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Abstract. We report spatially resolved linear laser-inducedand 450 nmwas found on a quasi-continuum background
fluorescence (LIF) and planar laser-induced fluorescencat lower pressures. The strength and spectral characteristics
(PLIF) measurements of nitric oxid&Q) in a pre-heated, of this broad background were observed to be independent
high-pressure4.27 atnj, lean direct-injection (LDI) spray of excitation wavelength within &nm region centered on
flame. The feasibility of using PLIF in lieu of LIF is assessedthe P;(8) transition, which indicated the presence of a broad
with respect to measuringO concentrations in high-pressure absorbing species such as a large molecular weight hydrocar-
LDI spray flamesNO is excited via the resona@,(26.5) bon. As the pressure rose, the above spectral features became
transition of they(0, 0) band while a non-resonant wave- non-discernable and exhibitedR® increase in fluorescence
length is employed to subtract background interferences. LIBtrength.

detection is performed in @-nm region centered on the In an extension of this work, Allen et al. [2] performed
(0, 1) band. PLIF detection is performed i&nmwindow  similar [OH] imaging in ethanol flames and further assessed
that captures fluorescence from several vibrational bandthe effects of PAH interferences. While alluding to potential
An in situ NO doping scheme for fluorescence calibrationNO measurements, Allen et al. [2] suggested that excitation
is successfully employed to quantify the LIF signals. How-near226 nmmay produce more severe laser attenuation and
ever, a similar calibration scheme for the reduction of PLIFhence PAH fluorescence. To test this conjecture, Upshulte
images to quantitative field measurements is plagued by thet al. [3] obtained qualitative PLIF images NO, O,, and
laser-excited background. Excitation scans and calibratiofuel vapor by employing excitation wavelengths 26 nm
comparisons have been performed to assess the backgrouarti308 nm Measurements were made for ethanol fuel in the
contribution for PLIF detection. Quantitative radO pro-  same high-pressure, spray-flame combustor used by Allen et
files measured by LIF are presented and analyzed so as &b [2]. As expected, a broad interference signal attributed to
correct the PLIF measurements to within the accuracy bars ¢fAHs was discovered and assigned to a nonéalof the

the LIF measurements via a single-point scaling of the PLIFNO signal at atmospheric pressure.

image. Locke et al. [4] utilized PLIF to image hydroxyl concen-
trations in a high-pressurd @14 atn) combustor supplied
PACS: 32.50.+d; 47.70.Fw with Jet-A fuel 0.59-0.83 kg/s) through lean direct-injection

(¢ = 0.41—0.53) with preheated air8(L1-866 K). Though

o S ) this work only assessed the qualitative distribution of OH
This investigation is concerned with the development ofagdicals in the reacting flow, the combustor was designed to
a quantitative, non-intrusive, scheme by whi® concen-  simulate actual gas turbine conditions. The authors found that
trations can be measured in high-pressure spray flames. Seyfastically scattered light and PAH fluorescence were not evi-
eral researchers have utilized optical measurements of mingent in the downstream regions of their LDI-based combustor.
species in such flames. Allen et al. [1] obtained qualitativerhis was a significant finding, as quantitative LIF measure-
[OH] images in heptane-air spray flames formed via bothments in harsh environments are an end-goal of optical diag-
solid and hollow-cone nozzles and burned at pressures @fstics in spray flames.

0.1-0.8 MPa Excitation ofOH was achieved by employing  Cooper and Laurendeau [5] developed a saturated-LIF
the P(8) transition at28567 nm The effect of interfering  (LSF) technique capable of quantitative measurements of NO
PAH fluorescence was assessed by using a spectrometerdgncentration in an atmospheric, unconfined, swirl-stabilized
separate the fluo.rescence. spectrum into individual feature§pray flame based on a lean direct-injection design. The
A laser-induced signal exhibiting features380 nm 400 nm  purner incorporated a helical swirler with a central hollow-
S cone, pressure-atomized spray nozzle supplied with liquid
*Corresponding author. heptane. A convergingliverging orifice was positioned im-




904

mediately after the swirl¢gijector assembly. The diagnostic 1 mm long) is monitored via a /2-m monochromator with
technique incorporated a subtraction method to remove Miea Hamamatsu R106UH-HA PMT specially wired for high
scattering background from the NO fluorescence signal. Baemporal resolution [10]. In addition, two CVI LWP-0-R226-
cause of the inherently low sensitivity of LSF to variations inT235-237-PW-2037-UV long-wave pass, dichroic beamsplit-
the electronic quenching rate coefficient, a fluorescence caliers designed to reje226-nmradiation and to transmit wave-
bration developed in a reference flame could be successfullgngths greater thaB33 nmat zero angle of incidence are
transported to the LDI spray flame. used to improve the signal-to-background ratio of all meas-
Cooper et al. [6] continued the previous work by compar-urements within the spray sheath [11]. The manufacturer's
ing linear-LIF-based techniques, both point-LIF and planarspectral traces for these mirrors indicate a transmission of
LIF, to the LSF method. Because the linear techniques coulg 2% at226 nmand~ 80% at236 nm The NO fluorescence
not employ a transported calibration, the entire flow field wasignal is averaged over 600 laser shots, whereas the off-line
scaled by the ratio of a linear to a saturated fluorescence sigackground is averaged over 300 shots.
nal at a single point in the measurement field. This procedure The same excitation transition employed for the LIF
produced an NO field that fell entirely within the accuracymeasurements of NO is used for the PLIF measurements,
bars of the more quantitative LSF measurements. In this wapamely the Q,(26.5) line within the y(0,0) band at
Cooper et al. [6] demonstrated the feasibility of a potentiak 22558 nm The generated sheet of laser irradiance is
calibration method for high-pressure LIF measurements of 850um wide. A Princeton Instruments model ICCD-
NO in spray flames. 576TC-RG proximity-focused ICCD detector incorporating
In a similar manner, Ravikrishna et al. [7] quantified PLIFa 578x 384 pixel, charge-coupled device (CCD) wiBpm-
images of NO in partially-premixed ethane flames by scalingquare pixels was utilized for detection of the NO fluores-
the entire image based on a single LSF point measuremermence. The fluorescence was focused on the ICCD detector
The authors chose the partially premixed flame as a robust tdsy utilizing an aberration-corrected, five fused-silica elem-
case which included large gradients in temperature, specient, 105mm-focal-length f/4.5lens such that each pixel
concentrations, and the electronic quenching rate coefficientorresponds to a2 67 um square in the image plane of the
Despite using a single-point scaling method, @ of the  flame. The filter set consisted of a wide-band interference fil-
PLIF measurements fell within the accuracy bars of the LSEer 98-nm FWHM) spectrally centered &50 nmcoupled
data. with three CVI LWP-0-R226-T235-237-PW-2037-UV mir-
The current investigation represents the fourth contriburors. This scheme collects fluorescence from several vibra-
tion to a comprehensive high-pressure project aimed at undeienal bands §8-nm FWHM), as opposed to the restricted
standingNOx emissions from an LDI burner. The end-goal of (0,1) band used in the LIF measurements [12].
this program is characterization of NO profiles and emissions An ICCD thermoelectric cooler was used in conjunction
at1-10 atm with parametric studies of air preheat, swirl, andwith an external water chill¢circulator to reduce the tem-
overall equivalence ratio. In this fourth paper, we assess thgerature of the CCD te-34°C. A pulse generator (Prince-
utility of planar laser-induced fluorescence for quantitativeon Instruments model FG-100) was used to produce a gate
measurements of NO in the harsh environment of a highef 20 nsto the ICCD. The NO fluorescence images were
pressure spray flame. In particular, broad-band PLIF measveraged over 1200 laser shots in order to achieve a suffi-
urements are compared to narrow-band LIF measurementgent signal-to-background ratio. Operation of the ICCD and
to evaluate the extent to which PLIF can be made quantitssupporting hardware was controlled by a detector controller
tive despite strong interferences from iptand hydrocarbon (Princeton Instruments model ST-130). The user interface
intermediates (PAHS). to the ICCD system was provided by Princeton Instruments
WInSPEC software, which was also used for all image analy-
sis and reduction.
1 Experimental apparatus
1.2 High-pressure facility
1.1 Optical system
The high-pressure vessel (see Fig.1) is custom-built by
Following the methods described by Reisel et al. [8], excitaParr Instrument Co. (Peoria, IL) and incorporates a water
tion of NO is achieved via th@,(26.5) line of itsy(0, 0) band  jacket and three UV fused-silica windows for transmission
at~ 22558 nm The fundamentall064 nn) from a Spectra- of the beam and ensuing fluorescence. The vessel is rated
Physics GCR-3 Nd:YAG laser is frequency doublBd8Z nn)  at 3.1 MPa internal pressure and00 K internal wall tem-
and used to pump a tunable PDL dye laser. Rhodamine 6Jferature. The stainless steel LDI module internal to the
and Rhodamine 590 dyes are employed to generate the PMessel {143 mm internal diameter) accommodates a fuel
fundamental ab7254 nm A WEX wavelength extender is tube @.175mm diameter) that enters the module outside
used to frequency-double the dye laser outpl286.27 nm  of the vessel. A60° helical swirler (1.43 mmdiameter) is
followed by frequency mixing with the Nd:YAG fundamental mounted at the top of the fuel delivery tube. The swirler
to produce the requiree¢t 22558 nmlaser beam. The sys- itself is tapped to allow a macrolaminate Parker-Hannifan
tem is equipped with a FabryéRot wavelength stabilization hollow-cone, pressure-atomized spray nozzle (O®3=mm)
system to control PDL drift [9]. The maximum energy ob-to be directly threaded into the swirler. The nozzle is po-
tained for the mixed beam is: 2.5 mJ/pulse This energy sitioned vertically relative to a convergifdjverging orifice
is reduced by a factor of ten with neutral density filters so(10.16 mmdiameter a#4(?). The depth of the nozzle below
as to operate in the linear regime of NO excitation. The fluthis orifice 6.64 mm) is adjustable via copper washers lo-
orescence from the probe volum&0Qum in diameter by cated at the bottom of the module. The orifice is mounted
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The small size of the vesse2Z.2 cm OD, 15.2cm ID)
— Tmmkﬂs“tjme“w requires a translation system capable of translating the full
Cooling weight of the vessel both vertically and horizontally. The
vertical translation stage (Daedal model 406014ET-MS-D2-
L2-C4-M3-W1) is a modified single-axis series 406000ET
linear table. The table has a traveldd1.6 mm, a positional
accuracy oB9um, and a positional repeatability éf51 um.
The horizontal stage (Daedal standard model 315801AT-
ES-D4-L2-C2-M1-E1) is an open-frame linear table with

a travel of 200mm a positional accuracy o#0um, and

Exhaust Cone a positional repeatability oft25um. Precise step control
was achieved through an interface with LabVIEW software.
The high-pressure vessel is mounted on the open-frame lin-

Water Jncloet ear table via a base plate designed to secure the vessel and

to permit feeding of air and fuel lines through the optical
table.

45° Hollow-Cone,

" Presulesem 4 1.3 Operating conditions

The LDI burner is operated at a pressure4d?7 atmand

Cofow &l a primary equivalence ratigy, = 0.9 using liquid heptane me-
60 Heica tered at0.36 g/s and air at6.07 g/s. The air is preheated
i to 375K to assist in vaporization and mixing of the fuel.
Because of the intense mixing, the flames are essentially non-
| UV Quartz sooting and blue. An additional co-flow is introduced to aid in
Mindow flame stabilization that reduces the overall equivalence ratio
to 0.85, assuming complete entrainment into the combustion
zone. A photograph of the flame is shown in Fig. 2. Note the
non-sooting appearance and the symmetric structure of the
flame.
™ Fuel 2 Laser-induced fluorescence measurements

: s

Air ™ Main Air
Fig. 1. Cutaway drawing of LDI burner and high-pressure vessel. TheOur previous work addressed an excitafidetection scheme
burner is constructed of stainless steel with a fuel tube entering co-axially for use in atmospheric-pressure LDI flames [5]. In particu-
the bottom of the vessel. Air is directed through a five-vane, helical swirleqar’ excitation of theQ2(26.5) line of they(O 0) band of
(60°). Fuel is injected immediately after the swirler by utilizing a small NO at 22558 nm is followed by detection (’)f thQ/(O 1)

-atomized I ) .
pressure-afomized nozzie band with a2-nm window centered a3578 nm An off-

line wavelength at~ 22553 nmis excited and monitored

to the stem via a threaded channel and can be adjustéd determine any background for the NO fluorescence sig-

further relative to the nozzle if needed. The main air isnal. This combination has been selected based on extensive
preheated in each experiment and delivered axially to the
module axis. The co-flow air is introduced to the burner via
three holes in the bottom flange. A cap assembly is fitted
over the main stem which allows the co-flow air to enter

the flowfield via the central orifice shown in Fig. 1. The

purpose of the co-flow air is to aid in flame stabilization 55
since the outer recirculation zone of the flame hinders flam
stability.

The fuel delivery system incorporates a four-gallon,
stainless-steel pressure vessel rate8.atMPa The stored
heptane is pressurized with nitrogen lab MPa and me-
tered via a rotameter flow controller. The air is provided from
a building compressor. The air flows for the main and co-flown
passages are adjusted with metering valves and monitor:
with Hastings fast-response thermal mass flow meters (mod .
HFM-230). Preheating is achieved with two in-line air heaters? mm — e e
controlled with voltage regulators. The maximum preheat ai -30 -20 -10 0 mm 10 20 30
temperature is limited by boiling within the fuel tube, which ig 2. photograph of LDI flame a#.27 atm (el = 0.36 /s, ¢p =009,
leads to vapor lock in the injector. Tair prehea= 375 K)

=]
T I'I'l'l TTT1T
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interference and background investigations [8,12] and haaccurate transfer of a calibration from one flame environment
shown considerable success in a variety of flames fuele another requires that
with both gaseous and liquid fuels [8,11, 13]. The scheme
h icularl ful in high-
as been particularly useful in high-pressude-15 atm) [NOJLo1 absolute= <%e LDfI
e, re

CH4/02/N, flames [13]. At atmospheric pressure, the util-
ity of this approach lies in subtraction of Mie-scattering
interferences that break through the monochromator deén other words, the concentration measurements relative to
spite the~ 10-nm separation between the excitation andthe calibration obtained in the reference flapND] | pi relative,
detection wavelengths. At higher pressures, this scheme isust be scaled by the ratio of the electronic quenching rate
critical to the detection of NO levels belo®0 ppmowing  coefficients in the LDI and reference flames. This procedure
to the background produced by tl@® Schumann—Runge yields absolute concentration measuremdamM&)]; pi absolute
spectrum. Whereas species profiles for a flat, premixed reference flame
Previous work [14, 15] details linear LIF measurementsan be accurately predicted via PREMIX [17], the LDI flame
for the LDI burner at pressures up 5035 atm In particu- cannot be adequately modeled so as to provide the distribu-
lar, a calibration scheme was developed which allows irion of major species concentrations. Consequently, an es-
situ doping of NO through the spray flame with no appartimate cannot be determined for the required ratio of local
ent destruction. The calibration slope measurements in thaectronic quenching rate coefficients, and thus an in situ cal-
spray flame were validated through comparisons with simitbration method is required for LDI spray flames [14, 15].
lar measurements in flames of known spectral and chemical The results from our atmospheric study demonstrate that
characteristics [13]. the central region of the recirculation zone can provide a suc-
cessful fluorescence calibration, barring any destruction of
NO as it is transported from the reactants to this region [6].
2.1 Mie-scattering profiles Doped NO in spray flames must be transported through the
rich regions surrounding the liquid droplets, possibly promot-

The influence of Mie scattering atatm was assessed by ing NO destruction. Moreover, the degree of local partial pre-

) . ! X mixing and the local strain rate could play a large role in the
measuring scattering profiles so as to locate regions of hea\%strgction of NO. These issues are rﬁ)otyreadilg modeled for
dropletinterference. Scattered light at the incident laser wav ;

' S %he LDI flame, so that an experimental validation is required
length is passed through neutral density filters and collecte r any in situ doping process. We have experimentally vali-

via a 1/2-m monochromator in &-nm window centered at .04 in sity doping method for the LDI burner, whereby
7 226 nm Figure 3 depicts the resulting Mie-scattering pro'§he flame was seeded with varying levels of NO and the flu-

> [NQO] LDl relatives (1)

files, plotted as arbitrary units a}nd presented only to visgaliz rescence signals at these levels were measured. The meas-
tehxengzgj/ ;t:g]%glsreb;lzsgrﬁ’E}ﬂ;fncs(zlrﬂj@af;;\g;a:ggﬁ th rement Ioc_ation was chosen to be the centerline chation at
! . ! 35-mm axial height so as to reduce background interfer-
metric double—_peakeq profiles that _rgveal the spray shea ces. NO was seeded into the flow throgbGppmdoped
typically associated with strongly swirling spray flames [16]. nitrogén. After this experiment, the high-pressure vessel was
immediately modified to incorporate a flat-flame McKenna
burner and placed back into the translation assembly. Calibra-
2.2 LIF measurement scheme tion measurements were then performed in the post-flame re-
gion of alean ¢ = 0.8, 3.76 dilution ratio)CH4/0O,/N2/NO
Typical LIF measurements in harsh environments emploflame at the same pressure. This flame is well characterized
a calibration based on a well-characterized flame [5, 6]. Thand has been utilized previously for spectral and calibration
comparisons [13]. The excellent similarity of the calibration
slopes demonstrated that NO destruction is not a significant
e 25mm factor in the transport of doped NO to the central region of
<O Smm LDI flames at pressures up foatm[14, 15].

2.3 LIF experimental method

To obtain NO profiles in the LDI spray flame, we employed
the following experimental protocol. The quartz windows
] were cleaned at the start of the experiment to ensure minimal
transmission losses owing to soot deposition. Soot depo-
sition occurred only during flame ignition when the flame
was burned rich while the vessel was sealed and brought
to the operating pressure. The LDI flame was stabilized
in the pressure vessel for a period of one to two hours

Mie Scattering (a.u.)

20 s 10 -5 0 5 10 15 20 to allow the vessel to reach a steady temperature. During
Radial Coordinate (mm) this period, the wavelength-feedback system was initialized,
Fig. 3. Mie-scattering radial profiles for LDI flame at27 atm (fye = which required an excitation scan over tQg(26.5) tran-

0.36 ¢/s, ¢p = 0.9, Tair prehear= 375 K) sition. NO was then doped into the flame to obtaiN@
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fluorescence calibration at tt#-mm centerline height spe- the absolute NO ppm levelNO]ypm ans Notice that the ef-

cific to the experimental measurements. The translation sy$ect of global transmission and soot losses is now removed
tem was then employed to translate the entire high-pressueg a given axial height. Though these transmission values ul-
vessel relative to the probe volume. In this manner, fluotimately cancel in the final data reduction of (2) and (3),
rescence profiles along the major diameter were mappegkperimental accuracy requires that these quantities be meas-
utilizing both on-line and off-line excitation wavelengths ured during each separate experiment owing to a potential

at each point, thus accounting for variations @ flu- lack of repeatability in the data.
orescence and Mie-scattering background throughout the
flame.

Photodiodes placed at the optical entrance and exit 02.4 NO LIF profiles
the vessel were utilized to measure laser-beam power ratios
across the LDI flame and thus to calculate a global transmid-igure 4 demonstrates the corrected data whereby each radial
sion (zgioba)) at each axial height. This measurement repreprofile is calibrated by the centerline fluorescence calibra-
sents beam extinction through the full diameter of the flametion at the particular axial height and plotted as a function
The data reduction accounted for global extinction at eacbf the radial coordinate. Accuracy bars are typical25%
axial height by assuming equivalent extinction coefficientsat the95% confidence interval, with an average repeatabil-
for both226-nm and236-nmradiation. The calculatetjona ity of 12%. In general, the NO profile at each axial height
was thus used to account for both beam extinction prior t@lemonstrates a uniformity of the NO mole fraction through-
reaching the probe volume and fluorescence trapping noout the central region of the LDI flame. In particular, note
mal to the excitation beam. Power ratios were also measurdhat the centerline value at each axial height is constant to
through the entrance window to account for slight variationsvithin 15%. This can be attributed to the well-mixed na-
in the amount of soot deposition, which could affect the transture of the internal recirculation zone for this geometry, as
mission of the excitation beam. The effect of soot depositiomlemonstrated by previous researchers [18,19]. In particular,
was thus calculated as a soot transmissighy{ at each axial Terasaki and Hayashi [19] demonstrated fairly uniform ra-
height. Recognizing that the flame is symmetric and that thdial temperatures within the recirculation zone in a similar
photodiode used to measure the laser beam power is posi-
tioned prior to the vessel entrance window, the NO levels can

be calculated via [14], 80 ; ‘
70 40 mm 7
LIFonp — LIF T X T or ]
[No]ppm,reI: on,h off,h . global,cal soot,cal. (2) ig:
Mnet,cal Tglobalh X Tsooth ol |
. 20 + 1
The LIF measurements designated ddlfr and LIFy n 10

at a given heighh above the burner are reduced to relative 0

[ 20 mm 7

ppm values[NO]gom,rei by employing the35-mm fluores- 601 ]
cence calibration slopempetcar The termrelative implies 50 1
that the NO values are calculated relative to the fluorescence %07 ]

calibration at the temperature and electronic quenching rate 200

coefficient corresponding to th&5-mm axial height loca- 10t
tion. Ratios of transmission values at the calibration height to ol ]
those at the measurement height are necessary to correctthe 4| 10 mm |

data, since the calibration slopenetca inherently includes ¢ 50 -
the effects of losses at the calibration height. The resulting 70|
NO concentrations are thus expressed relative to the calibrg- 200

tion point, to within any gradients in the temperature and 10t
electronic quenching rate coefficient throughout the measured ol ]
region. 60 |- Smm |

On a separate day, the calibration slopes were also meas- 50
ured at the centerline of each axial height. These calibration ol
slopes require correction for extinction and soot transmission 20}

losses in a manner similar to the relative NO measurements. 0F
A final data reduction accounted for the ratio of the fluores- 73 I ]
cence calibration at a particular axial height to that at the 60 | 25mm |
35-mmlocation, i.e., 50 - 1
40
Mpet,cal 30
[NOlppm,abs= [NOlppm,rel X ———— 20r
Tglobal,cal X Tsoot,cal 10 |
% Tglobalh X Tsooth (3) 20 -15 -10 5 0 5 10 15 20
Mheth Radial Coordinate (mm)

. . . . ., __Fig. 4. Absolute NO (ppm) measurements 427-atm LDI flame (el =
In this manner, each radial profile was analyzed via a calibray 3e gs, ¢, = 0.9, Tair prenea = 375 K). Radial NO profiles have been cor-

tion specific to that axial height, thus providing a measure ofected for extinction and calibrated at each axial height



908

swirl burner. Our measurements are focused on this homo-
geneously mixed recirculation zone and therefore are limited DEDAN-
by radial temperature gradients near the shear layer. Careful "0
examination of Figs. 3 and 4 demonstrates that our meas:
urements are spatially located between the centerline and tltife 081
spray sheath, thus avoiding radial temperature gradients. 5
Since each radial profile is referenced to the calibra%> 06|
tion taken at its centerline, the profiles ultimately becomes
skewed as the laser transmission decreases with increasifilg o4|
path length. Hence, those measurements taken past the c@q- .
terline are preferentially lower, whereas those taken prior 0zl
to the centerline are preferentially higher. It should be em-
phasized, however, that the centerline measurement for each ‘ ‘ ‘ ‘ ‘
axial calibration is an absolute measurement, as all effects ' 22552 22554 225.56 22558 225.60
other than possible NO destruction are inherently included in Excitation Wavelength (nm)
t_he calibration. To correct for th_e skewness of the _NO prOFig. 5. Excitation scans iM.27-atm LDI flame ath=15mm r = 0mm
files that resulted from absorption losses, the profiles Wergoped with~ 80 ppmNO using narrowband LIF detection and broadband
mirrored and averaged. A simple model was constructed tBLIF detection. The NO on-lin@(26.5) and the off-line excitation wave-
validate this correction technique for a range of absorptiofgngths are labeled
coefficient profiles and NO concentration profiles in an ax-
isymmetric flow, recognizing that both the laser beam and NO
fluorescence pass through different path lengths as a funthe centerline of thd5-mm axial height was averaged and
tion of measurement position. The results indicate that thisompared with a similar scan at the same location when uti-
correction procedure is quite satisfactory owing to the cenlizing narrowband LIF. The results of this comparison are
terline pivot point that the profiles are referenced to viashown in Fig. 5, where the scans have been normalized to
the fluorescence calibration. The accuracy of the method maximum signal level of unity. The on-line excitation wave-
obviously increases as the NO concentration profiles ankkngth is labeled at th€,(26.5) transition, whereas the off-
the extinction coefficient become more uniform across thdine excitation wavelength used in the LIF measurements
flame. is labeled neaR2552 nm The off-line wavelength demon-
strates an increased PLIF signal level relative to that for LIF.
Since the LIF spectrum has been well characterized [13—
3 PLIF measurements 15], we surmise that the off-line excitation wavelength likely
excites an interference within the broadband detection win-
We have shown that the narrowband LIF technique yieldslow for PLIF that is not common to the on-line excitation
excellent results despite the harsh environment of the sprayavelength.
flame [14, 15]. This fact permits us to consider PLIF as an
additional tool by which to explore the NO concentration
field. If the detected fluorescence is not plagued by Mie scaB.2 Calibration slope comparison
tering or laser-induced interferences, i@,, PAH, or UHC
fluorescence, then the opportunity exists to make quantitaFo better characterize the increase in background when
tive images of NO concentration. In particular, the subtractiotusing a broadband detection window, calibration measure-
techniqgue must employ two excitation wavelengths havingnents were performed whereby NO was doped into the
common backgrounds within the broadband spectral windoWlame in a manner identical to that for previous LIF meas-
for PLIF. urements [14, 15]. The NO doping gas contai3@®0 ppm
NO in N> which was metered to achieve levels of less
than100 ppmin the flame products. A mmx 1 mmsquare
3.1 PLIF excitation scan comparison along the centerline in the well-mixed region was aver-
aged and utilized to obtain a broadband calibration slope
The narrowband detection window for LIF was chosen baseftom the various doping levels. This region displays uni-
on a common and small background at the two excitatiofiorm narrowband calibration slopes which are independent
wavelengths [13]. For the broadband detection window usedf axial height owing to a lack of thermal gradients in
in PLIF, off-line wavelength excitation should accuratelythe axial direction [15]. Hence, similar calibration slopes
mimic the Mie background; however, an accurate represemeasured with narrowband LIF were taken at the same
tation of anyO, interferences cannot be guaranteed withouposition in the flame for comparison. The two data sets,
further work. To experimentally assess the background ihIF and PLIF, were then normalized to unity at the max-
the PLIF detection window, an excitation image sequencénum doping condition for on-line excitation. A compar-
was performed whereby the cumulative fluorescence frorison of the two calibration sets utilizing both on-line and
1200 laser shots was summed on chip and normalized hyff-line excitation is shown in Fig. 6. Whereas the on-line
the laser power. The laser excitation wavelength was shiftecalibration slopes are very similar, the off-line calibration
after each image so as to scan the spectral region of interestfercepts are quite different. The obvious shift validates
namely 225.5 t®256 nm, thus encompassing th@,(26.5) the increased background observed in Fig.5. To further
transition of NO. A1 mmx 1 mmregion in each image at emphasize the preferential off-line excitation, the ratio of
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2 o ‘ ‘ ‘ 3.3 PLIF experimental method
PLIF On-line

LiF Offiine | The procedure to convert a PLIF image to an NO concentra-

PLIF Off-line

4 <408@

tion field is very similar to that for LIF. We utilized an on-line
wavelength 22558 nm) resonant with th€,(26.5) transition

of NO. NO was doped into the flame so as to achieve doped
flow-field concentrations of 86, 65, 44, 22, aG@pm For
each doping condition, an image was recorded correspond-
ing to the on-chip summation of 1200 laser shots. The laser
was then tuned to an off-line wavelengt®2653 nm) and

Normalized Fluorescence Signal (a.u.)

- — . a similar image was recorded. The data were then processed
pot———— v v as follows: (i) the flame luminosity was subtracted from the
0 2 40 60 g0 0 jnitial on- and off-line images by employing a similar image
Doped NO (ppm) with no laser beam passing through the probe volume; (i)

Fig. 6. NO fluorescence calibrations taken 427-atm LDI flame using  these on- and off-line images were normalized by the distri-
narrowband LIF detection and broadband PLIF detection. Both calibratioryy ;tion of energy in the laser sheet vi2@shotimage which
curves have been normalized to unity at the maximum on-line doping con: f S .
dition. Note the background shift for off-line PLIF excitation recqrde,d Raylelgh scattering In air; and (”l) the, normahZ.Ed
off-line image was subtracted from the normalized on-line

image. To directly compare the PLIF data with those obtained

040 ‘ ‘ ‘ ‘ by LSF and LIF1-mmsquares were averaged throughout the
P ] image and horizontal stripes were extracted corresponding to
o h =5, 10, and20 mm The slightly larger sampling volume
g 007 ] of the PLIF measurements compared to that of the LIF meas-
£ o) ] urements was chosen to increase the signal-to-noise ratio.
@ ol ° | A 1 mmx 1 mmregion along the centerline at each height
z ' ° was utilized to obtain a calibration slope from the five dop-
O ot ] ing levels. In a manner identical to the LIF measurements, the
£ ool | radial profiles at each axial height (5, 10, a2@mm) were
5 - then corrected with a fluorescence calibration specific to that
005 1 height. To better compare the extracted PLIF data with the
0.00 ‘ ‘ ‘ ‘ LIF data, the data sets for both measurements are not cor-
0 20 40 60 80 0 rected for skewing with the mirrgaverage procedure.

Doped NO (ppm)

Fig. 7. Ratio of off-line to on-line calibration signal iA.27-atm LDI flame
for narrowband LIF detection and broadband PLIF detection. The LIF dat8.4 NO PLIF profiles
demonstrate a ratio which is constant with doping level. The PLIF data

demonstrate a decrease with increasing NO concentration, revealing a prelf_- L A
erential excitement of interfering species by the off-line wavelength within | N€ PLIF measurements demonstrated qualitatively similar

the broadband detection window profiles, but were a nomindl6% smaller than the quanti-

tative LIF measurements. This depression results from the

increased background for the PLIF detection scheme, as dis-
off-line to on-line signals is plotted in Fig. 7. This ratio is cussed previously. Thoughl#% discrepancy is not exces-
very small for the LIF measurements owing to the essensively large, more accurate data can be achieved by scaling
tially negligible common background, whereas the ratio ighe PLIF measurements using a ratio of the \AREIF data at
much larger for PLIF measurements and demonstrates thie centerlind 0-mm axial height. The scale factoris 1.19.
expected result, i.e., as the level of doping rises, the rati@he result of such a scaling is pictured in Fig. 8, with the PLIF
decreases owing to the increase in NO signal relative to theata now collapsed to within the accuracy bars of the LIF
background. data.

To convert PLIF images to quantitative NO concentration  Several precautions must be noted in regard to the quan-
measurements, Cooper et al. [6] and Ravikrishna et al. [#ffication of PLIF data. Since the background for the two
utilized a single-point scaling technique to collapse the PLIFexcitation wavelengths is large and not common in the PLIF
profiles to within the accuracy bars of more quantitative laserdetection window, the off-lingon-line fluorescence signal de-
saturated fluorescence (LSF) measurements. Cooper et al. fi@nds on the doping level. Moreover, since we are using
were able to quantify time-average PLIF data since the ele@ subtraction procedure, the variation in this ratio through-
tronic quenching rate coefficient was found to be essentiallput the flame would normally cause erroneous results and the
uniform in the central region of the LDI spray flame. Rec-PLIF data would not scale correctly with the LIF data. In
ognizing that the background is pressure dependent [13jddition, if the background itself shifts owing to changes in
a complete spectral study would be required to identify arthe concentrations of interfering species suclasr owing
on-line/off-line scheme with a common background in theto temperature gradients, then an effective collapse such as
68-nmdetection window of the ICCD camera. As such an exthat demonstrated in this paper would be difficult to achieve.
haustive study is not the focus of this paper, we will simplyHowever, Fig. 4 demonstrates a very unifol® concentra-
utilize a single-point scaling of the measurements to quantifyion in the central region of the LDI spray flame. This unifor-
the PLIF data. mity in a minor species such &K likely implies uniformity
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10 20 mm’|

NO (ppm)

sidering the excellent profile comparisons between the two
LIF-based techniques presented in this paper, we conclude
that qualitative PLIF measurements of [NO] at high pressure
can be scaled in a similar fashion by using a single cali-
brated point so as to produce quantitative PLIF measurements
of NO.
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Fig. 8. Comparison of the corrected PLIF measurements to the LIF meas-
urements. The PLIF measurements fall within the accuracy bars of the LIF 3.
data, emphasizing the utility of the PLIF technique for LDI spray flames
when a scaling point can be obtained from quantitative LIF data

in the major species. The temperature variation within the
5-mmto 20-mmregion along the central axis has been shown 5.
to be~ 10% [15]. This uniformity in species concentrations
and temperature leads to a constant off-lmreline ratio that 6.
allows effective calibration. Hence, the LDI flame, with its
recirculation zone, is uniquely suited to quantitative PLIF im-
ages, which thus permits this diagnostic tool to be used for thes.

detection ofNO. o
10.

. 11.
4 Conclusions

12.

Quantitative LIF measurements &fO concentration have
been obtained in a LDI flame fueled with liquid heptane at 13.
4.27 atmso as to assess the utility of PLIF as a diagnostic,,
technique for high-pressure spray flames. The LIF profiles
reveal a uniform distribution oNO (ppm) throughout the 15.
flame. Spectral studies for a PLIF detection scheme confirm
that a broad detection window 68 nmis plagued by fluores- 16
cence interferences from rogue species. Nevertheless, PLIE'
profiles can be quantified through a single-point scaling withzs.
the more quantitative LIF data owing to the unique attributes
of the LDI flame.

The end-goal of this work is to develop a laser-induced
fluorescence technique capable of measuring quantifdtive
concentrations inl—10 atm LDI-based spray flames. Con-
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