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Abstract. We report the simultaneous measurement ofVhile CH is effective at marking this layer of hydrocarbonre-
the flamefront location, using single-shot CH planar laseractions, it is usually found in very small concentrations (tens
induced fluorescence (PLIF), and the velocity field, usingof ppm or less as compared16® to 10* ppmfor OH); inter-
two-color digital particle imaging velocimetry (PIV), in non- fering fluorescence from polycyclic aromatic hydrocarbons
premixed turbulent flames. To minimize the influence of(PAH), a soot precursor, further complicates single-shot pla-
particle scattering on the CH PLIF images, we pump a CHhar imaging of CH. Nonetheless, under conditions where one
B-X(0,0) transition at390 nmand detect A-X fluorescence can suppress soot formation without also suppressing CH for-
at 420-440 nm employing Schott glass filters to reject the mation, the coupling of PIV and CH PLIF is feasible. We
strong particle scattering. The PIV images are recorded ohave applied this combined technique to the study of 1) lift-
a high-resolution (203& 3060 pixels) color CCD camera, ed, nonpremixe@Hs-air flames [3] — making measurements
and the velocities are derived from 64- or 128-pixel-square inat the flame base, prior to the formation of PAH — and 2) non-
terrogation regions. We demonstrate this technique in a norsooting, permanently blue nonpremixed turbulent jet flames,
sooting, permanently blue nonpremixed turbulent jet flamevhere the fuel is diluted with> and the oxidizer is pur®s,.
(Rget = 1860Q. Here, PLIF images reveal a CH layer of In this communication, we illustrate this combined technique
thickness typically< 1 mmfrom flame base to tip. Further- with measurements from a permanently blue flame.

more, in these permanently blue flames, we observe instanta- For the CH PLIF, we tuned add:YAG-pumped dye laser
neous flamefront strain rates — derived from the PIV data — isystem to theQ;(7.5) transition of the B~ —X2IT (v =

excess of£10* s~ without flame extinction. 0,v" = 0) band £ =39030nm and detected fluorescence
from the A-X and B-X(0,1) bands, = 420-440 nm[4, 5].
PACS: 07.60: 42.80: 82.40 Subsequent to laser excitation, the A state=1 and 0,

is populated via fast electronic energy transfer (EET). Gar-
land and Crosley [6] estimate a ratio of EET to B-state

. . electronic quenching of.2; thus, the net fluorescence yield
Recently, combustion researchers have begun to apply simuyljith this approach is significantly greater than that obtained
taneous particle imaging velocimetry (PIV) and planar Iaserby pumping an A-X(0,0) transition and detecting fluores-
induced fluorescence (PLIF) to study turbulent flames. Frankepnce from the A-X(0,1) band, where the ratio of the Ein-
et al. [1] demonstrated the feasibility of PIV and PLIF imag-stein emission coefficients for the (0,1) and (0,0) bands is
ing of biacetyl (e}s a marker of the rea}ctants) in a premixed. g 018 [7]. Because of the strength of the B-X(0,0) main-
flame. Hasselbrink et al. [2] used simultaneous PIV anthranch transitions [8], we observed strong saturation effects.
PLIF of theOH radical to investigate a nonpremix€ts-air  \whjle saturation has some benefits, e.g., reducing the de-
flame.OH PLIF has the significant advantage of high signalyendence of the image on the laser-sheet irradiance distribu-
strength, due to the abundance of superequilib@inear  tjon, it also has the disadvantage of increasing the apparent
the flamefront; however, the use of higi concentration as thjckness of the laser sheet. Furthermore, at high laser irra-
a marker of the primary reaction zone can be misleading. Th%ﬁiancep 2 x 108 W/cn?, a small but finite LIF signal was

is, persistence of th®H due to the slow three-body recombi- gpserved in the fuel core of a laminar nonpremixed flame.
nation reactions can indicate broad reaction zones, especialis the laser irradiance was decreased, the ratio of fuel-core
in the far field of jet diffusion flames. While these broad zonessignal to peak CH signal also decreased; as a consequence,
are indicative of regions of recombination reactions, they maye operated with a maximum probe-volume irradiance of
not accurately mark the primary hydrocarbon reaction zone. g 5 « 108 W/cm?(15 mypulse.

R We generated th890-nm laser radiation by wavelength

* Corresponding author mixing the output of a dye laser operating @164 nm
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with the residuatl064nm radiation. The390- and residual A sample CH PLIF image from a permanently blue flame
616nm beams were then separated, and the red beam wasth the overlaid velocity vectors is shown in Fig. 1. The
combined with &32nmbeam from a secomdd:YAG laser. composite image was recorded at 160 mm from the
The beams were then formed i8&-mm-high sheets using fuel tube, corresponding to.®7 of the stoichiometric flame
a combination of one cylindrical and one spherical lens; belength,L¢. Here, the fuel, composed 86% CH4 and70% N>
fore entering the test section, the red and green sheets weigy volume), issued from th€ 99-mm ID tube at~ 70 nvs,
overlapped with the “blue” CH-excitation sheet. The FWHM resulting in a jet-exit Reynolds number &e= 18600 the
of the CH beam was- 200um; the two PIV beams were oxidizer was pur®; flowing at0.3 m/swithin the 150-mm-
adjusted to have full widths of 600-800um at the probe diameter coflow. In contrast to nonpremix€iz-air flames,
volume, matching the PIV resolution for @&4-pixel-square these permanently blue flames stabilize just inside the shear
interrogation region. The fields of view for the two cameraslayer. The concomitant large stoichiometric mixture fraction,
were matched a24 mm (high) x 35.5mm (wide). The de- Zsoic= 0.56, combined with the heat release acts to retard
lay between the two PIV beams was set with a digital delayhe velocity decay such that the mean centerline velocity is
generator and monitored with a photodiode and digital oscil~~ 58 m/s atz/Ls = 0.67. Figure 1 illustrates that the flame-
loscope. The probe-volume beam energies for the PIV beanfi®ont, as indicated by the CH image, is relatively thinQ.5 to
were set to~ 15-20 mJ 1.2 mm This range of CH-layer thicknesses — more indicative
Using a fast Noct-Nikkors8&mm f/1.2 lens, we col- of laminar flamelet-like reactions zones than thick distribut-
lected and focused the CH fluorescence onto an intensifiegll zones — is also representative of the values observed over
CCD array (Princeton Instruments); to improve the LIF sig-many images at this downstream location. Note, however, that
nal strength, the CCD pixels were binneck 2, resulting the smallest scales are presumably under-resolved as a result
in an effective array size of 288192 pixels. Of course, of the limited MTF of the camerédens system.
choice of appropriate filters is critical to recording the weak The velocity vectors were resolved usiri8pixel-
CH LIF signal and rejecting the strong scattering associatsquare interrogation regions (which wet&% overlapped),
ed with PIV. In particular, Schott KV-418 and BG-B3-(nm  corresponding td.5-mm-square regions of physical space.
thick) filters provide excellent rejection of particle scatter-The larger interrogation regioril28 vs. 64-pixel-square)
ing atA =390 and616 nmand good transmissiony 65%,  results in an increased signal-to-noise ratio and thus better ac-
at430 nm Whereas th&90 and616:nm beams are tempo- curacy for the velocities. With28-pixel-square interrogation
rally coincident, th&s32-nm beam from the secondd:YAG  regions, the fraction of good vectors was typicaHp5% (vs.
laser is triggered s or more after the30-ns gate of the ~ 80% with 64-pixel-square interrogation regions). Bad vec-
LIF camera. The short intensifier gate reduced the influenc®rs were removed, and the surrounding good vectors were
of seed blackbody emission on the LIF images; nonethelesased to interpolate a new value. For the convenience of visual-
with a several-second interval between exposures, dictatézing the local structures, i.e., vorticé&% of the local mean
by the data-transfer time for the PIV camera, the LIF CCDcenterline velocity,~ 39 nys at this downstream location,
accumulated significant charge due to the finite gate-off trandas been subtracted from all the vectors. Thus, the velocities
mission of the intensifier. Thus, to mitigate this effect — andon the low-speed oxidizer side appear as downward-pointing
in the absence of a mechanical shutter — we used two trigg&ectors. This figure reveals several structures acting to wrin-
pulses. The first merely queued the PIV camera, while initikle, as well as thin or thicken the flamefront.
ating image acquisition for the LIF camera and cleaning the A subsection of Fig. 1 is shown in Fig. 2. Here, a verti-
CCD of this flame emission image; the second trigger pulsesal structure acts to pull a section of the flame in the positive
initiated when the LIF camera completed data storage, causeddial direction. The corresponding strain rate vs. the tangen-
both cameras to record an image. tial flame coordinate —i.e., the distance along the flamefront —
The number density of th@.5-um Al,O3 seed parti- is shown in Fig. 3. To compute the strain ritg, we use the
cles was set at a level that provided a high percentage oélation for an axisymmetric flame [10]:
good vectors and minimal interference to the CH images.
PIV particle scattering from th&32 and616-nmbeams was Ke— U 50U 50Uz oaur  9uy 1
recorded with a high-resolution (20363060 pixels, each S~ +n2?+nr¥ NNz EJFW ’ 1)
9 umsquare) Kodak color CCD camera [9]. Digital two-color
PIV has the following attributes: 1) directional ambiguity Here,r andz are the radial and axial coordinates, respectively,
is resolved without the use of image-shifting techniques; 2yvhile u is the velocity anah is the flamefront normal. All par-
the particle displacement can be derived using cross corréial derivatives were computed using standard central differ-
lations, which are superior to their auto-correlation counterences from the unfiltered, unsmoothed PIV velocity field. As
parts [9]; 3) the image can be quickly processed (relativeoted above, the flame is stabilized just inside the shear layer
to film), which is a significant advantage when experimentwhere axial velocities can change rapidly over a small radial
ing with optimum seed densities; and 4) resolution with thadistance. Thus, under many circumstances the major contrib-
Kodak DCS 460 camera is comparable to that of the digiutor to large compressiyextensive strain is thauz/adr term.
tized 35-mm film image. To convert the particle scattering Furthermore, large flamefront curvature can result in signifi-
image to a velocity image, we employed the custom softeantKsg, even with relatively small velocity changes.
ware package described by Gogineni et al. [9]. Note that the Of course, we expect the instantaneous strain measure-
PIV camera was shuttered foor 12.5 msto reduce the in- ments to be somewhat noisy since we take derivatives of
fluence of the particle blackbody emission; a custom triggeunfiltered PIV-derived velocities (although overlapping of in-
circuit synchronised the cameras’ gatisutter with the firing  terrogation regions does provide some smoothing). For ex-
of the lasers. ample, a velocity error of-1 m/s (out of 60 m/s) between



131
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Fig. 1. CH fluorescence image with over-
radial coordinates are indicated on the
ordinate and abscissa. Here, the PIV in-

laid velocity vectors from &Re
flame. The respective downstream and
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10,000 - - A * » on the flamefront in turbulent nonpremixed flames. We have

: demonstrated this technigue in nonsooting, permanently blue
jet flames. Within the permanently blue flames, we find that
1 the CH layer — which can be highly contorted but rarely bro-
ken — remains thin, typicallx 1 mm, from flame base to
tip; furthermore, large compressive and extensive flamefront
strain rates> 10* s~1 in some regions, are observed without
flame extinction.
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Fig. 3. Instantaneous flame strain rate vs. the tangential flame coordinate =
i.e., the distance along the flamefront. For reference, the enclosed squdreeferences
and circles are indicated in both Figs. 2 and 3
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