J3+- l 00 Y6 82 ... - ;' ., ! DY C2 11 4•- 0 
.ic 97 !~•- 0 :30 •n 1 +- 0 "::! 97 ti•- .. .. , BY cc.: ... :<:J :3+-· '3 0 
:oc· ?9 85+- 0 001 ~ 85+· 0 OS 99 85+- 0 15 DV S'.>2 . 341~. 9•- 151 I 
"QTAL 93 91+- 0 61 93 79?- 1 •n 93 "77+. " ~ 
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01!1 06 ~ FILE FLARE OAT 

POINT: 6 DATE 12-17-82 FLAREHEAI>. EER-PROTO SIZE 3 o H 
••••••••••as••·························•Y•••••••••&••••••••..-.;••••••··~····· 

~EA5VRLMEN-s ~lTH RAKE AT HEIGHT ' 0 f:"!" -1. 0 FT FROM FLARE~FAD AX'~ 
!iPECHi: BAC11.cqoUND l'IEASURECI AT SR»l ev Ct'IO! AT SA•l ev so;;: 
O:o? ( x.) 21 00+- 0.00 20 :;io+- 0 02 o. ?<>•- 0 00 o. O<'•- 0 01) 
:o :PPl'll 3 27+- 0.40 !H .• , ... _ 1 v:i 1:!4034+- 263 :l4 o. 00+- 0 00 
CO~IPPMl 'e9. ·- 1~. 473;;? .,._ 174. 1 :3:2702. •- 289e.iil. O.+- 0 
1-4C IPPt>:l J 413•- 41 :::i 36. 00+- 0 4' I 041il. '9+- 241 •• 0.00•- 0 :o 
S('QT!l'Pl'll 0 97+- o. 3<> 27 9o•- 0 70 eu. 91!>•- ioi!> <ill 0. 00+- 0. oc 
Su; IF'Fl'tl 0 00+- 0 00 o .. Jo+- 0 10 o.OO+- J 19 0 00•- 0 00 

COl'IBVSTJON EFFJCllLHCY ( x.) 
SPECIE !IV 02 r~v C.C2 BY 8lh! Oil .. l.ITUJN FACTOR 
co 913. P7•- o. :7 91:1 i:i7: 0.44 o. 00+- o. 00 8Y 02 2' J·- 0. 7 

t-4C 99 '3+. o. lb 99.<i!J.;.- ?.34 0.00+- o. 00 BY COOi • :io . ..,, .. _ 
4 ' SOOT 99 J7+- 0. 11 Q9.:J7+- 0.26 0.00+- 0 C'O BY SQ.;2 • o. O+- v \) 

TOT At. ·?7. 47+- Q.44 97. 47+- 1. O<i? 0 00+- o. 00 

P,C:A5\JREl'tENTS WJTH RAKE AT HErnllT 
'· 0 

F·, -:z 0 FT FR°" FLARE'"IEAO AXJS 
SPECi.C: 3ACKQROUNO 1'1EASURED AT 51':•1 BY C02 AT SR•l BY SfJ:? 

0:2' (:~I 21. 00+-· 0 00 20 63+- o. 02 ,. . 00+- o. 00 0. 00 ... - ') 00 
.:o <PPM: 3. &7•- 0 40 8. 89+- 0 4C 473. : I+·· l"'2. 77 ~93 2e+-200 i 2. 
C02<PPl'1l ':>Bv ~- 1SO. 2170 +- 1 .. li. 13:<?62. +- 6'4oJ !o6:ioe ~-61:>81 $. 
HC <PPM> :J. :iJ+- • '' 7. 50+- o. 09 359 . .,,,._ 314. :;, ''l iW+-J6::l '?::l 
SOO"f(PPl'I; 0 97+- (, ~ 16. 16+- 0 40 1270. 70+- 409. 4J 1,9,. 46+-400. 96 
SC'~<PPM' 0 00+- 0 on l 00+- 0 10 93. bO ·- 30. 93 104. ~·- 10. ,0 

C.~HBUS' l :JN EFFICCENCV ,.,., 
S 0 E..: "!:'. :3Y 02 !IV C02 a·: 502 OI:..UTION FACTOR 
('.0 .,.., 65- 0 l<- 99 b5+- 0 :. ' 99 6,+_ 0 26 BY 02 '' 8+- :l 
HC ..,~ 73.,.- 0 24 99. 73.,.- 0 36 9'i 73+- 0 ');;:' 3Y C041 " 82 'J+- .::ti! 5 
SOJT "" lj6 .... 0 34 "" O!>+- 0 74 "" 06 .. - 0 6! SY !10~ . 104 O+- 20 3 
. Cl r ~L "18 44.,._ 0 7' 'IF! 44+- l .,.,. 'i'Ci 44+- IE! 
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APPEND11. F 
GRAPHS OF LOCAL C()tE:USTION EFFICIENC~ES AND DILUTION ~ACTORS 

Concentrations of CO, COz, HC, 02, soot, and 502 were 111easured at several 

radial positions for most of tt1e flar~ flames st:uc>ied. Local dilut1on fclctors 

can b~ calculated lS shown in Appe~dix c. using the r1easured concentrations of 
o2, C02, soot, and S02. Eacn dllutfon fact~r can then be used to calculate 

a local cOlllbust1Qn efficiency. Exa•ples of the nuaerica1 results of the cal­
cula~ions are shown in ~ppendix E and the graphical results in this Appendix. 

Two types 'Jf graphs a"'e sho·~n. Colltbustion efficiencies are plotted for 

eacl'I cond1t1on as a function of 1·adhl prcbe position. The base of the axes 
of each graph denote the axial position of probe sa11pl1ng above the flare 

head and the horizontal a~es show the radial position of probe s~•pling. 
Dilution factor3 a~e plotted 1n a si•ilar fashion. In some cases, tne 

dilution factors at the e1ge ot tt·e plu111e are largP. and are omitted so that 

the scale of tl\e graph is not excessively compressed. 

ThP dllution factors ~Glcu1at!d using different species can vary consid­

erably because of the range of Jccuracy for d1fFerer1t species. The dflution 

factors calculated frOl!l f.ach specit·~ are shown in the grarhs. However, the 

1 i ne is d;'awn through those detenn'fned fro11 C02 concentrations. These va 1 ues 
arf' thought to be the 110st reliablt'. However, calc11lation of d-:l·.1tion factors 

bast-d on CO~ as~ulllf>s a c011.plete canon balance i,nd vtriff catior. of a carbon 

ba.ance was one of the objecthes o-= th;s program. Cartion balances have been 
ver1 fi ed in th1" rrogra11 us 1 ng SOz <ts a tracer and by capturing tM entire 
flare pluine in a hood. 

The l<>cal corrbustfon efficienc1e~ calcu·1ated using dffhrent dil1Jtion 

far.tors estimated from differer.t spf":if's concentrations are similar. (See 

exalllples in A.->pendix E.) for conshtency, the local cc111bust1on efficier,cies 
calc.·1ht~<1 using Cll2 as the trac~1· n ·e p1otted. 
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head burning 56 perce?!t propane ir. n I trcgen at O. 'i h/sec 
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steam per lt of fuel. 

F " - ,< 



oco 
OHC 

osoor 
QTOTAL 

-10 .... 
4-

"O 
~ 
Q> 
:t: 

11' s.. 
I"! 

·--
QJ 
:> 
0 
.c 
<C(' 

w 
u 
c: 
'° .µ 
In .,.... 
0 

~ 

8 

i' 

~ 10 
c 
QJ 

u ·.--

6t 
4- .µ 
4- c: 
La.I ~9 
c 1.-
0 0.1 

..... Q.. ....,_ 

5 

4 

Ill 
::I 

..0 
E 
~ gc--------------~·----~---'-~~~--~----~~~--~--1-1 

~-l~ch Flare Head 
2.C F!"'S 

t 
56 Percent c3H8 (1315 Btu/7t3) 

0.0 lb.Steam/lb.:uel 

,] 
-8 -6 -4 -3 0 2 4 

RaJial Distance (ft) 

J"igure F-3. Local con.bustion efficie11r::ies ('f the J-incn [El< test flare 
heaj bJrning 56 p~rcent p~opa~e in nitrog~n at 2.0 ft/sec 
wit~ 0.0 1~ steam ~er ~b of fu~l. 



' 
-. 

By 13 300 

0 <)()' 

12 200 
0 co,, .. 
002 

11 lOO 
8 6 

- 10 c - 0 ..... 
300~ .... 

"'O 

'° 200~ CV 9 :c: 
QI 

to~L I-
l'O ..-

I.I... 8 
Q; 
> 

~00 0 
...:) 
c:i:: I-

7 0 
CV .... 
<..> <..> 
c: ro 
'° "'-
+.) 

i::: 100 V'> - 6 0 
0 

' ) 

::::J 

·~ 
0 

:; I- 0 

3 

3-~nch Clar~ Heed 

2.0 FPS 

d1 
56 Percent C3H8 (1315 Btu;ft3) 
O.e 1~.Steam/lb.Fuel 

_J_ I .I..-. I 
,j 

-~ -6 -4 -2 0 ? 4 6 .. 8 

Radial Distance (ft' 

Figure F-4. Dilution factc..r of ire 3-inch HR te~.c flare head burnin9 
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APPEND!X S 
QU~LITY ASSURANCE 

G.O ~SS~SSMENT OF DATA QUAL:rv 
The ~at~ taken tn this sturty was ~arefu11y eva,~oted to establish the Naxi­

~um error oounds. PrQce1ures used to take the rtata are descr~bed 1n Appendix B. 
Reduction of the d~ta i-nd analysis of etr()rs are d1scussed in Section ~.3. 

Exa111ples of the data and analysi~ prcct .l'res arP. presented i'l Appendices C, D. 

E, and F. 

Dato 
The expected precision, JCCuracy, and co~piete~es~ of the dtta 1s shown fn 

Table G-1. The repres~ntativ~ness of the data 1s dPmO~strated by the correla­
tt~ns and stat~stfca1 analysis of these correhtf.)r,s in the text of the report. 
The reproduc1b111 ty oi" the dl<ta wa .. demonstrated b." repeatf .. 9 al 1 •he condi tiun!i 
on the 6 inch flare head which had resulted in low r.0111bust1on efficfenc1es. In 
addft1on, 111ater1a1 balances were closed for ~ nullb~r of test ~ondftfons ~see 
Section 3.2). 

l ki ta ti ons 
The <'ata fs $trict·:y limited to the cor.".litfons of this study. These "'ere: 
• Prov~ne-nftrogen mixtu~es. 

• '.':, 6, l;" inct •. 1111ple pipe flare!:. 

• 3 - 12 fnch coawnercial pfpe flare~. 
• Velocities from 0.2 to 428 ft/se·:ond. 

• Gas heatf'1g values from 3~6 - 235C: Btu.'ft3. 
• No pilot fl~!lles. 

• Steam inject1Gn to 1 lh steam/1b fu~l. 

G.l Results of Audit 

This prograsn wes 1nitiated prfvr tc ... iscal yea1· 198~ Consequent~J. 1lO 

Q1.:al1ty Assurance ?roject :-lan ~a:; submitted nor we1·e any au'.'.-:ts condu<.ted. 
Ho~ever, the nature of the r.:--ogra111 and use of the rtsi:as r<::qui red ~hat ... trict 
Q':/QA procedures be app 11 eo. 1 h~se pro:edures have beer, fully C( u:aenteci in 
tne text ~r·· appendf~e~ ~f this rep~rt. 
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TABLE G-1. HEASUREMEhT PRECISION, ACCURACf, ANO CO~PLETENESS 

Neasu re111ent Met nod 

Fl ow Rate Calibrated 
Ori ti ces 

flame I Visual. 
:;true tu re F'!lotograptt 

02 P·ir·a-
11cgnetic 

CO NLllR 

Ht FlD 

S02 Titration 

NOx Cnem. 
Lumin. 

NH1 cn~m. 
Lumi n. 

PartiCllat~ Filter 

Indivioual Tenax/ 
~C Charcoal 

GC 

Refl;lrence 

None 

None 

J:"PA 
Spe(... 3 

EPA 
Spec. 3 

EPA 
Spec. 3 

None 

E?A 
Spec. 2 

I EPA 
Metnod 6 

I EPA I Sp~c. 2 

I None 

EPA 
600!4-16-

00.+ 

~ne 

Experi-
menta 1 

Condition 

• Gases. 
Steclm 

Observation 
I 

<:"lame 

Flame 

Flame 

Flame 

Flame 

Flamo:. 

Flcme 

Flame 

Flame 

Flame 

Precision 

+3S 
Re'i'di n9 

+10;; 
ReJdi ng 

_!0.0?~ 

!,4 ppm 

+O.Oli 

+O. 5 ppr.i 

+2oi 
Reacting 

+lOi 
ReadinCJ 

+Si 
Rea di rig 

+20% 
Reading 

+53 
Reading 

I 
I 

Acc1.1racy 

I 
+ SS 

Reading 

+20S 
Reading 

' 
+ 0.04S 

+0.041 

+l .O ppr.i 

I +4oi 
j Rei ding 

+200: 
Read~119 

+2oi 
Reading 

+io,; 
Reading 

+SOS 
Reading 

Com-
plete-
ne~s 

lOOS 

100% 

90: 

90S 

90'1 

90S 

90% 

90~ 

90~ 



G.2 Quality Problans and Solutions 

Sever·al problems with qual 1ty contro1 were encountered and corrected 
dur1~g the course of this program. 

-,·he c.oncentration of car~cn specie~ in the ambient air was recognized 
to te a problem and a procedure is 1esc~ibed in Section 3.3 to correct fot 
it. 

Determinatit~ of soot concP~tration by weighing proved difficult. 
Accurate measurements of soot were obtained ~Y burning the materi3l from 
prebaked filters. 

The instrument for measure11ent of so2 proved unsatisfactory. It was 
returned to the factory for repair and performance was improved but was still 
less than desired. Instrument me~surements of so2 were supplemented by 
abso~ption and titration of so~ throughout these tests. 

Continuous 11\0nitoring Jf e~is~ioos frcm the flare fla~e proved to be 
undesirable because of flame fluctuat~ons. Ga~ s~mples were drawn through 
Teflo~ lines into Tedlar®bags for 20 minutes to average flame fluctuations, 
mixed and analyzed using co~tinuous analyzers. 

A video recorder wa~ useo to record the structure of the flamE f1Jmes. 
Howe~er, the spa~tal and temporal resolut~on were insufficient to make this 
technique useful. Excellent results were obtainetf using still photography 
ana ~igh speed motion rictures. 
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