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Planar KrF Laser-Induced OH Fluorescence Imaging in a
Supersonic Combustion Tunnel

T. M. Quagliaroli,* G. Laufer,t S. D. Hollo, $ R. H. Krauss,§ R. B. Whitehurst I
University of Virginia, Charlottesville, Virginia 22903

and J. C. McDaniel Jr.t

Planar fluorescence images of OH were obtained in a continuous-flow, electrically heated, high enthalpy,
hydrogen-air combustion tunnel, using a tunable KrF laser. These images were compared to previously recorded
fluorescence images produced using a doubled -dye laser under similar conditions. For the detection configuration
used, the images of doubled-dye laser-induced fluorescence demonstrated a severe distortion as a result of laser
beam absorption and fluorescence trapping. By contrast, images of the fluorescence induced by the tunable KrF
laser retained the symmetry properties of the flow. Based on signal-to-noise ratio measurements, the yield of
the fluorescence obtained with the doubled-dye laser is considerably larger than the fluorescence yield induced
by the KrF laser. The measurement uncertainties in the present facility of OH fluorescence induced by the KrF
laser were primarily controlled by photon-statistical noise. Based on these results, tunable KrF laser systems
are recommended for quantitative OH imaging in facilities where the product of the optical path length for
either fluorescence excitation or collection and the average OH concentration along that path is greater than
1016 cm/cm3.

Introduction

T HE development of the supersonic combustion ramjet
(scramjet) requires measurements of the mixing and

combustion of hydrogen in high stagnation temperature
supersonic flow facilities. Laser-induced fluorescence (LIF)
techniques are widely used for quantitative, nonintrusive, spa-
tially resolved, instantaneous, or time-averaged measurement
of flow temperature and density variations of the probed mol-
ecules. LIF techniques usually provide the high-signal-to-noise
ratio (SNR) necessary for planar imaging in mixing and re-
acting regions. Several molecules that are present in hydro-
gen-air combustion are resonant with existing lasers and are
therefore accessible for LIF measurements. Most notable are
CX,12 OH,3 and NO.4-5 Since the hydroxyl radical OH is formed
only after the onset of the reaction, it can serve as an excellent
marker of the reaction zone and its thermodynamic proper-
ties, and as an indicator of the progress of the combustion
process. LIF measurements of OH present potential for im-
aging of temperature, density, and velocity fields in supersonic
combustion facilities. However, characteristics of high-speed
flows in combustion tunnels or engines, where abrupt varia-
tions in pressure and density often occur, may introduce sig-
nificant systematic errors in density and temperature mea-
surements. These errors are caused by one or more of the
following; large variations in fluorescence due to collisional
quenching, Doppler shift of the absorption frequency, and
attenuation by media which may be optically thick for incident
and/or emitted radiation. Although the effect of some of these
errors may be reduced when symmetry or convenient optical
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access is available, they still may not be correctable in many
nonlaboratory scale experiments without full knowledge of
the distribution of flow composition, velocity, pressure, and
temperature. The systematic errors induced by these effects
are additive to the noise-induced uncertainty and may severely
restrict the application range and the accuracy of quantitative
LIF measurements involving OH.

Several types of facilities are currently available for scram jet
testing.6 Two of these types of facilities, the vitiated air and
the electrically heated air facilities, can permit continuous
testing at moderate Mach numbers and total temperatures to
approximately 2000 K. Pulsed shock tunnel facilities allow
total temperatures on the order of 5000 K and testing to Mach
20 and above.7 Two laser systems are available for OH LIF
measurements in these facilities. A NdiYAG-pumped, fre-
quency-doubled dye laser system can be used for the exci-
tation of most OH transitions in the A2^+ <— X2H band.
However, owing to its moderate pulse energy (—40 mJ) it has
been most often used to excite transitions near 290 nm. These
transitions offer high fluorescence yield, accompanied by a
high probability for collisional quenching.3 Alternatively, a
tunable KrF laser system, operating near 248 nm, can be used
to excite strongly predissociated transitions of OH where the
uncertainty associated with collisional quenching is mini-
mized, at the expense of a reduction in the fluorescence signal
intensity.8

The performance of these two OH LIF techniques in super-
sonic combustion facilities has been evaluated theoretically
and application criteria have been identified.9 Attenuation by
absorption of the incident laser beam and trapping of the
fluorescence by OH molecules along the detection path were
predicted to seriously influence LIF measurements in some
experimental situations. Coincidentally, these effects ap-
peared to be more significant for transitions which are also
susceptible to quenching. For example, the combined effects
of attenuation of an incident doubled-dye laser beam, tuned
to a rovibronic transition in the A2^ + (vf = 1) <— X2Yl(v" =
0) band and trapping of the fluorescence detected in the 1 —»
1 and 0^0 bands exceeds 70% when the incident beam and
the emitted fluorescence travel through 10 cm OH at a con-
centration of 2 x 1015 cm~3 and a temperature9 of 2000 K.
The loss caused by the attenuation effects is additive to the
losses due to collisional quenching. Conversely, for excitation
by the KrF laser in the 3 <— 0 and detection in the 3 —> 3 or
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the 3 —> 2 bands, the total attenuation by absorption and
trapping is less than 1% for a similar configuration.9 Thus, it
is predicted that a significant distortion of the OH fluores-
cence images induced by the doubled-dye laser system may
be encountered in tests in many supersonic combustion fa-
cilities. The selection of a suitable LIF technique is strongly
coupled to the flow conditions and the physical restrictions
(e.g., optical access) imposed on the experimental configu-
ration by the test facility itself. In addition to the generally
recognized effects of collisional quenching, errors associated
with absorption and trapping must be considered to avoid
serious distortion of the measured results.

Two OH vibrational bands were selected to demonstrate
the effects of attenuation and trapping on PLIF measure-
ments. The first is the excitation of the A22 + (v' = 1) <—
X2\[(v" = 0) band, followed by detection in the 1 -> 1 and
0 ^ 0 bands. This transition has been used most often for
excitation by doubled-dye lasers. It has been identified9 as
being subject to extensive attenuation and trapping losses
even when the OH density and the optical path length are
moderate. The other transition demonstrated here is in the
A22 + (v' = 3) <- X2\l(v" = 0) band, followed by detection
of the 3 —» 2 or 3 —> 3 band. Although this technique produces
significantly less signal, the effects of quenching and atten-
uation by laser absorption and fluorescence trapping are min-
imal, even in media that appear optically thick to the 1 <— 0
transition. The PLIF images obtained by these two techniques
were compared in a 3 x 3.8 cm, continuous-flow, electrically
heated, high enthalpy hydrogen-air combustion tunnel. The
results presented here are also the first demonstration of OH
fluorescence imaging induced by a tunable KrF laser system
in a supersonic combustion facility.

Theoretical Background
The fluorescence process generally used for OH PLIF in-

volves the excitation of the X2U (v" = 0) state of OH to the
A22 + electronic state. Depending on the excitation wave-
length, the v' - 0, 1, 2, or 3 vibrational levels in the A22 +

state can be excited. For these four bands, the Einstein B
coefficient is the largest for the A22 + (v' = 0) «- X2l\.(v" =
0) absorption, and the smallest for thev42S + (v' = 3)«-X2U(v"
= 0) absorption. Therefore, most excitations of the v' = 0
level are expected to yield larger excited state population and
potentially larger fluorescence signal than the excitation of
the v' = 3 level. Doubled-dye laser systems can be designed
to excite any of the OH transitions in the ^422 + (v' = 0, .1, 2,
or 3) <- X2U(v" = 0, 1) vibronic bands. However, owing to
the relatively low pulse energy of these lasers, excitation of
the strongly absorbing A2^ + (y' = 1) <— X2H(v" — 0) tran-
sition was most often used for LIF10-13 and PLIF314~16. The
0 <— 0 excitation is highly absorbing and is not recommended17

for measurements in most combustion facilities. On the other
hand, the tunable KrF laser is resonant only with rotational
transitions in the A2Z + (v' = 3) <- X2U(v" = 0) band. The
higher pulse energy of this laser partially compensates for the
relatively weak absorption of this band.

Following excitation, molecules may radiate by decaying to
any of the vibrational levels in the ground electronic state.
For the excitation of the 1 <^ 0 band, transitions in the 1 —»
1 or 0 —» 0 vibronic bands are normally detected.3 Other
radiative transitions from v' = 1 to v" £ 1 are detectable,18

but should be avoided for reasons to be explained below. For
excitation induced by the tunable KrF laser, the 3 —» 2 or
3 —> 3 bands are normally detected.8 The final state of the
fluorescence transition following the excitation by the KrF
laser is higher in energy than the final state following exci-
tation of the 0 <— 0 or 1 <— 0 bands by the doubled-dye laser.
Thus, the fluorescence induced by the KrF laser is less likely
to be reabsorbed (trapped) by the lower population of OH
molecules in these states along the detection path, even when
the concentration and temperature of OH are high.

Excitation of the A2Z + (v' = 2) <- X2U(v" = 0) band was
also considered an alternative to the 1 <— 0 and 3 <— 0 exci-
tation methods. The 2 <— 0 absorption is weaker than the
1 <—'0 absorption, thereby reducing the effect of laser beam
attenuation. In addition, to reduce the effects of fluorescence
trapping, narrow band spectral filtering should be used to
resolve fluorescence in the 2 —» 2 or 2 —» 1 bands from the
strongly trapped 0 —» 0, 1 —» 1, and possibly .1 —» 0 bands
following decay from the v' = 2 level to the v' = 1 and
v' = 0 levels by vibrational energy transfer (VET). Calculations9

suggest that trapping may be significantly reduced if fluores-
cence from v' = 2 is isolated from fluorescence from v' = 1
and v' = 0. However, if the isolation is successful, other
problems still remain. Molecules removed from v' = 2 by
VET will not contribute to the detected fluorescence. Thus,
the VET of the v' = 2 level is combined with the collisional
removal of excited molecules from the electronic state. The
rates for VET19 can be significantly different and are inde-
pendent from collisional quenching effects of the electronic
state.20 For example, the cross section for VET19 from v' =
1 for collision with N2 at 300 K is 26 A2, whereas the cross
section for electronic quenching20 by N2 is only 2.5 A2. Con-
versely, the cross section for electronic quenching by H2O is
76 A2, whereas for VET .by H2O19 it is <14 A2. Since the
lifetime in the v' = 2 state is 50 ns or longer,21 measurement
of the fluorescence from v' = 2 in atmospheric pressure flames
will depend strongly on the local composition and tempera-
ture. Also, correction for quenching will have to include VET
by N2 and electronic quenching by H2O. Similarly, if transi-
tions in the v' = 1 —> v" £ 1 band are detected following
the excitation of v' ' = 1, effects of both VET and electronic
quenching must be considered. On the other hand, for si-
multaneous detection of the 1 —» 1 and 0 —» 0 transitions, only
electronic quenching may need to be considered and may be
largely corrected for by assuming, for high H2O concentra-
tions, that the total quenching rate in the flow can be ap-
proximated collisions with H2O alone.20 This added com-
plexity associated with VET is expected to seriously inhibit
quantitative OH density and temperature measurements using
excitation of v' = 1 or 2 followed by v' —> v" =£ v' detection
in atmospheric flames.

The equations used to determine the amount of fluores-
cence signal detected by an electronic camera, the extent of
the laser energy absorbed by OH along the beam path, and
the amount of fluorescence trapping along the detection path
have been described in detail.9 The number of fluorescence
photons Np that would be collected by a camera lens, following
trapping losses, and focused on a detection array were de-
termined for a range of experimental conditions.9

In most OH LIF experiments, the statistical nature of the
photodetection is expected to be the primary noise source.
Other noise sources will either increase with the photon sta-
tistical noise22 or be relatively small when the signal level is
low. The number of photoelectrons imaged at each pixel of
the detection array would then be the product of Np and the
photocathode quantum efficiency r\pc. The SNR is then

SNR = (1)

where the factor of V2 was included to account for the in-
crease in the noise that is introduced by the high gain am-
plification of the intensifier of electronic cameras.22 When the
intensifier gain is low, or for detection by photomultiplier
tubes (PMT), this factor is omitted. In most experiments,
external noise sources can be well controlled. Therefore, when
the signal is low, the SNR is dominated by the photon-sta-
tistical noise and is proportional to the square-root of the
signal. As the signal increases, the relative contribution of the
photon-statistical noise decreases, and other noise parameters
such as digitization noise or electromagnetic noise become
dominant. In most fluorescence applications, where low sig-
nals are typical, the photon-statistical noise is the controlling
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parameter of the overall noise. Thus, measurements of the
SNR represent an indirect measurement of the signal itself
and can be used to estimate the signal collected by a PMT or
at each pixel of an intensified camera without the need for
photometric measurements.23

Results
The effects of attenuation and trapping on planar LIF im-

ages induced by the doubled-dye and tunable KrF laser sys-
tems were demonstrated in a 3- x 3.8-cm, continuous-flow,
electrically heated, high-enthalpy, hydrogen-air combustion
tunnel. Two transitions, the 1 <— 0 and the 3 <— 0, were
selected for this demonstration. The first transition was ex-
cited by a doubled-dye laser system, followed by detection in
the 1 -» 1 and 0 —»0 bands, to minimize effects of quenching.24

The 3 <— 0 band was excited by a tunable KrF laser. Figure
1 presents the illumination and detection configuration. The
laser beam has been introduced through a side window (la-
beled observation window in the figure), and emerged through
the exit window at the opposite side. For conventional exci-
tation of the 1 <— 0 band, beam attenuation of up to 30% is
predicted, depending on the OH concentration and the gas
temperature. The results of previously reported experiments24

were used for comparison with the results of the present work.
To reproduce the previously reported experimental setup, the
camera was placed at the observation window at an angle of
45 deg to the incident light sheet. Although trapping of up to
43% is expected9 for detection normal to the beam, it may
not even be evident if it is symmetric across the image. How-
ever, with this configuration, fluorescence emitted next to the
exit window was detected through a larger depth of OH-rich
gas than the fluorescence emitted next to the observation
window. Therefore, the loss of signal seen in the region near
the exit window exceeds the attenuation of the signal in the
region next to the observation window. This effect is com-
bined with attenuation by absorption of the incident laser
beam. Although this detection arrangement is less often used
in PLIF experiments, it has the advantage of visually dem-
onstrating the potential effect of fluorescence trapping in large
facilities.

Figure 2 presents two PLIF OH images averaged over eight
laser pulses. The image obtained by tuning the doubled-dye
laser to the Q j(6) 1 <— 0 transition is from a previously re-
ported experiment.24 The second image was obtained by tun-
ing the KrF laser to the PI (8) 3 <— 0 line after reproducing

Combustor
Test Section

Intensified
CCD Camera

Observation Window

Flow Direction

Fig. 1 Schematic of the experimental configuration for the imaging
of OH in a supersonic combustion tunnel. The main flow is from below.
Hydrogen is injected through two ports in the block wall.

a)

b)

Fig. 2 OH PLIF images obtained in a supersonic combusting flow
by a) (dye laser) the excitation of the (?,(6) 1 ̂  0 band with detection
of the 1^1 emission band, and by b) (KrF laser) the excitation of
the 3 <— 0 band with detection of the 3-^2 emission band.

the flow and imaging conditions of Ref. 24. This is the first
demonstration of OH fluorescence imaging of a supersonic
combusting flow induced by a KrF laser. Both images are of
the crossflow OH distribution in a Mach 2, H2-air flame,
downstream of a rearward-facing step. Fuel injection is through
circular, staged, sonic injectors located at 3 and 7 step heights
downstream of the rearward-facing step. The image plane is
4 step heights downstream of the first injector, at the cen-
terline of the second injector. The main flow of preheated air
in these images is directed normal to the page and the H2 fuel
is injected from the top. The freestream Mach number for
both experiments was My, = 2, the stagnation pressure and
temperature were 390 KPa and 670 K, respectively, and the
fuel flow rate was 0.55 gm/s. The injection dynamic-pressure
ratio was 1.87 when the KrF laser was used and 1.5 in the
experiment where the doubled-dye laser was used.24 The in-
cident energy of the KrF laser was 59 mJ/pulse, formed into
a light sheet 2 cm wide and 0.1 mm thick. The incident energy
of the doubled-dye laser was 0.7 mJ/pulse, formed into a light-
sheet 2.5 cm wide and 0.1 mm thick. The fluorescence signal
was separated from elastically scattered light and flame lu-
minosity by bandpass filters with a peak transmission of —20%.
In both experiments the images were captured through a uv,
105-mm, f/4.5, camera lens with an aperture of 2.54 cm placed
at a distance of 35 cm from the center of the illumination light
sheet. The images were corrected for the spatial distortion
introduced by the oblique detection and for background ra-
diation. In the images induced by the KrF laser each pixel
represents a 0.23- x 0.23-mm section in the flow. In the
images induced by the doubled-dye laser each pixel represents
a 0.20- x 0.20-mm section in the flow.

It is evident from Fig. 2 that the image of the fluorescence
induced by the KrF laser is symmetric with respect to the
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symmetry plane defined by the injection jets. In contrast, the
combination of attenuation and trapping has strongly dis-
torted the fluorescence image produced by the doubled-dye
laser, where only one flame lobe is visible. Clearly, the images
obtained with the dye laser system do not provide even a
qualitative picture of this flame. A perpendicular detection
scheme would approximately equalize the detection path lengths
from all points on the laser sheet. The fluorescence trapping
would then become approximately symmetric, reducing or
even eliminating visible loss effects. However, even if not
visible, errors due to trapping may exceed 40% and will de-
pend on the distance of the imaged plane from the detection
system.

This comparison confirms a theoretical prediction9 that ab-
sorption by OH of the KrF laser beam and the trapping of
the fluorescence induced by it are significantly less than that
of the doubled-dye laser. For further comparison, Fig. 3 shows
the variation of the relative fluorescence intensity across the
test section along a line, marked by a tick-mark at the left
side of each frame in Fig. 2. Also presented are curves fitted
to the averaged intensity values using a least-squares routine.
The similarity, within 2%, in the peak values of the fluores-
cence induced by the KrF laser at the two sides of the test
section is a quantitative demonstration that the attenuation
by either absorption or trapping is negligible for the illumi-
nation, detection, and flow conditions of this experiment. This
result is in agreement with a theoretical calculation9 where
an attenuation of less than 1% for both beam and fluorescence
signal was predicted for conditions typical of the present fa-
cility, i.e., OH density of 2 x 1015 cm~3 and characteristic
path lengths for absorption and trapping of 10 cm. The at-
tenuation by absorption and trapping, when the dye laser is

1.5

I•- 1.0

0.5

0.0

Dye Laser System

Laser

a)

-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0

Distance across test section (Y/H)

1.5

0.5

0.0

KrF Laser System

Laser

b)

-3.0 -2.0 -1.0 0.0 1.0 2.0

Distance across test section (Y/H)
3.0

Fig. 3 Variation of the relative fluorescence intensity for the exci-
tation-detection experiment using a) the doubled-dye laser and b) the
KrF laser along a line marked on the images in Fig. 2.

used, is estimated to be 70% if peak fluorescence intensities
at each side of the image are compared. In the facility used
in the studies, the theoretically predicted laser attenuation is
30% and the fluorescence loss is 43%. Combined, this gives
a total predicted signal loss of approximately 60%.9 In geo-
metrically simple cases this distortion may possibly be cor-
rected by an iterative scheme involving the spatial variation
in the LIF signal, provided the image distortion had been
caused by either beam attenuation or fluorescence trapping
alone. However, when both loss mechanisms are present si-
multaneously, the deconvolution of the individual contribu-
tions and subsequent correction for both may not be possible
without a detailed knowledge of the flame properties along
both the incident beam and detection paths. Furthermore,
image distortion is expected to increase with OH temperature
and density, becoming a severe source of error even when
the imaging axis is perpendicular to the plane of the incident
light-sheet.

The results of Figs. 2 and 3 demonstrate that when the
concentration of OH is high, or in facilities where propagation
distances are large, the application of a KrF laser may be
required for quantitative or even qualitative PLIF imaging.
However, the dramatic reduction in absorption and trapping
associated with the use of this laser comes at the expense of
reduced signal. This is evident from the lower SNR in the
measurements obtained using the KrF laser system. Assuming
that both measurements were limited by photon-statistical
noise, the signal induced by the 84 times more powerful KrF
laser was estimated to be approximately 11 times lower than
the signal induced by the doubled-dye laser. With identical
pulse energy, spatial resolution, and optical collection con-
figuration, the dye laser would yield a signal 924 times greater
than the KrF laser. This compares well with the theoretically
predicted ratio of 1076.9

Conclusions
The objectives of the present work were 1) to obtain OH

fluorescence planar images induced by a tunable KrF laser in
supersonic H2-air flames, 2) to compare these images with
images induced for the same conditions by a doubled-dye
laser, 3) to determine the effects of absorption and radiation
trapping on the results of these two LIF techniques, 4) to
determine the relative signal levels of the two techniques, and
5) to compare the results with previous theoretical analysis.

Planar fluorescence images of OH in a supersonic H2-air
flame, induced by a tunable KrF laser, were recorded. These
images were compared with previously recorded24 fluores-
cence images induced by a doubled-dye laser at identical con-
ditions. Results indicate that the fluorescence images obtained
through conventional 1 <— 0 excitation were severely distorted
by absorption and fluorescence trapping. Based on the com-
parison of SNR, the signal induced by the doubled-dye laser
is expectedly larger than the signal induced by the KrF laser
in identical flow conditions. The present measurements of the
fluorescence induced by the KrF laser were controlled by the
photon-statistical noise.

These results demonstrate that the application of the dye
laser system for quantitative measurements in large super-
sonic combustion facilities is expected to be limited by atten-
uation of the incident beam and the strong absorption of the
subsequent fluorescence that is typical of the strong transitions
that are usually excited using this laser system. In flows where
OH density exceeds 1015 cm~3, excitation of the (3, 0) band
by a tunable KrF laser should be used. This transition has a
lower absorption coefficient than the transitions that are ac-
cessible to the dye laser system. Therefore, in most cases, the
flow will appear optically thin while at the same time the
elevated OH concentration will compensate for the reduced
fluorescence yield. In addition, this fluorescence decay has
the highest probability for transition to v"(2) where radiation
trapping is small.
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