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Laser Selection Criteria for OH Fluorescence Measurements
in Supersonic Combustion Test Facilities
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University of Virginia, Charlottesville, Virginia 22903

The limitations of the application of dye laser and narrow-band tunable KrF excimer laser systems to OH
planar laser-induced fluorescence measurements in supersonic combustion test facilities are examined. Included
in the analysis are effects of signal strength, collisions! quenching, beam absorption, and fluorescence trapping
on achievable measurement accuracy using several excitation and detection options for either of the two laser
systems. Dye based laser systems are found to be the method of choice for planar imaging when the line integral
of OH concentration along the incidence or detection paths is less than 1016 cm/cm3, whereas the KrF based
systems provide significant reduction in measurement ambiguity when either concentration line integral is in
excess of 1016 cm/cm3.

Introduction

T HE development of a supersonic combustion ramjet
(scramjet) engine will depend heavily on computational

codes.1 Validation of these codes requires spatially resolved
and accurate experimental data on the mixing and combustion
of hydrogen in high stagnation temperature supersonic flow
facilities. Planar laser-induced fluorescence (PLIF) techniques
are nonintrusive and usually provide the level of signal neces-
sary for high signal-to-noise ratio imaging in the mixing and
reacting regions as well as high sensitivity to density and
temperature of the probed molecules.2 Furthermore, single
shot temperature and density measurements using pulsed
lasers are feasible and can be used for the study of highly
fluctuating flows and in facilities where the available measure-
ment time is brief. Only a few molecules can be used for PLIF
diagnostics in the reaction zone of H2-air flames. Oxygen is an
excellent candidate for diagnostics in nonreacting flows3 or in
fuel-lean flames. However, it is consumed in stoichiometric or
fuel-rich flames. An alternative molecule for diagnostics both
in the mixing and the reaction zones is NO (Ref. 4). However,
artificial seeding of NO may be required, thereby perturbing
the reaction chemistry.

The OH molecule is a naturally occurring molecule in the
reaction zone, relatively stable and sufficiently abundant for
PLIF measurements. Therefore, it can be selected for mea-
surements of the flame temperature or the flow velocity. Fur-
thermore, the density distribution of the hydroxyl radical is
readily available by PLIF and is one of the many parameters
needed to validate numerical codes used to simulate super-
sonic mixing and combustion. However, interpretation of the
measurements obtained using certain laser-based techniques
may strongly depend on facility characteristics. Parameters
for the selection of a laser technique for diagnostics in
scram jet testing facilities were evaluated and selection criteria
are presented.
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Five primary types of facilities are currently available for
scramjet testing.1 Four of these types of facilities, the vitiated
air, electric-arc heated air, pebble-bed, and the electrical-resis-
tance heated air facilities, allow testing at flight Mach num-
bers to approximately 8 and total temperatures to approx-
imately 2000 K. In the fifth type, pulsed shock tunnel
facilities, gases upstream of the flame region may reach static
temperatures on the order of 2800 K, providing true enthalpy
testing to flight Mach numbers of 20 (Ref. 5). In all of these
facilities, the measurements of temperature and density of OH
are considered valuable for validation of the codes that simu-
late the mixing and reaction of H2 in air. However, character-
istics of high-speed fjows and of large-scale facilities may
introduce significant systematic errors that cannot be cor-
rected without a full knowledge of the local flow composition,
velocity, and temperature. These characteristics may include
the following: strong gradients in pressure, temperature, and
concentration; high concentration of water vapor or other
quenching species; Doppler shift of the absorption frequency;
and optically thick medium for both incident and emitted
radiation. Therefore, the extent of these systematic errors,
which are additive to the noise-induced uncertainty, must be
estimated as part of the design of PLIF systems for imaging
OH distributions quantitatively.

Several laser systems are available for the excitation of
ro-vibronic transitions in the A 2L+ — X2U band of OH. Owing
to the high population density in the ground vibrational state
most PLIF schemes call for the excitation of molecules from
v " = 0. However, the selection of the target vibrational level
v ' depends on the experimental requirements and the avail-
able laser system. The largest Einstein B coefficient in this
manifold is for a v' = 0 — v " =0 ro-vibronic absorption.6
From there the Einstein B coefficient decreases rapidly as v '
increases. Therefore, LIF applications are usually limited to
excitations of v ' < 3.

A dye laser, following frequency doubling or mixing, can be
tuned to a resonance with any ro-vibronic transition in the 0,
1, 2, 3—0 bands. A XeCl excimer laser is resonant only with
ro-vibronic transitions in the 0—0 band and a KrF excimer
laser is resonant only with ro-vibronic transitions in the 3—0
band.

Ro-vibronic transitions in the 0—0 band may be excited by
both a frequency doubled dye7 and XeCl excimer lasers.8 Most
of the subsequent fluorescence is re-emitted in the 0-*0 or
0—1 bands, yielding an intense signal. Owing to the strong
absorption in the 0—0 band, the incident laser beam is attenu-
ated significantly and the emitted fluorescence is reabsorbed,
or trapped even in small-scale laboratory facilities.8 This ab-
sorption and trapping resulted in an observable distortion of
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;he PLIF images.8 Therefore, the excitation of this band by
either the XeCl laser or the doubled-dye laser is precluded for
applications in scramjet testing facilities where larger concen-
tration of OH and larger dimensions are expected.

Alternatively, the doubled-dye laser system, with typical
pulse energies of 40 ml can be tuned to resonance with ro-vi-
bronic transitions in the 1—0 band.9 The subsequent fluores-
cence, like the absorption, is also relatively strong.10 However,
like the 0—0 excitation, the strong absorption can lead to
attenuation of the incident beam and trapping of the emitted
radiation in flows of even moderate OH concentration. The
lifetime of the v ' = 1 state is long (~ 10~6s) (Ref. 6) relative to
the typical intermolecular collision time in test facilities
(~ 10~9s). Thus many collisions can occur before fluorescence
is emitted, thereby quenching the excited electronic state sig-
nificantly. Correcting for beam attenuation, fluorescence
trapping, and collisional quenching requires prior knowledge
of local temperature and species concentration.

The A2Z + (v ' = 2)-Jf2II(v " = 0) band can also be excited
by the doubled-dye laser. The extent of beam attenuation by
absorption is greatly reduced. The effect of fluorescence trap-
ping may also be reduced by limiting the detection of the
fluorescence to the 2—2 and 2—1 bands. However, since the
detection is limited only to radiation emitted from v ' = 2
removal of molecules from that level by either vibrational or
electronic quenching will influence the measurements. Correc-
tion for these two different quenching effects may prove to be
difficult.

The absorption in the 3—0 band is 100 times weaker than
the 1—0 band absorption and the excited v' = 3 state is
strongly predissociated with a characteristic lifetime of 100 ps
(Ref. 11). Thus, the troublesome effects of beam attenuation,
radiation trapping, and collisional quenching can be amelio-
rated relative to the excitation induced in the 1—0 band.
However, this weak absorption and predissociation is accom-
panied by fluorescence yields that are considerably reduced
relative to the 1 —0 or 2—0 bands. Therefore, a KrF laser with
pulse energy in excess of 240 mJ is required for the excitation
of this band.12

It is evident that the selection of the most applicable laser
technique involves an optimization in which the influence of
the expected conditions in the test facility (e.g., pressure, OH
density, temperature, and H2O concentration) on several com-
peting spectroscopic effects is considered. The restrictions on
the application of the doubled-dye and KrF lasers for OH
PLIF temperature and density measurements in various super-
sonic combustion facilities have been evaluated using a de-
tailed spectral model of the LIF process of OH together with
experimental results obtained in our supersonic high-tempera-
ture combustion facility13 and measurements by others. Owing
to the strong absorption and trapping associated with the
excitation by a XeCl laser it was not evaluated for diagnostics
in scramjet test facilities. The results are presented graphically
to include the relevant design parameters and to cover the
operational conditions of most supersonic combustion test
facilities.

Theoretical Model
A computer model for the simulation of the LIF process in

OH has been developed to predict the capabilities of the two
laser systems that are used most often for OH imaging. The
model includes three primary blocks that are used to predict 1)
the spectral location of all of the relevant absorbing and
emitting transitions, 2) the extent of absorption of the incident
beam, and 3) the fluorescence yield and the extent of radiation
trapping for typical laser and facility parameters.

To accurately simulate the interaction of the narrow-band
tunable KrF laser or the frequency-doubled dye laser with OH,
the model included all the OH vibronic transitions in the
A2Z+(v' = 0, 1, 2, 3)-^T2n(v " = 0, 1) band and rotational
quantum numbers to N < 30. For absorption, only the transi-

tions that are resonant with the incident laser beam were
included. For emission, all the transitions that are transmitted
through typical detection systems were included. Using the
first block of the model and published spectroscopic coeffi-
cients14 for the calculation of the term values, we obtained
absorption and emission frequencies that matched experimen-
tal results10 within 1 cm"1.

The second block in the model included the calculation of
the incident energy absorbed by OH. In addition to predicting
the beam attenuation, this block is used to determine the
density of the excited molecules. The energy dE, in Joules, lost
from the incident beam due to absorption by a ro-vibronic
transition from v "N" to v 'TV', when a laser pulse with an
incident energy E0 and a uniform spectral distribution over the
absorption line width AvN»V'N' cm"1 travels a distance dx, in
centimeters, through a medium with an OH density NQH
cm~3, and an Einstein B coefficient of BN»V>N> in cm3 - cm~ V
(s-J) is given as15

dE = -EQN011PN" djc (1)
In Eq. (1), VN"V'N'-> is the frequency of the absorbing transi-
tion, ftv» is the Boltzmann fraction of the molecules occupying
the v "N" level at a temperature T, and h, in Joules-second, is
Planck's constant. Since all absorbing transitions in this work
were from v " = 0, the notation of Eq. (1) does not include
v ". The incident energy E, after traveling a finite distance A*,
is then

E/E0 =

where

(2)

(3)

is the absorption cross section, in square centimeters.
The third block of the model includes calculation of the

total number of photons emitted by the excited molecules and
detected. To simulate realistic experiments, the collection was
represented by a lens with a solid angle £2, in steradian, and a
bandpass filter with a transmission efficiency rjF that was
selected to transmit radiation in the v ' v/band. By also includ-
ing the detector quantum efficiency TID, the results could be
presented in terms of photoelectrons emitted at each pixel in
an imaging camera. This number does not include the amplifi-
cation by an intensifier.

A typical imaging configuration where a section of length L
along a laser light sheet is imaged onto a detector array with np
rows and mp pixels in each row is presented in Fig. 1. When
the transverse distribution of laser energy is uniform, the

Fig. 1 Typical PLIF imaging configuration: section of a laser light
sheet of length L is imaged onto a detector array with mp x np pixels.
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energy available for fluorescence excitation along each row
decreases inversely with np and the energy term E0 in Eqs. (1)
and (2) is replaced with E0/np. The differential length element
d* in Eq. (1) corresponds in Fig. 1 to the length of an element
in the flowfield, L/mp, imaged by a single pixel.

The number of photoelectrons «pe, emitted at each pixel of
the detector array presented in Fig. 1 when imaging OH fluo-
rescence induced in a H2-air flame by a laser light sheet was
calculated. Although a selected ro-vibronic state is excited,
vibrational-vibrational energy transfer (VET) and rotational
energy transfer (RET) may distribute the energy among other
excited states. In addition, selection rules allow each vibra-
tional and rotational state to decay, through radiative trans-
fer, to several lower levels. Although our calculation consid-
ered all of these possibilities, the present notation indicates
only v 'TV' for the initial level and vfNf for the final state of
the radiative transition. The number of photoelectrons rtpe,
emitted by each imaged element is

47T mn

4ef + Pv'N' + Qv'N'
(4)

In Eq. (4), Av>vy s"1, is the Einstein A coefficient for emission
in the detected band; Aef represents the effective Einstein
coefficient obtained by the summation of the spontaneous-
transition rates to all of the ground vibronic states; PV>N> s"1,
is the predissociation rate of the emitting level11; and QV>N>
s ~ l , is the collisional-quenching rate that was calculated using
the method in Ref. 16.

The collisional-quenching rate Qvw in Eq. (4) strongly
depends on the concentration of the primary quenching part-
ners OH, H2O, H2, O2, and N2, and the static temperature.
However, the cross section for OH quenching by collisions
with water vapor is approximately 100 times larger than the
cross section for collisions with N2 and approximately five
times larger than the cross section for collisions with O2 (Ref.
16). Therefore, in vitiated air facilities, where the inlet concen-
tration of H2O is high, the total quenching rate in the flow can
be approximated by assuming collisions with H2O only. From
this, when QV'Nr is very large relative to both AQf and Pvw>
OH LIF measurements can be shown to produce semiquanti-
tative images of the molar ratio of OH to H2O even in the
presence of large temperature, density, or gas composition
variations.17 Although our model can account for quenching
by all of the major combustion species, we considered only the
quenching by H2O for the comparison of the performance of
the tunable KrF laser with the doubled-dye laser system.

As a final test of our assembled model we calculated the
excitation spectrum for the A2Z+(v' = 3)^X2U(v " = 0)
band, of OH in a 1500 K flame, excited by a tunable KrF laser
and detected through a spectrometer tuned to 329 nm with a
resolution of 1 nm. The relative intensities in this spectrum
compare very well with an experimental scan12 obtained in
similar conditions. In addition, we successfully compared the
calculated dispersion spectrum with our own measurements
which were obtained under similar conditions. The correct
prediction of the relative strengths of the absorption lines and
the emission lines confirms the ability of the model to predict
the relative attenuation of the incident beam by the various
lines and the relative fluorescence intensity expected at each
wavelength.

Results
The criteria selected here for the evaluation of the doubled-

dye laser and the tunable KrF laser are those that have the
strongest influence on their performance. The first parameter
that must be considered is the fluorescence yield. Only if the
yield exceeds a required detection threshold will other criteria,
such as beam attenuation or fluorescence trapping, be consid-

ered. Therefore, we present our results in the order of their
priorities in the design process.

Fluorescence Yield
To evaluate the performance, based on the fluorescence

yield criterion, of the two lasers most commonly used for OH
LIF, we calculated the variation of the photoelectron count
per pixel with 7V0H at a static temperature of 2000 K, following
excitation by each of these lasers without laser-beam attenua-
tion or fluorescence trapping. Many OH absorption lines are
resonant with doubled-dye lasers. However, since the typical
pulse energy of this laser is much lower than the pulse energy
of the KrF laser, only high-yield transitions, e.g., the 0—0,
1 —0, or the 2—0 bands, are selected for planar imaging when
the OH density is low. Although the absorption cross section
of the 0—0 band is the largest, the 1—0 band is most com-
monly used9 to reduce the effects of beam attenuation by
absorption as will be discussed in the next section. The strong
1—0 Qi(6) primary absorption line and the weak 1—0 S2i (9)
satellite line were selected to represent a typical range of
BN"V'N' coefficients. The excitation by the tunable KrF laser
was represented by the 3—0 PI(8) absorption. To simulate a
realistic experiment, the following parameters were included
in the calculation: a section of 1 mm2 within a 100-mm-wide
light sheet was imaged on each pixel, for which r)D =0.1,
through a lens with collection efficiency of 0.01 (~£ 2.5), and
a bandpass filter with r)F = 0.1. With resolution of 1 mm2,
turbulence analysis in large- and medium-scale facilities is
possible. Equation (4) may be used to scale the present result
for performance analysis when other resolution is required. A
characteristic predissociation rate of 1.25 x 1010 s"1 was
used11 for the calculation of the fluorescence yield, using the
tunable KrF laser system, whereas the quenching rate was
neglected. On the other hand, when excitation by the doubled-
dye laser was modeled, the predissociation rate was neglected.
Instead, a collisional-quenching rate of QV>N> = 5.76x 108 s"1,
which is expected in a 30%-water-vapor air mixture at 1 atm
and 2000 K (Ref. 16), was used. A laser line width of Av = 0.32
cm~ l was selected. This line width overlaps the absorption line
width defined by pressure and temperature broadening at 2000
K and 1 atm thereby efficiently coupling the incident -energy
with the absorbing transition. Furthermore, the narrow line
width assures selective excitation of OH with no interaction
with other combustion species such as O2 and NO (Ref. 12).
Excitation spectra of OH in H2-air and H2-O2 flames using a
narrow-band KrF laser obtained by Ref. 12 and by us showed
no evidence of fluorescence from any other combustion spe-
cies or from the photodissociation of H2O by the intense uv
radiation. In three-dimensional high-speed flows, broader
laser lines may be required to allow for the Doppler shift
introduced by flow velocity components along the incident
beam.

Table 1 presents 7V0H required to exceed a detection threshold
of 100 photoelectrons/pixel and the signal that will be detected
when NQH = 1016 cm~3. Excitations by the doubled-dye laser
included the primary and satellite 1—0 bands with detection in
the 1 — 1 and 0—0 bands and excitation of the primary 2—0
band followed by detection in the 2-* 1 band. Excitation by the

Table 1 Minimum OH concentration required to exceed the detection
threshold and the expected signal when NQH = 1016 cm ~ 3 for

several excitation and detection modes and when beam
attenuation or fluorescence trapping are negligible

Absorption
Laser system transition

Emission Minimum /7pe for
band NQU cm~3, for NQH =

detected «pe>100 1016cm~3

Doubled dye 1-0 Qi(6) 1-1 and 0-0 2.5 x 1012 4.0 x 105

Doubled dye 1-0 S2}(9) 1-1 and 0-0 2.4 x 1013 4.2 x 104

Doubled dye 2-0 Qi(6) 2-1 2.0 x 1013 5.0 x 104

Tunable KrF 3-0 Pi(8) 3-2 1.1 x 1015 9.0 x 102

Tunable KrF 3-0 Pi(8) 3-3 5.0 x 1015 2.0 X 102
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tunable KrF laser included the 3—0 band followed by detec-
tion either in the 3—2 or 3 —3 bands. When the threshold of
100 photoelectrons/pixel is exceeded, the photon-statistical
rms noise is expected to be < 10% of the total count.18 This
noise is believed to introduce the highest uncertainty that is
still acceptable in most density, temperature, or velocity mea-
surements. Based on this criterion, the signal generated by the
doubled-dye laser system can exceed the 10% photon-noise
threshold in most practical applications to supersonic combus-
tion. The excitation by the tunable KrF laser exceeds the 10%
photon-noise threshold when NOH> IO15 cm~3 for detection of
the 3—2 fluorescence band, or when NOH>3 x IO15 cm~3 for
3 — 3 band detection. The results in Table 1 do not account for
attenuation by absorption or trapping. When either of these
effects is appreciable, the incident energy or NOH may need to
be increased to exceed the detection threshold.

Beam Attenuation and Fluorescence Trapping
As the density of OH increases, the optical thickness of the

reacting mixture, as defined by Ref. 19, increases and both the
incident beam and emitted fluorescence may be attenuated
significantly. This has been observed in our supersonic, elec-
trically heated combustion tunnel where transverse images of
the OH distribution were obtained by the excitation of the
1—0 Qi(6) transition using a doubled-dye laser.20 Despite the
small size of the test section (~ 3 cm) and the moderate con-
centration of OH (~1015 cm-3), the images were severely
distorted both by absorption of the incident laser beam and by
trapping of the emitted fluorescence. The extent of the absorp-
tion of the incident doubled-dye laser beam can be decreased
by exciting a weaker absorption line. However, trapping of the
emitted fluorescence will still remain a serious limitation. At-
tenuation by absorption and trapping, which is not affected by
the transverse spatial distribution of the laser beam energy, is
expected to become even more pronounced, for both laser
systems, in large facilities or at high OH concentrations.

We determined theoretically the extent of attenuation of the
doubled-dye and the tunable KrF laser beam as a function of
OH concentration and optical path length. In most flames the
OH density distribution is highly nonuniform and unsteady.
However, attenuation is the result of an integration along the
beam path. Therefore, attenuation can be accurately modeled
by multiplying the average NOH along the incident beam by the
distance traveled by that beam through the absorbing
medium. Figure 2 presents the variation of the normalized
transmission of the beam, for a static temperature of 2000 K,
with the line integral of the product of 7V0H and the distance
traveled by the incident beam through the absorbing medium.
This parameter represents the number of OH molecules inter-
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Fig. 2 Variation of the transmission with the number of OH
molecules intercepted per unit area of the doubled-dye (solid line) or
tunable KrF (dashed line) laser beams passing through reacting flow at
static temperature of 2000 K; absorbing transitions and typical ab-
sorption depths in various facilities are indicated.

cepted along the beam path per unit area. Included in the
figure are the normalized attenuation of the doubled-dye laser
beam, when exciting the 1 —0 CM6) primary line and the 1 — 0
S2i(9) satellite line, and the attenuation of the tunable KrF
laser beam when exciting the 3—0 Pi(8) transition—the
strongest absorbing line within the tuning range of the laser.
To facilitate comparison, the conditions for three typical su-
personic combustion test facilities are marked on the abscissa.
Accordingly, the General Applied Sciences Laboratory
(GASL) direct connect module (DCM) vitiated tunnel is repre-
sented by an OH concentration of 1.5 x IO15 cm~3 and a
characteristic dimension of 10 cm (Ref. 21). The University of
Virginia (UVA) supersonic combustion tunnel is represented
by a characteristic dimension of 5 cm and an OH concentra-
tion of 2 x IO15 cm"3 (Ref. 22). A typical pulsed scramjet test
facility is represented by a characteristic dimension of 10 cm
and a characteristic OH concentration of IO17 cm"3. This
latter concentration was calculated for an equilibrium mixture
at a characteristic static temperature of 2800 K (Ref. 5).

The attenuation, in Fig. 2, of the doubled-dye laser beam by
the H2-air flame in the GASL DCM and the UVA facilities is
less than 50%. However, in typical pulsed facilities, where the
concentration of OH is large, the doubled-dye laser beam will
not penetrate the reacting flow when the laser is tuned to the
primary, 1+-0 Qi(6), transition. As an alternative, the laser
may be tuned to the weaker satellite, 1—0 S2i(9), line. (Use of
this line involves other problems as pointed out subsequently.)
As a second alternative, the more powerful KrF laser system
may be used for diagnostics with a predicted attenuation of
less than 20%, even in the pulsed facilities where 7V0H is high.
The higher pulse energy of this laser will partially compensate
for the smaller fluorescence yield that accompanies the re-
duced absorption.

A related effect that can distort LIF measurements in hot
gases is fluorescence trapping. When the radiative transition
terminates at a low vibrational level and the temperature is
high, the density of the population in the end state may be
sufficient to re-absorb a large part of the LIF. Therefore, the
detected fraction of the LIF emitted at a point depends on the
integrated concentration and temperature of OH along the
optical path to the detector from that point. If the temperature
and concentration vary randomly, the fraction of the initial
LIF detected will vary randomly as well.

When the A2Z +, v ' = 1 state is excited by the doubled-dye
laser, only the fluorescence emitted by transitions to v/ > 1
can be spectrally separated from the incident radiation.10 Of
the many radiative bands, the 1 — 1 band is the brightest and is
usually selected for detection by a bandpass filter centered
around 310 nm (Ref. 9). However, owing to VET between the
excited OH molecules and the major combustion species, a
large fraction of the molecules initially in the y42E + , v ' = 1
level decays to the v ' = 0 level.23 Radiation emitted in the 0—0
band cannot be spectrally discriminated by commercially
available bandpass filters from the fluorescence in the 1 — 1
band. Since the transition probability in the 0—0 band is
approximately twice as large as the probability for transition
in the 1 — 1 band,7 much of the imaged fluorescence will be in
the 0—0 band. Although most of the trapping is expected in
the 0—0 band, trapping in the 1 — 1 band is also likely to be
significant. The extent of attenuation by trapping will depend
on the rate at which excited molecules decay from v ' - 1 to
v ' = 0 and on the temperature of the flame and OH concen-
tration along the detection line-of-sight. Accounting for trap-
ping would require complete knowledge of the temperature
and OH concentration distribution within the laser beam and
the imaging cone. Therefore, avoidance of trapping is essen-
tial in the design of an LIF diagnostics procedure.

In contrast, the excitation by the tunable KrF laser involves
transition to the A2E+, v' = 3 level from which radiation is
detected either in the 3 —3 or 3—2 band. VET from v ' = 3 is
limited by the strong predissociation. Measurements in our
H2-air flat flame burner at a temperature of 1500 K and
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pressure of 0.3 atm showed that the depletion of the v ' = 3
state by VET is less than 3%. We also demonstrated that
fluorescence in the 0—0 and 1 — 1 bands, which follow this
slight VET, can be spectrally discriminated from the 3 — 3 and
3-*2 bands by a commercially available bandpass filter. When
the static temperature is 2000 K, the population in vf = 2 is
0.7% of 7V0H and in v/ = 3 is only 0.06%. Therefore, trapping
by the X2U9 vf = 2 and 3 levels is significantly less than by the
vf = 0 and 1 levels.

Figure 3 presents the ratio of detected to emitted fluores-
cence with the number of OH molecules intercepted, per unit
area, along the detection path. The number of intercepted OH
molecules was calculated for the three representative facilities
using the same uniform Nou distribution as in Fig. 2, and a
characteristic path of 10 cm for the GASL and scramjet facil-
ities. A characteristic path of 25 cm was selected for the UVA
facility to simulate the imaging conditions of Ref. 20. As
before, the dye laser is represented by excitations in the 1—0
Qi(6) and the satellite 1—0 S2i(9) bands. Two humps are
apparent in each of these curves. The upper hump is due to
fluorescence trapping in the 0—0 band. The lower hump, due
to the fluorescence trapping in the 1 — 1 band, becomes appar-
ent only after the radiation in the 0—0 band is depleted.
Despite the low attenuation of the incident beam when it is
tuned to the satellite band, the effect of trapping is similar to
that experienced when the primary band is excited. In applica-
tions involving the GASL DCM facility, the effect of trapping
is moderate. However, even in a small facility, like the UVA
combustion tunnel, where a larger detection path length is
used, trapping is significant and may cause a nonuniform
signal loss of as much as 70%. Clearly, the signal generated by
the doubled-dye laser in the pulsed scramjet facility can be
fully trapped. Thus, although the beam may penetrate the
flow when the laser is tuned to the satellite transition, no
signal will be detected if the optical path length is too long.

A possible strategy for reducing the trapping of the fluores-
cence using the dye laser system is excitation of the 2—0 band.
Subsequent fluorescence in the 2—1 band may be spectrally
resolved from fluorescence in the 0—0, 1 — 1, and possibly the
1 —0 bands emitted by molecules that decayed from v ' = 2 to
the v ' = 1 and v ' = 0 levels by VET. The calculated trapping
of the fluorescence in the 2— 1 band is also presented in Fig. 3.
Excitation on the 2—0 Qi(6) line was selected to facilitate
comparison with excitation on the primary, 1—0 Qi(6) line.
This result suggests that fluorescence trapping may be signifi-
cantly reduced if fluorescence from v ' = 2 can be successfully

101b 10lb 101' 10'° 10"
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Fig. 3 Variation of the ratio of detected to emitted fluorescence,
with the number of OH molecules intercepted, per unit area, along the
detection path, for fluorescence induced by doubled-dye (solid line)
and tunable KrF (dashed line) laser beams in reacting flow at static
temperature of 2000 K; absorbing transitions for the dye laser and
typical absorption depths in three scramjet test facilities are indicated,
together with the detected bands, following excitation by dye and KrF
laser systems.

isolated from fluorescence from v ' = 1 and v ' = 0. However,
if the isolation is successful, problems will still remain.
Molecules removed from v ' = 2 by VET will not contribute to
the detected fluorescence. This is in contrast to the fluores-
cence induced by the excitation of the 1—0 band, which is
insensitive to VET because the 1 — 1 and the 0—0 bands are
detected simultaneously. The rates for VET23 are most likely
significant and are probably not dominated by collisions with
H2O as may occur in some cases with electronic quenching,16

as mentioned earlier. To illustrate, the cross section for VET
from v ' = 1 for collision with N2 at 300 K is 26 A2 (Ref. 23)
whereas the cross section for electronic quenching by N2 is
only 2.5 A2 (Ref. 16). Conversely, the cross section for elec-
tronic quenching by H2O is 76 A2 (Ref. 16) whereas for VET
by H2O is < 14 A2 (Ref. 23). Since the lifetime in the v ' = 2
state is 50 ns or longer,24 measurement of the fluorescence
from v' = 2, in atmospheric pressure flames, will strongly
depend on the local composition and temperature. This depen-
dence is more complicated for v ' = 2 than for v ' = 1, where
only electronic quenching must be considered and may be
corrected.25 This added complexity is expected to prevent
quantitative OH density and temperature measurements using
the 2—0 excitation in atmospheric pressure flames. At suffi-
ciently low pressures, when the time between collisions exceeds
the natural lifetime, quenching of v ' = 2 will be negligible.
However, at those conditions trapping of the fluorescence
induced by the more efficient excitation of the 1—0 transition
is also negligible. Therefore, no further consideration is made
of the 2—0 excitation.

In contrast, Fig. 3 also shows the effects of fluorescence
trapping for excitation by the tunable KrF laser. Two cases are
presented: attenuation by trapping for radiative transitions to
X2U, Vf = 2, and attenuation by trapping for radiative transi-
tions to X2U, vf = 3. As expected, the trapping by the v/ = 2
level of fluorescence in the 3—2 band is larger than the trap-
ping by the v/ = 3 level. However, in most applications both
transitions may be useful and the selection will be dominated
by considerations of signal level and discrimination of the
laser-induced OH fluorescence against chemiluminescence or
competing LIF from other combustion species.

Figure 4 presents the variation with OH concentration of
the combined effects of attenuation and trapping for the four
modes of excitation and detection discussed earlier. For sim-
plicity, the absorption and trapping path lengths were consid-
ered to be 10 cm for the three representative facilities. The
data of Table 1 and Fig. 4 show clearly that the doubled-dye
laser system may be tuned to either the primary or the satellite
excitation for measurements in the GASL DCM facility. How-
ever, the detected fluorescence will be severely attenuated in
the pulsed scramjet facilities. On the other hand, Table 1 and
Fig. 4 demonstrate that the tunable KrF laser system is ex-

Absorption path length = 10 cm
Collection path length = 10 cm

i 0.8-

a 0.6-

(3 -> 2) fluorescence"

.(1<-0) satellite

3) fluorescence

! 0.4 - - - - -

, 0.2-

OH Concentration (cm'3)

Fig. 4 Variation of the combined attenuation and fluorescence trap-
ping effects with NOH for doubled-dye (solid line) and tunable KrF
(dashed line) laser beams passing through reacting flow at a static
temperature of 2000 K: conditions are the same as in Figs. 2 and 3.
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pected to be useful in all three facilities at concentrations
above about 1015 cm~3.

Collisional Quenching of Fluorescence
Collisional quenching is a source of systematic error in most

LIF measurements. The error may be severe when the radia-
tive lifetime of the excited state is long, relative to the time
between collisions, and when the composition of the colli-
sional partners varies widely. The radiative lifetime of the
states excited by the doubled-dye laser system is approximately
1 ^s (Ref. 6). This is more than 1000 times the time between
collisions at atmospheric conditions. Therefore, unless correc-
tions are made, collisional quenching will introduce a major
source of error in applications of the dye laser system. Condi-
tions where corrections for collisional quenching may not be
necessary have been discussed previously.25 However, mea-
surements in supersonic combustion facilities, where large
pressure and temperature gradients exist, will require correc-
tions that will depend on the local densities of the major
species and their temperatures. This detailed information is
presently beyond the scope of diagnostic techniques and is not
likely to be available in the near term.

To illustrate the effect of collisional quenching, we calcu-
lated the fluorescence signal upstream and downstream of an
oblique shock wave in a hypothetical M - 10, stoichiometric,
reacting H2-air flow. The parameters selected for this calcula-
tion were well within the operating range of most pulsed
facilities.1 The oblique shock was assumed to be formed by a
5-deg compressive turn with an upstream static temperature of
1200 K and static pressure of 0.5 atm and predicted down-
stream conditions of M = 8.5, T = 1730 K, and P = 1.5 atm.
Given that in the vicinity of the shock the flow is chemically
frozen, the density of OH increases across the shock by a
factor of 2.15. Therefore, according to Eq. (4), in the absence
of collisional quenching, the LIF signal past the shock should
also increase by a factor of 2.15. However, the simulated
fluorescence intensity, following the excitation of the 1—0
Qi(6) line by the doubled-dye laser increases across the shock
by only a factor of 1.06 when the effect of collisional quench-
ing is included. This predicted fluorescence is nearly 50% of
the increase by a factor of 2.15 that would be expected from
the increase in A^H- The increase in fluorescence due to an
increase in 7V0H behind the shock was offset here by an in-
crease in the quenching losses. Thus, if the structure of this
hypothetical flow was to be imaged using this technique, the
fluorescence variation across the shock will be near or within
the noise. On the other hand, the fluorescence induced by the
tunable KrF laser system, following excitation of the 3—0
PI (8) line, would increase behind the shock by a factor of 2.29.
Using the fluorescence intensity ratio as a measure of the OH
density ratio across the shock, without corrections for colli-
sional quenching and change in the Boltzmann fraction due to
the temperature increase across the shock, the error, relative
to the predicted OH density ratio of 2.15, is less than 1%. If
the molecular number density is increased, the quenching rate
would eventually approach the predissociation rate, and cor-
rection for quenching would be required. However, the pre-
ceding example is representative of most scramjet combustor
conditions.

Owing to the high collisional electronic quenching cross
section of OH with H2O (Ref. 16), when water vapor is a
major specie, corrections for collisional quenching may be
simplified by neglecting the contribution of the other major
species. Vitiated air flow presents a case in which the concen-
tration of H2O is large both upstream of the reaction zone and
behind it. Therefore, if the vitiation mole fraction is large
enough in a vitiated air-flow facility, correction for collisional
quenching will require only the measurement of the concentra-
tion of H2O. Figure 5 presents the calculated variation, with
vitiation mole fraction, of the quenching rate by H2O relative
to the combined quenching rate by all major species following
the excitation of the A2L+

1 v ' = 1 state. Quenching both for

0.8 -

0.6-

J 0.4 -

' 0.2 -

Quenching by H2O
= Quenching by remaining air components

10 15 20 25 30 35
Vitiation mole fraction (percent)

40

Fig. 5 Variation with vitiation mole fraction of the collisional
quenching rate of the A 2£ +, v ' = 1 state by H2O vapor relative to the
total collisional quenching rate: quenching in the freestream immedi-
ately ahead of the flame front (solid line), quenching behind the flame
front (dashed line).

the freestream conditions, without reaction, and the post flame
regions were calculated. In the post flame region, quenching by
H2O accounts for more than 95% of the total, independent of
the vitiation conditions. However, in the preflame region, the
quenching rate by H2O exceeds the quenching rate by the
remaining air components only when the vitiation mole frac-
tion exceeds 5%. This can be considered as a threshold above
which quenching corrections may be simplified when the dou-
bled-dye laser is used for LIF diagnostics of OH.

Laser System Application Charts
The previous results delineate the limits within which the

doubled-dye and the tunable KrF laser systems can be applied
with relatively small systematic errors and at signal levels
sufficient for low-noise imaging. To summarize these results
we present these limits graphically for both laser systems in
Figs. 6 and 7. These charts may be used for the design of OH
diagnostics experiments. The combustors for which this selec-
tion is required are characterized by the freestream vitiation
mole-fraction; characteristic OH density; laser beam path
length, which is the distance traveled by the incident laser
beam through reacting flow; and a detection path length over
which the emitted fluorescence travels to the detector.

Figure 6 presents a chart of the application limits for the
doubled-dye laser system for OH diagnostics in reacting flows
at a static temperature of 2000 K. This temperature is achiev-
able in most scramjet test facilities. Therefore, the results
presented in this figure may serve as a guideline for most
design applications. The ordinate presents the number of OH
molecules intercepted, per unit area along the laser beam, and
the abscissa represents OH molecules intercepted, per unit
area along the detection optical path. The hatched region
marks the domain within which the excitation of the primary
line experiences losses due to absorption and trapping that are
below 50%. The dotted region marks the limits within which
the excitation of the satellite line will meet the same restric-
tions. The low-end limit of both regions is determined by the
condition that the detectable signal exceeds 100 photoelec-
trons/pixel. This limit defines a minimum concentration
which needs to be exceeded for low-noise detection. Note that
the limits of the dotted region are to the right of the hatched
region. To simplify the corrections for collisional quenching,
a minimum of 5% of freestream vitiation is required. With
that level of vitiation, quenching by H2O accounts for more
than 50% of the total quenching rate (Fig. 5). The GASL
DCM is the only facility shown in Fig. 6, since it is the only
facility discussed here that exceeds the 5% vitiation require-
ment. The prediction made from this chart, that the doubled-
dye laser is suitable for OH diagnostics in the GASL DCM
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cilities. The usefulness of the tunable KrF laser system is
limited by the low fluorescence yield, to facilities where

OH Concentration x Detection Pathlength (cm/cm )

Fig. 6 Range of application of the dye laser system for OH diagnos-
tics: application range for excitation of the 1—0 Qi(6) primary line
(hatched area); application range for excitation of the 1—0 S2i(9)
satellite band (dotted area).

1016

1015

1014

Typical Pulsed
Facility

1015 1016 1017 1018

OH Concentration x Detection Pathlength (cm/cm )

1019

Fig. 7 Range of application of the tunable KrF laser system for OH
diagnostics: 3—2 band (hatched area); 3-* 3 band (dotted area).

facility, has been confirmed previously by successful measure-
ments.21 Measurements in the nonvitiated UVA or pulsed
facilities using the doubled-dye laser will require detailed
knowledge of the concentration and temperature of all species
to correct for quenching effects.

Figure 7 presents a chart of the application limits for the
tunable KrF laser system for OH diagnostics in reacting flows
at a static temperature of 2000 K. The hatched region repre-
sents excitation to the ,42E + , v' = 3 level followed by detec-
tion in the brighter 3—2 band. The dotted region represents
the same excitation followed by detection in the less efficient
3 — 3 band. The conditions in all of the facilities considered
here fall within the application limits of either the 3—2 detec-
tion or the 3 —3 detection. Thus, the tunable KrF laser system
may be used for OH diagnostics in most existing supersonic
combustion facilities. In particular, it is expected to be the
only existing light source for quantitative planar OH concen-
tration measurements in high-temperature, large-scale test fa-

Conclusions
The objectives of this work were 1) to evaluate the perfor-

mance of frequency-doubled-dye laser systems and tunable
KrF laser systems for OH measurements in supersonic com-
bustion facilities, and 2) to determine conditions in which each
laser system may be used with relatively small systematic er-
rors and with sufficient signal level for low-noise measurements.

A LIF model of OH was developed that incorporates all of
the physical processes that are believed to be significant, in-
cluding predissociation and collisional quenching. The model
was validated by comparing calculated spectra with previously
reported spectra and spectra obtained by us. The features
investigated included the minimum local conditions necessary
for applicable fluorescence signal for several excitation and
detection schemes, the attenuation of the incident laser beam
by absorption for both the dye laser and tunable KrF laser
excitation, radiation trapping of the emitted fluorescence, and
collisional quenching of the excited OH molecules.

Charts that delineate the application ranges for both laser
systems were presented. The results show that the doubled-dye
laser system is the most effective laser system for OH diagnos-
tics when the concentration of OH is below 1015 cm~3. When
the KrF laser system is used for OH density measurements in
combustor flows at static pressure as high as 1.5 atm, the
correction for collisional quenching is less than 1%. In con-
trast, the local collisional quenching correction when the dou-
bled-dye laser system is used at local static pressures around
1.5 atm is about 50%. However, when the level of freestream
vitiation exceeds 5%, correction for collisional quenching of
the OH molecules excited by the dye laser system require only
knowledge of the local H2O concentration. When the path
integral of the OH concentration along the incidence or detec-
tion path lengths exceeds 1016 cm/cm3, the KrF laser must be
used to avoid attenuation by absorption or trapping. The
signal induced by the KrF laser system at these conditions is
usually sufficient for low-noise, high-resolution imaging.
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