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- DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. :
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I, INTRODUCTION

Characterization of nitrogenous emissions from combustion sources and
determination of the atmospheric fate 6f nitrogen compounds are crucial for
an assessment of air quality. Genefic séurces of nitrbgen oxides are
classified according to how emissions are generated and released to the
environment;l On a global basis 50% of.the oxides.of hitrogenEe;issibns are
attributable to natural sources, and these are emissibﬁs from the nitrogen
cycle and lightning. The most prépdnderaﬁe compbund associatéd with the
natural source-emissions is NZO' The second source tybe of oxides ofv
nityogen is anthropogenic, And the major contribution is dﬁe to combustion
with mobil and stationary sources'contributing equally. In urban
environments thé distribﬁtion between ﬁatufal-and aﬁthropogenic sources is
reversed with anthropogenic (an&.mainly,cémﬁustion)_sou?ces responsible for_
90% of the emissions of oxideé of nitrogen, mainly as nitric oxide.

Two,mecﬁanistic paths are respbnsible for nitric oxide production
duging combustion, one involves the oxidatioﬁ of atmospheric nitrogén
(thefmal NO) and.the other results from NO productioﬁ ffom the oxidaﬁion éf
nitrogen chemically.bbﬁﬁdufb'fuel molecules (fuel NO)5 In order to
understand méchanistic details of NO formation.and destruction méchanisms,
it is necesséry to have reliable methods for NO quantification in
combustion mixtures. |

The most frequently utilized tecﬁnique for NO quantification in
combustion environmegts_is'chemilumineséent analysis following sample
extraction with a probe. There are intrinsic erfors associated with such a
technique; Since the method is intrusive, it is_important that the
disturbance to the flow field and temperature field in the vicinity of the‘
nicroprobe be small to prevent sampling biases. Additional soﬁrces of

error are homogeneous and heterogeneous reactions in the sampling system



which alter thevconcentratlon of NO and NOZ' Furthermore, there are some
potenrral errors assoc1ated with the analyzer namely these attr1butable to
quenchiag erfeets which have been described by Matthews et al.1 and those
assoc1ated w1th changes in sanple.v1sc051ty.w1th sample coap031t10a as
descrlbed by Zab1elsk1 et al.2

‘Non—intru51ve opt1cal techniques for“NO quantification are highly
desirable since rheyveliminate the porential errers aesociated wirh
chemilaminesceat analysls. vOptical methods'are aotvwithoutvproﬁleme of
their oéa;-for;iﬁstanee, problems aseociared witﬂ ﬁigﬁ teﬁﬁerature
calibration reauire a‘great deal of ingenuity te solve."A’uniform.
temperature field is required along a line-of-site absorption measuremenr
which is difficult to achieve for most burner systems. For some optical
techniques, (e.g. laser fluorescence) proper accounting for deactivation of
the excited state by collisions with chaperone gases is necessary and
difficult to quantify experimentally.

In this paper we report on a cemparative study. of NO measurement in
the post combustion environment of atmospheric pressure, premixed
methane/air stoichiometrie flames. One of the analytical techniques used
is probe extraction withlupcooled quartz microprobes followed by
chemiluminescent analysis in an analyzer specially constructed to eliminate
most of the errors associated with viscosity and third body quenching
effects. The other technique utilized is a non-intrusive spectroscopici
technique called tunable atomic line molecular spectroscopy (TALMS).

Although the TALMS technique is relatively new for combustion
applications, utilization’of the Zeeman effect to achieve differential

absorption measurements has been available for some time. The magnetic

scanning of a single Zeeman component of an atomic emission line was first



used by Bitter and co-workers3

for investigating the hyperfine structure
and isotope sﬁift of the resosaﬁce:rediatioc of mercufy."This>technique
st‘sttlized.by Hadeishi shd McLaughlih4 to deveicp a ﬁew type of atomic
assorﬁtios spectrcmetetlto detectrtrace mercury, and utilizing the Zeeman
effect‘tor backgtound cortection. The techsique Has»been extended toxthe
detection cf small molecules.which exhibit sharp’rotational structures,.end
has been used to detect NO NO,, SOZ and HCHO®. Cuellar end Brown’s8 have ./
recently used the technlque to detect 82 in the presence of SO2 and to
resolve sevetal closely spaced lines belonglng to different branches wh1ch N

23—

result from the triplet spllttlng in the (7,2) band of the B L - X Zg

system of 52'



II. EXPERIMENTAL.

A. ‘Flat Flame Burnér

A schematic diagram of the,experimental system is shown in Figure_l.
Methane-air flames were stabiliged at atmospheric pressure on a water
cooled porous plug flat flame_burner. The burner was constrpctéd f;oﬁ a
6.0 cﬁ diameter sinﬁered bronze.disk with a pprosify,of 100 microns. Water
c;oling was prévided by a copper coil:iﬁbgdded.in the sintere& disk with
therplane of the coil parallei to the burnef surface. /Ihe burner was
mounted_below.the optical path of the tunable éiomic line molécular
spécérometer (sée beloﬁ) through an opening in the optical bench. A
micrometér drivén:x-y-i trgnslation stage permitted motion of the burner
relé£ive ;o the fixed focqsed'optical beam.

Methane (Métheson C.P.'grade; 99.0% minimum purity) and air were
supplied in high pressure gas cylinders. Calibration gases consisting of
varioﬁs‘concenfrations of NO in N, were obtained from AIRCC (97 ppm, 511
ppm, and 4.41% NO in Nz). The calibratipn_gasesvwere chgckedvagainst NBS
standards by the Air apd Industrial Hygiene Laboratory of the State of
Californié.Department of Health. The 97 and 5117ppm NO/Nz'gas mixtures
were used to calibrate thglchemiluminescent gas analyzer. .The 4.417% NO/Nzl
gas was used to dope the CHA/air_flows with Varying amounts of NO_while
keeping‘theAtotai flow constant.

Gas flows'were_metered separately‘uSing rotameters (Mathéson, 600
_Series) which we?e calibrated using a wet test mngf. These calibrations
. were checked»agaiqst calibrations obtained using a rotating vane dfy test
.meter‘(Singer Amgrican Meter Division, Model DTM5325),_and_Br;§ks Vol-U-
Meter.ggs calibrators. 

A cylindrical stainless steel mixing chamber 30 cm long and 4.8 cm



i.d. was packed with glass beads to provide adequate mixing of the gases
prior to flowing intd the flat fléme burner. Methane and air were
introduced near the top of the chamber through two 3/8;inch ports placed
oppdsitehto each other and perpendicular to the éxis of the mixing chamber.
The NO(NZ dopant was introduced via a I/S—inchvStainleés steel tubihg
penetrating\thrOugh.the top flange of the chamber and terminating midway
Between the CHA/aif pdrts; Gases exiging from the éhaﬁber then flowed into
the burner, or alterﬁatively,‘a ﬁortion'of the cbid'flow could be diverted
directly into the chemiluminescent anélyzer;

The éhemilﬁminescent gas anaiyzer (CLA) and the gaé mixing systeﬁ were
tested by introducing known amounts of NO/N2 inté a Né streém (metered
through éalibréfed rotamétefs).'mPaft of thié flow wés‘Sampléd‘by the CLA

. .
and quantified using the 97 and 511 ppm NO/NZ caiibration gases. .No
significant differences @efe found between the twd measurements: in the
range tested from SO £o<2500'§pm NO, thé concentration -of NO measured by
‘the CLA was agbavéfage of 3.2 i:1.82 Highef than the cbnténtratioh of NO
detéfmiﬁed ffom fﬁé'rotametef éalibrations.of the NO/NZ and N, fléws.>

StablevCH4/air flat flames were obtdined err a wide range of
equivéiéncé ratios andttotél gas flows; We séiécﬁéd fo.operate'tﬁé burner
at a total flow‘éT = 30;006 sccm, cbrrespondiﬁg to:é linear vélbéity of
17.7 cm/sec. At this'flow, stable flames could be obtaiﬁed at equivalencé
ratios ¢ ranging from 0.75 to 1.5.

Temperature profiies.weie obtéined'using a Pf/Pt?iBZ Rh thefmocouple.
The thefmocbuplebwas construcged from 0.076 mm diameter wire which was butt
welded to form a junction whose diameter (0.102 ﬁm) was only slightlf
larger than that bf thé.wire.h'The tﬁermocouple wire was 12 mm long and was

supported between two 0.254 mm support wires with the junction at the



center,s In the determination of temperature profiles above the burner the
thefmocoopie junction lead wires were piaced parallel to the burner surface
to minioize heaf oonductioo losses to thé supportdwires. -Vertical and
radial temperature profileé are ohown in Figures 2 and 3. oTemperatures
reported herevare not corrected for radiativo losses.

lB.“Chemiiuminescent Gas Analyzer

Gas.samples wefo withdfawn fromvohe fiéme through‘a 10 cm'iong, 1 mﬁ
i.d. uncooled quartz probe. 'The orifice diameter'at tho tip of.the probe
wa$:314 microns.~'The probe was mounted on a X-y-2 micrometor‘driven
tfanslation soége which allo%ed for fepfoducibie positioning of the>tip of
- the prooébrelotiQe to the ourner surface. The probe itself was located at
a 65° angle with_réspéct to the normal to the burner Surfaoe; A.heatéd |
“oeflon sampiingilineA9O cm loné, 2 mm i.d., coooectéd the probe to a valve
at theiréa; of the chemiluminescent analyzer. The pressure just upstreom
of tﬁis valve.wasvmeésured to be 330 torr. Thé sampling 1iné was heated to
65°c to prevehf'ﬁater condensation. Downstfeam from the valve tﬁe pressure
dropped to 45 torf. The effect ofvthevhigh sampling line pressure is
discusoeq in more deoail below.

‘Nitrogon oxides'(NO and Ndx).wero measured witﬁ a laboratory built
cﬁemiluminescent gas anal&zer (CLA). vThis analyzer is éimilar in’design to
comoercially available-instfoﬁénts, but iﬁcoroorated sevefél features &hich
significahtly'roduced the corfectiono associaﬁeo wifh viécosioy ano third
body queoching;effects. A calibrated rotameter was used to mainfain a
constant and khown flowféfe'of oxygeo olus ozone froo tho ozone generator.
The saﬁole flowﬁfato was measored‘using a:mass flow meter (Tyian_
Corporation), and the ratio of 0y + 03 to sample was maintaioeo at 0.94.‘
The CLA was operafed at a reaction chamber pressure or 3 torr. By

adjusting the flow of the sample streém such that 6% of the gas in the



reacfion chambér was dug to probed sample while 94%'was due.to the.02 + 03'
sfream;.thé effeéts 6f.third body quenching can be significantly reduced.
For exéméle, using the quenching correcfions of Mafhews éﬁ_élria énd the
calculated équilibrium concentrations9 of major species present.in a
CH,/air flame at ¢ = 1.0 (N,, H,0, CO,, Hy, CO, Ar), thévactual NO is found
to be 4.2% higher than the indicated NO cqncentra;ion.i | -

AA cgﬁmercially built NOx to NO conyerter (Thefmp Electron Corp.) was
usea‘t; cénvert NO, to NO.so fh;t the-potal oxides éf nitrogen (NOX) could
£e measufed.. Tﬁe:converter éonsisted 6? No; 316 stainless steel tubing 1.8
m loﬁé.anav3.22 mn diameﬁér wﬁich is resistancé heated t§.650°C. Thé
cohvertef‘Qas opefatedtaf a pressure of 45‘to;r.

The NO, converter was.conditioned on a-daily basis by passing a
mixtu?e of NOZ in ai# (0.533.i 1%, Aircés th;oﬁgh the coqverted’heated to
6506C for‘a minimum.of 15 minutes. Survival of NO was‘ghecked by passing
97 or 511 ppm NO/N2 calibration gas thfough the ho; co;vérter ana cqmparing
the signél obtained Qith that reéorded bypassi;g the converter. 'No
significant differeﬁce was observed:‘ thé signal obtained through the
converter was 1.8%2 lower than that observed byﬁassing thé cqnvertér.

fhé converte; efficiéncy‘in éffecting the conversion'of.NOZ fo NC was
checked.by.paésing varioué concentrations of thé 0.533% NOZ/Air gas diluted
in N2._.Op average, the NO éoncentrétion A¢tected by the CLA in tﬁe NO, .
modé (thgg;gh the_con&erter).@as 5% higﬁéf than.the NO, goncentratiqp as
determined'froﬁ fhé rotameter célibratipns. fhis smail discrepancy
(indiéatiﬁg >10QZ conversion efficienc&) with the manufactﬁref's claim of
100% conversioﬁ efficiency of NO, to NO couldvgéf be éxplained by the
preseﬁce of Nd iﬁ the NOZ/air mixture. | |

Light emitted by the chemiluminescent reaction of NO with 04 was



detected by a photomultiplier tube (EMI 9558A) filtered through a CS2-63
Corning filter to block wavelengths below 6000A. Thé output of the PMT was
measured on a Keithley electrometer énd digplayed on.a striﬁ chart
recorder. The reéponse curve of the CLA shown in Figure 4 is linear in NO
concentration to at least 2400 ppm NO. These measurements were later
extendéd to NO concentrations greater thag 6000 ppm with no observéble
deviation from linearity. | “
C. TALM Spectrometer

Probe ﬁeasurements of.thermal NO produced in the CH4/air flat flame&
burner were compafed with measurementsvusing a non-intrusive spectroscopic
techniquevcélled tunable atomic line molecular spectroscopy (TALMS). This
tedhnique‘haé been pioneered by Hadeishi and his cg—workerss’6, and has
: beén utilized to detérmine low concen;rations of NO in a room temperafure
absorption celi wiﬁh high sélectivity and sensifivitylo. Theée au;horé
used the accidential near coincidenée between the Cd ion‘line at 214,438 nn
and’discrete rotational—vibrationa1 1ines.in the A%zt - X2H,Y bands of NO.

114Cd, they reported a detection limit of NO in

By using a single’isotqpe,
N2 of 180 ppb in a 20 cm cell.

| The basié for detection of moleculeé by tunable atomic line molecular
spectroscopy is the splitting and polarization of atomic emission lines by
an externél magnetic fiéld.' In a direction parallel to.the magnétic field,
the Cd line at 214.4 nm is split intog+ and o- giréularly polarized
comﬁonents: the ‘high freduehcy(3+ component is circularly polarized in a
countéfclockwiéé direction, while the ldw frequency O- component is
circularly pblarized in the opﬁosite direction. By varying the»strength.of
the magnetic”field, one oflthe'Zeeman components 6f_the Cd emissioq line is

tuned into exact coincidence with a discrete rotational-vibrational line in

thé Y band of NO. The matching Zeeman component indicates the extent of
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absorption £y NO, while the unmatched © componént-indiéates backgrbund
absorption only. A»differéntial measuremenf of thé matéhed and Qﬁmatched
Zeeman components of the Cd emission line proQides a quantitaﬁive
measurement éf the NO‘invtheloptical.péth.

A schematic diagram of the TALM spectrometer is shown in Figure 1.
Except for the light sburce, the instrument is'identicél ﬁQ that described

'earlierg 11

. Tﬁe lamp consists of a-sealed-off quartsz—tﬁbe containing a
small amount of cadmium metal (natural abundance Cd) and an inert.buffer
gas. .Nichroﬁe wife‘heaters Qrapped_afoﬁnd the U—tube are used to heat fhé
lamp’to:a few hun&reﬁ deg?ees Celsius and pfovide é small améunt of
vaporiééd Cd (“ 1 tbrr) which is excited by an eleétr&é dischérge thréugh
the gas: Tﬁe lémp is housed befween the poles of é Vafian electromagnet,
and the light eﬁitted parallel to tﬁe ﬁégnetic fielﬁ i; focussedﬁwith a
quartzviéns to a 2-mm diameter spot above thélbufﬁer sur%ace. The vargébie
phaéé.retardation plate ih combination with the linear:boiarizer ailowé.fdr
the élte;nate £ransmission of the‘makéhéd ané unmatched Zeemén camﬁonenté
through'the ;bhochromater té tﬁé defeégbr. The‘outpﬁt of thé

) photomultipliér tube is processed eleétronicall? and displayed on a strip
charg.fecorﬂef. | ‘ | |

To détermine thé coﬁditioné of maximum sénsitivity, the differenfia1 
absorption between‘0+-and 0~ components was ﬁeasured a; a funéﬁion of
magnetic field strength, and is shown in Figure 5. Maximuh sensitivity was
obtained at 11 kG, and all measuréménts‘réﬁorteQ'hére were”taken at this“
field streﬁgtﬁ; The dependencéwof the.differential abéorption.signal1dﬁe
to NO on magneticvfieid stfength shown here is coﬁsidérably bfoader ﬁhén

that reported\in reference 10. This is because we used natural abundance

Cd rather than the single isotope 11‘l’Cd, resulting in a broadénihg of the

10



emission line by the hyperfine structure of the odd isotopes of natﬁraliy
occurfing cadmigm.

The response of the TALM spécfrometer to increasing NO concentration
is shown.in-Figure 6. In these experiments the CH4 aﬁd air were mixed in
the gas mixing chémberland varying amounts of 4.41% NQ/NZ gas were added.
" A portion of the gas stream was passed through a 7.5 cm long flow cell
placed in.the optical path of the spectrometer, whilevthe remainder of tﬁe
flow was exhausted to a ﬁobd. The observed signal was linear in NO
concentration to about 1200 ppm NO. At‘ZOOO ppm NO, the percentv'
transmission through the absorption cell was about 282, and the observed
signal is 10%Z low with respect to the extrapolated 1inear feSponse. 'This

deviation from a straight line is probably caused by a departure from the

Beer-Lambert absorption.
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III. RESULTS
A ProbeiMea8urements of NO

Vertical and horizontal profiles,of NO concentration were measured
using .the uncooled quartz proﬁe and thé chemilumineécént gas analyzer, and
are shown in Figures 7vand 8. . The vertical profile is. taken at the center
of the\burner, and it caﬂ be«obsepved.that the NO concentration rises
»slightly.from about 13 ppm at 2 mm abové the Burner surface to 18 ppm at 15
‘mm above the burner. These concentrétiqna would need to be increased by
about 47 to correct for-third body quenching: in the reaction chamber of the
CLA (see.above).-

The!resultsbof adding known amounts of NO to the burner and -sampling
with thg,probe are shown in_Figuré 9. The probe position was kept constant
at a height of 5.0 mm above the center of the burner surface.. Thé dasﬁed
line represents 100% sﬁrvivial’of NO. Clearly a deviation from the line of
1007 survival is observed. Thé survival of NO défined as NO measufed/NO
added, is approximately 80%. .

The discrepancy between NO measured and the total NO (NO added + NO
thermal) cannot be attributed to non-linearity of the CLA (see Figure 4) or
to losses or anomalies in the gas mixing system (see above). With the CLA
operated in the NO, mode, thermal NO, was found to be about 30% higher than
that measured in the NO mode. '

B. Optical Measurements of NO

Opticai measurements of.NO using tunable atomic line molecular
spectroscopy were obtained By doping the burner gases with kown amounts of
‘NO. The cadmium atomic emission line waslfocussed to a 2 mm diameter spot
5.0 mm above the burner surface with the optical axis along the centerline

A

of the burner. A typical recorder trace of the differential absofption

. signal observed by thermal NO and added NO is shown in Figure 10. A range

12



vof NO concentrations from 50 to 1000 ppm was added to the berner, and a
ﬁlot of the pbserved signal strengthlas a functionvof NO added is shown in
Figure 11, Extrapolation to zero doping of NOvresults in an estimate.of
the tﬁermal NO measured optically of.60 ppm. This'eptical measurement is
more than three>times larger thanvthe thermal NO measured with the
chemiluminescent analyzer and the uneeolee qeartz4pr9be.

A series of calibration experiments was attempted using heated quartz
celle. These cells were 14.3 cm long and were filled with 152 torr of 97
ppm NO in.NzAcalibration gass Upon Beating in-.a Lindbergh furnace to
IOOOOC, the TALMS signal Que to NO disappeered, and was not recovered by .
cooling the cel1vto roem;temperature.,.pa'

IV. DISCUSSION

ﬁuch reseerch has been direeted toward the development and
characterization of analytical techniques.for NO measurement in combustion
mixtures. Bowman12 has reviewed probe measurements in flames for a veriety
of probe types and combustion conditions. He indicates thatvthe majqrv
fluid mechanical distufbance to the suBsonic flow field by the probe is
streamline distortion, which in turn, results in a perturbetiqn_of
concentration gradients in ehe Vici?ity of ehe probe. This is not a
serieus problem for measurements in the post flame region where
concentration gradients are verynsmell. A potentially more serious problem
discussed in the review_regardsvcomposition chanées_due to inadequate
quenching of homogeneous and/or heterogeneous readtiens in therprobe.
Bowman states that for mahy species measﬁrements convective quenching
probes generally are not suitable for eoneentration rieasurements in laminar

flames due to the relatively slow cooling rates.

Cernansky13 has reviewed sampling and measurement of NO and N02 in

13



combustion systems, and, in particular, has discussed fhe effects of probe
materials, the cﬁéﬁiluminéséent analyzéri énd combuéEion cohditioﬁs which
enhaﬁce fhe'concentratioﬁ of»NOz. The‘role df-uncooiéd quartz probes in
altering ﬁeaéﬁred NO/NOz'fatios is diééﬁssed, és well as the‘béhavior of
catalytic convertérs‘in effecting NOZIto NO conversions. Under fuel rich
conditions étainieéslsfeel cﬁnverters can fedﬁce NO to.Nz and 09
concurrently with the fédﬁétioﬂfbf NOé'to NO,.thﬁé yieiding an erfor'in
total‘NO#.‘“The iﬁpéftance'of this ébsefva£ion'for éfoichiometric flames is

not clear.

Meiﬁel aﬁd'Eolieéguésla—l7 fepdft oﬁ cdabarétive studies on NO

3

(R

measurémenfvin éomﬁﬁsffan syétems iﬁ’é ééties of papers.. A new non-
dispersive ultraviolet analyzer was descfibed wﬁicﬁ had a limit 6f
detectability of approximately 0.5 ppm fér an absorption cell of 39 cm.
Concentrations of Nb were measﬁfed iﬁ an engine usihg this techniquerand
cémpéféd ﬁith tﬁose.froﬁ‘é cﬁeﬁiluminesééﬁt analyzef: Sémples were
extfaééed from the eﬁgine with Qﬁartz microp;obes for both analyses, and a
stainless steel convérﬁef was interfaced with each instrument to effect
convergion of NOZ tb’NO to'achieve’éﬁEOtal‘NOX meésufémént. Meésﬁfements
with both iﬁsffdméﬁéglégreed to wi;hiﬁ 10%;6r'1esé'for a range of
equivalenée'gétios betweeﬁ 0;8 and 1.1. PQ;enching corfections for the CLA,
the conditionsviﬁ fhé reécii;h;chémber, (the ;ébﬁated é#yéen to sample
rafib; aﬁdzthé preséure),ané the flow metéring techniques were not
specified. A studyﬂﬁomparing the méésﬁfeﬁent o% Nb in pfopane/air and
hydrogeh/éir'fi5me;:uéiﬁg an‘ig_giig differentiai.absofptioﬁ technique and
a non—dispérsiye ultra violef'techﬁiquéiof‘a samplé’extfacted with a cooled

17 of the series. GCood

quartz micrbprobe'was described in the 1éét'papér
agreement was obtained for the two typeé of NO measurements in lean flames,

but for stoichiometric and rich flames the in situ measurements were

14



betweenVZO and 36 percent‘lower. The authors speculaté that NO mayvhave
been produced.within the probe.

Falcone18 measurgd‘NO in lean and rich atmospheric methane/air,flames.‘
The concenfration of NO wés adjusted through doping. Three types of NO
measurements were compared. fwo invoiVed sample extraction with uncooied
quarfé micrnpnobes and one was an in situ method. 1In a series of
experiments sanples were-extrncted from both lean and rich flames nnd then
passéd ﬁhrough én anaiyfigal trnin info ; CLA analyzer or into an
absorption cell where NO waé detected by laser_absorpfiqn speétrbséopy
utiliging a tnngble diode 1a§er as a light source. After quenching
corrécfipns‘for the CLA were nade, agreement betneen thé measurements using
the‘fwn detectnfs was very good. In another séries of experiments NO
concentrations measured EE.EEEE with laser absorption and by CLA following
sample éxtraction were compared for both lean and rich flames. Although
.discrepnncies among various data reduction procedures for in situ
measuremen;s nrévail throughout the experiments, no discrepancy greater
than 207% was claimed fnr the meésurements in lean flamés: No destrnction
of NO was detented in the lean flamés, withinvéxperimental error. Although‘
significant scattef was observed in tne EE.EiEE measurenents,‘it appeared
that a portion Qf tne NO was destroyed in the rich flames. Concentrations
of NO measured in the rich flames by laser absorption and probe
sampling/CLA.agfeed to within 26 pefcent; It is imnortant to nnte that the
lower level of deﬁection of NO for the in situ techninue was 200 ppm.

One of the mo;t gxtensive studies of optical and probe CLA
measufements of NO in combustion systems has been described in a series of

_12’19 and reports by Dodge_gg{glzo

papers of Zabielski et
122,

, Colket et al’l,

and Zabielski et Many of the measurements were performed on NO
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seeded, laminar atmospheric CH,-0,5-Ngy flames.v Probes were water-cooled
quartz or sﬁainlesé éteel, and analyse§>$f probe behavior indicated thaf
quenching of the gas sample was achieved through conveétiongr No
aeroayﬂamic qﬁénching was éﬁtéihed fdr ﬁhe wafer cooled probes in1§pité'of
pressﬁfe ratioé as low as‘O.CS. ThéyVindicate that no particlaf advantage
is géined from Sack éresgures less than 0.5 atmosphéres for sampl;ng from
atmospheric pressuré flames. Thé in situ measureﬁentsiofbmoleéular
abso;ption were éccomplished using a hollow catﬁode resonant lamp or a high
pressure Xe 1amp; .Flamesiof three different equivale;ce ratios wefé.
investigéted, $ = 0.8; i;O and 1;2; No major_discfépaﬁcies'(>25%) were
found between tﬁétigiiigﬁ aﬁd.pfobe/CLA measufeménts;. fhe ratio 6f probe
td.sbéctréscbpic Qéiuesitaken uﬁder the sameyconditioné in premixedvflames
were greater‘thén 1.0. |

‘Although fhere is disagreeﬁent feéarding whether oétiéal dr prébe
measufeﬁeﬁfé of NO doped CH,/air flat flames are higher, there is general
agreement tﬁgt'discrepanéieé are léssvthan 302.. These resu1t§ appear to be
true for:ﬁﬁcooléd quarfz pfobes as well. Mgst.dflfhese measdfeﬁénts
required relatively hiéh conéentrations of added NO dﬁe ﬁo Ehe lack of
séngitivity'ofvthé various‘dpticalzteéhniqﬁes used.

yfigﬁfe 9 shows the concentration éf NO méésu;ed in Ehe post flame
regidn ﬁifﬁ'the chémiiuminéscént analyzer as a funétion éf éaded'NO.
Thermal NO (seé‘aiso Figures 7 ;nd 8) is measﬁféd fo be 16 ﬁpm; .Apﬁl§ing a-
4.2%'qﬁenéhiﬁé csrréctionczsee above,uéection411 B) and éccdunting for
conversion ffom NOvto N02 as detefmined by meagﬁreﬁénts in the NO, mode of
the analyzer (seé above, section iiI“A) increasé:the.thefmél NO to about
22 ppm. BRy contrast; ﬁhé oﬁticai ﬁeasﬁremeht’of fﬁérmalINO produced in fhe
saée flame and measured at fhe samebheight ébove’the bﬁrner (5.0 mm) is 61

ppme.
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It?is.important to consider‘in morevdetail"the nature of the
differences.between these two measurements; bThe“probe measured NO-
represents the sum of the NO addedvand NO thermal 1ess the NO lost in the
flame or in the probe sampling system. Quenching effects and mixing losses

have already been accounted for. Signal 1ntens1ty obtained w1th CLA can be

related to NO concentration since the 1nstrument is linear and reliable

calibration mixtures are available and give consistent results. On the
other hand, s1gnal 1ntens1ty obtained with the TALM spectrometer as a’
function of NO added to the flame cannot be ea311y converted into NO
concentration in our experimental system.. The data shown in Figure llzare
extrapolated to zZero doping (i.e., thermal NO) assuming no losses through
the flame. Foruexample, referring to Figure 10 it is assumed.that.the.
concentration due to thermal NO can be determined quantitatively by
assigning the signal increase first observed to a concentration of 256 ppm
NO. Any loss of NO in the flame is not accounted for. lf a loss mechanism
does prevail, however, the thermal NO concentration would exceed 61 ppm.

. Table 1 summarizes the data which are shown graphically in Figures 9
and 1l. 1In both cases the experimental.points were fitted by a least
squares analysis, and the regression constants obtained were used to
calculate the measured NOqp, and NolALMS for given added NO. The NOTALMS
mere determined assuming no NO losses in the flame. At NO concentrations
comparable to those used by other experimentersl4-22; the ratio of
NOTALMS/NOPROBE assumes values similar to those reported. It is‘important
to note. that the tabulated ratios would be somewhat smaller if a loss

mechanism were assumed for the NOTA1MS values.

" The TALMS technique employed here offers greater sensitivity than

previous in situ optical measurements of NO. At these lower NO
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concentrations, the discrepancy betweenlin situ and probe measurements is

51gn1f1cant1y greater. The thermal NO measured with the chemiluminescent

analyzer is approx1mately a factor of three lower than the eptlcal in situ
measurenent. | .

| It is“important to questiun the uaiidity of our probe data considering
theihighlback pressure in tbe prebe. Ibe higber pressure.increases the
residence time df the.sampievin the probe, inereasing the significance ef
homogeneous and.heteroéeneous reactlons in the uncooled quartz probe.
Colket et al.21 have 1nvest1gated probeveffects 1n.deta11 and have
suggested ways‘of reducing sampllng probe effects. Lucas23 has examined
the effect of the probe back pressure 1n efperlments using our experlmental
apparatus comparlng measured NO for dlfferent valueshof probe back

pressure. For pressures between 330 and 65 torr, measured NO levels differ

by less than 10%.
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V. CONCLUSIONS
A comparative study of nitric oxide measured in the post eombustion

environment of an atmqspheric'premixed Cﬁ4/air stoichiometrie flat flame
has been-condected. An uncooled quarts microprobe was used for sample
extraction, and analysis was. accomplished by a chemiluminescent gas
analyzer mddifieq ;o reduce quenching and viscosity_cor;ectionsf The in
5133_optical technique employed is called tunaple atomic line molecular
spectroscopy, and is based on the splitting and polafization of atomic
emission lines induced by an external magnetic field.

| Concentratiqns of NO were determined'by deping fhe burner with known
abounts of NO. At NO'doping levels near 1500 ppm, the ratie_
Noepticai/NOprobe = 1.3 was in agreement with that reported by others. The
high sensitivityvof the TALMS technique permitted measurement in the
thermal NO range (NO<100 ppm). We found qptical measurements of therﬁal NO
to be approximately three times larger than the.correspondingnprobe

measurements.
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TABLE I

N0 dded NOcyp, - NOpppys - NOpropE
(ppm) - ° ~ -(ppm) - “(ppm)

50 61 110 : ~1.80
75 - 81 - 136 . 1.68
100 ' 100 160 | 1.60
150 139 210 - 1.51
200 . 178 260 | 1.46
250 N 3V o 310 R 1.43
500 411 560 | | 1.36
750 605 810 1.34

21000 - - - ~799 1060 . 1.33
1250 - . 993 1310 o 1.32

1500 1187 - 1560 . - : o 1.31.
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FIGURE 1

FIGURE 2

FIGURE 3

FIGURE 4

FIGURE 5

FIGURE 6

FIGURE 7

FIGURE 8

FIGURE. 9

FIGURE CAPTIONS

Schematic diagram of the experimental apparatus: EM
electromagnet; S atomic light source; L quartz lens; B porous
plug .burner; T x-y-z translation stage; Q uncooled quartz
probe; CLA chemiluminescent gas analyzer; VPRP variable phase
retardation plate; M monochromator; D photomultiplier tube; C .
mixing chamber; R rotameters.

Vertical temperature profile of the CH,/air flat flame
measured at the center of the burner. Temperatures are not
corrected for radiative losses. ¢ = 1.00; §, = 30,000 sccm.

Horizontal temperature profile of the CH4/air flat flame
measured at a height of 5.0 mm above the burner surface.
Tempergtures are not corrected for radlatlve losses. ¢ =
1.00, Qr = 30,000 scem. - '

Response curve for the chemiluminescent gas analyzer. This
signal strength is seen to be linear in NO concentratlon to
at least 2500 ppm NO. :

Differential absorption signal due to NO as a function of’
magnetic field strength., Maximum sensitivity was observed at
11 kilogauss. The Cd light source contained natural
abundance cadmium.

TALMS signal as a function of increasing concentration of NO.
The solid line represents the linear response. At 1000 ppm

- NO, the measured signal is 2.87 below the extrapolated linear

response.  This deviation from linearity increases to 5.1% at
1500 ppm NO and 10.47% at 2000 ppm NO.

Probe measurement of NO concentrations as a function of
height above the burner surface. These values are taken at
the center of the burner, and are not corrected for third
body quenching effects.

Radial profile of NO concentrations measured with an uncooled
quartz sampling probe.. The NO concentrations are not
corrected for third body quenching effects.

(a) 15.0 mm above the burner surface

(b) 5.0 mm above the burner surface

NO measured versus NO added determined with an uncooled
quartz probe and the chemiluminescent gas analyzer. The
probe is fixed 5.0 mm above the center of the burner.
Significant deviation from the dashed line representing 1007
NO survival is observed. The thermal NO concentration is 16
ppm.
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FIGURE 10 Strip chart recorder trace showing the differential ,
absorption signal obtained by TALMS. The chart drive of the
recorder was stopped at the point when NO was added, and re-
started once the signal stabilized. (~1 minute later). The
maximum differential absorption signal corresponds to 256 ppm
added NO plus thermal NO. The decay of this signal
corresponds to halting the added NO; turning the burner off
results in the loss of thermal NO.

FIGURE 11 Signal strength measured by TALMS versus NO added, for a
. stoichiometric CH,/air flame (¢ = 1.00).
A least squares fit of the data points results in the
~equation ' :
S = 3.07 x 1074 [NO] + 1.87 x 1072
VX . added «0/ X ’

where S is the signal strength in afbitfary units and the
coefficient of correlation is 0.987.
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