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Fluorescence Imaging of OH and NO in a Model
Supersonic Combustor
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Recent results are presented from an experimental study to develop Planar Laser-Induced Fluorescence
(PLIF) diagnostics for application to scramjet combustor development. The measurements are made in a reacting
flow shock-tunnel facility which generates Mach 3 air at static conditions of 1500 K and 0.3 atm. Hydrogen or
other gases may be injected into the rectangular test section downstream of a rear-facing step. PLIF measure-
ments of NO, naturally present in the reflected shock-heated, freestream air, are used to determine basic flow
features, and a technique is demonstrated for determining static temperature variations in nonreacting, non-
mixing portions of the flow. PLIF measurements of OH are used to reveal the instantaneous reaction zone
interface from a dual round jet injector configuration. Issues associated with quantitative PLIF data interpre-
tation in compressible reacting flows are discussed in detail.

I. Introduction

R ENEWED interest in supersonic/hypersonic cruise ve-
hicle development has resulted in increased experimen-

tal and computational activity in the area of turbulent, com-
pressible, reacting flows. Progress in nonintrusive optical
diagnostic techniques now permit a more thorough under-
standing of the reacting flow path than can be inferred from
wall measurements alone. A particularly useful technique for
time-resolved, multidimensional measurements of a variety
of in-stream flow parameters in Planar Laser-Induced Fluo-
rescence (PLIF). Recently, several examples of PLIF mea-
surements in supersonic/hypersonic reacting flows have ap-
peared.1"4 This article discussed details of an experimental
program to develop approaches for quantitative measure-
ments of OH and NO distributions in a scramjet combustor
simulation test facility. As will be discussed below, the NO
distributions can be used to measure the temperature distri-
bution in nonreacting, nonmixing regions of the flowfield.

A. Experimental Facility
The experiments described in this article were performed

in a shock tunnel configured to operate at Mach 3.0 with a
two-dimensional half-nozzle expanding to a 7.62-cm square
cross section. This is followed by a 1.27-cm rearward facing
step in one of the four walls. Hydrogen injection ports (di-
ameter - 0.48 cm) are included in the tunnel wall after the
rearward facing step along the tunnel centerline at 2.3 and
8.4 step heights downstream, and are directed at 30- and 60-
deg angles with respect to the tunnel flow. The shock tube
used to drive the shock tunnel is a 15.6-cm-diam system con-
sisting of a 4-m driver section, a 14-m shock tube, a transition
section/secondary diaphragm station for separating the shock
tube from the tunnel flow section, and a dump tank after the
tunnel flow section. The relationship between test time and
flow temperatures is between 1 and 3 ms for stagnation tem-
peratures between 4000 and 2500 K, respectively. Static flow
pressures for the reported tests are approximately 0.5 atm,
but are not limited to this value.
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The tunnel test section, beginning at the exit of the Mach
3 half-nozzle, is 2.4-m in length. Wall-mounted pressure taps
located along the nozzle and the top of the tunnel test section
are used to verify proper performance during a run. Optical
access is provided at several locations in the tunnel. The first
is immediately after the full expansion point for the nozzle
and includes three 4.45-cm clear aperture fused-silica win-
dows. Immediately downstream of the rear-facing step are
two full-height windows providing full optical access for the
first 14 cm of the flowfield. Smaller windows on the top of
the tunnel provide laser access for the PLIF measurements.
A schematic of the test section showing the optical access is
shown in Fig. 1.

Figure 2 illustrates the expected flow over the rearward
facing step without injection. The interaction of the super-
sonic flow with the step creates an expansion fan that begins
at the step corner with a leading edge oriented with a 19.5-
deg angle (sin"1 1/M) to the flow. The expansion fan extends
from this beginning ray to a recirculation region starting 23-
deg below the horizontal. On the other edge of the uniform
flow region is a recirculation zone whose extent can be esti-
mated from previous results.5"8 A recompression shock is
introduced by the wall and turns the flow so that it proceeds
directly down the duct.

The flowfield after the rearward facing step with injection
is more complex and a detailed estimate of the features of
this flow is beyond the scope of this article. Figure 3 illustrates
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Fig. 1 Shock-tunnel test section schematic.
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Fig. 2 Graphic representation of the flowfield in the shock tunnel
without injection.
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Fig. 3 Graphic representation of the flowfield in the shock tunnel
with injection along the centerline of the tunnel.

the gross flow features along the central axial plane. The
injectant plume produces a bow shock in a similar fashion to
that produced by a solid body in supersonic flow. Following
this shock is the plume itself and a thin mixing region where
the injectant and freestream air meet. The plume, initially
oriented at a 30-deg angle to the flow, spreads as it proceeds
downstream and gradually aligns itself with the flow.

B. PLIF Measurement System
The fluorescence experiments in this program were accom-

plished using an excimer-pumped dye laser system. The dye
laser permits continuous wavelength generation from —320
to over 1000 nm. With the addition of BBO (j8-barium borate)
doubling crystals, the UV coverage was extended to below
220 nm. The imaging detector system developed for these
measurements consisted of a high-resolution, intensified, CCD
array photodetector with custom-designed control electronics,
interfaced to a personal computer using a commercially avail-
able frame grabber. For synchronization with the tunnel flow,
both the laser and the intensified camera system were trig-
gered using a signal from the first pressure transducer in the
shock tube. The PLIF measurement time could be adjusted
with internal delays to occur anytime during the tunnel test
time.

Fluorescence originating from the laser-excited plane in the
flowfield was collected by a Nikon/ = 105 mm, F/4.5 UV-
Nikkor lens and focused through sets of Schott glass filters
(depending on the particular experiment) onto the camera.
The filters eliminated elastic scattering of the laser sheet from
windows and walls within the tunnel. Raw PLIF images are
corrected for the integrated dark current during the exposure
period, spatial variations in the responsivity of the detector
array, and nonuniformities in the laser excitation sheet in
order to yield the true fluorescence distribution.

II. LIF Measurement Strategies for NO and OH
Acquisition of meaningful fluorescence images in any en-

vironment requires a carefully developed strategy for laser

excitation and data interpretation. In this section, we present
the details of the strategies developed in this program for
quantitative OH and NO PLIF measurements. In contrast to
the bulk of PLIF diagnostic development, which has been
carried out in isobaric, atmospheric pressure flames and flows,
the diagnostic strategies developed in this program are tai-
lored to yield meaningful information over a broad range of
temperatures (250-3000 K), pressures (0.1-2 atm), and di-
rected velocities (0-200,000 cm/s). Any given PLIF image
may traverse regions of widely varying properties. In order
to interpret the resulting fluorescence distribution, we must
consider variable absorption line widths, velocity-dependent
Doppler-shifts of the absorbing line shape, and pressure-,
temperature-, and composition-dependent energy transfer
within the probed molecule. As we will show, careful selection
of the excitation and detection strategy can adjust the mea-
surement sensitivity to these varying parameters.

NO is a particularly important species for these types of
flows due to its relatively high concentration in the reflected
shock-heated freestream air. This provides an essentially con-
stant mole-fraction constituent of the airflow (in the absence
of fuel injection) and allows interrogation of temperature (and
ultimately, velocity) fields. In the current experiments, 1-3%
NO is present in the freestream air. We have used it primarily
as a measure of the base flow characteristics without injection
in both the qualitative (i.e., position and angle of key shocks)
as well as quantitative (temperature distributions) sense. The
OH radical is a key intermediate in hydrocarbon and hydrogen
combustion. In the near injector region, it indicates the po-
sition of the stoichiometric fuel/air interface where reactions
are occurring. Further downstream, the OH radical is a stable,
equilibrium species in the high temperature combustion prod-
uct gases, and can be used to infer the extent of the fuel
burning and spreading.

In general, we can express the fuorescence signal viewed
by each pixel on the detector array as

SF = (IVB) • (F,) • (fBN,Vc)' (ryn/477) - rp (1)

where

/„ = laser spectral intensity
B = Einstein B coefficient for absorption
Fv = fluorescence yield
fB - Boltzmann population fraction
Nt = species number density
Vc = collection volume
77 = filter transmission, detector responsivity, etc.
(1 = collection solid angle of imaging system
rp = pulse duration

The first parenthetical term is the probability per unit time
that laser absorption will occur. It depends on the local laser
energy (which, in general, varies across the laser sheet) and
the Einstein 5-coefficient (which is constant for a selected
transition). The second parenthetical term is the probability
that an absorption event will result in a fluorescence photon.
In general, it is the ratio of the radiative decay rate over all
possible decay rates from the laser excited state. The exact
form of the expression for the fluorescence yield, therefore,
depends on the particular strategies employed for a given
molecule and will be discussed in the following sections for
both NO and OH. The third parenthetical term is the number
of absorbing molecules in the volume defined by the inter-
section of the pixel field of view and the laser sheet thickness.
The Boltzmann fraction (JB) expresses the fraction of the total
molecular population (Nt) resident in the isolated energy level
(or levels) accessed by the laser. For a given level, fB depends
only on fixed spectroscopic parameters and the local gas tem-
perature. The final term is the efficiency with which the flu-
orescence photons, emitted into all directions, are collected
by the imaging optics and focused onto the detector array.
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Equation (1) is the basic formula used to reduce the fluores-
cence data to concentration, mole-fraction, or temperature.

A. NO Fluorescence
The approach for laser-induced NO fluorescence pursued

in this program can best be understood by reference to Fig.
4, a partial energy level diagram for NO. The figure shows
schematically the grounds X 2TL electronic state and the first
excited electronic state, A 2E+. In the ground electronic state,
the first seven vibrational levels are shown. Each vibrational
level also contains a manifold of rotational levels which are
shown schematically in v" = 0. The vertical arrow at the figure
left represents the energy available from a photon near 226
nm (derived from the laser). The laser wavelength is tuned
to correspond to the energy of a transition from an isolated
rotational level in the ground vibrational level of the lower
electronic state, to an isolated rotational level of the lowest
vibrational level in the upper electronic state. These rotational
transitions are conventionally referred to as (0, 0) band tran-
sitions, denoting the vibrational quantum numbers of the up-
per and lower state, respectively. Molecules elevated to the
upper electronic state may transfer to nearby rotational levels
or back to the ground electronic state by collisions with neigh-
boring molecules. The rate of transfer back to the ground
electronic state is termed quenching (Q). Spontaneous radia-
tive decay competes with the collisional decay through all the
allowed transition pathways from the excited state, giving rise
to the fluorescence signal. Transitions from the upper elec-
tronic state to various vibrational levels in the lower state are
denoted by A(0, 0, where / represents the quantum number of
the lower vibrational level.

Transitions on these off-diagonal bands (Av =£ 0) shift the
fluorescence to longer wavelengths and permit spectral iso-
lation of the weak fluorescence from the laser wavelength.
The total collected photon rate is given by

(2)

where TA is the filter transmissivity at wavelength A. (The
wavelength dependence of the intensifier quantum efficiency
is essentially constant over the filter transmission curve for
both the NO and OH fluorescence detection strategies em-
ployed here.) The relative overlap of the filter transmission
curve (Acton Research Corporation 254 filter + 2-mm Schott
UG-5 filter glass) and the fluorescence spectral bandwidth
results in a collected photon rate of only about 5% of the
total radiative rate. This penalty in collected signal is due to
the requirement for strong rejection of the laser wavelength,
important in practical measurements. As we will demonstrate,
imaging of the NO fluorescence all the way to the reflective
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Fig. 4 Schematic energy level diagram showing important processes
in laser-induced NO fluorescence.

steel tunnel floor was possible without scattering interference
from the directly impinging laser sheet.

For this NO excitation/detection strategy, the fluorescence
yield may be written as

Fy =
+ Q

(3)

Here, Av, = 0 is the spontaneous radiative decay rate of the
laser-excited v' = 0 level. In general, the quenching term is
written as

Q = (4)

where

A/, = number density of collision partner /
cr, = cross section
Vj = mean relative molecular velocity between NO and /.

The sum is over all available quenching partners and the cross
sections may vary with the upper state rotational level. For
NO in airflows, however, two important simplifications are
valid. Firstly, neither the effective radiative transition rate
nor the quenching rate is a function of rotational quantum
level in NO A 2E + .9 Hence, the collected photon rate is de-
termined only by the collection filter transmission function,
and is not a function of pressure- and temperature-dependent
energy transfer rates in the upper manifold. Secondly, for
airflows, the sum in Eq. (4) is dominated by the large O2
cross section, which is independent of temperature over the
range of temperatures studied here.10 Therefore, we may ex-
press the quenching term as

Q = const - (5)

where we have gathered together the temperature and pres-
sure dependencies of Nt and v{. For the nominal 0.3 atm, 1400
K air freestream flows, the total NO quench rate is approx-
imately 7 x 107 s"1 and scales with temperature and pressure
according to the above. In combustion or other water vapor-
laden flows, the large, temperature dependent cross section
of H2O would have to be included in the calculation of the
overall quench rate.10'11

The total radiative transfer rate from v' = 0 is 5 x 106

s"1, so that for pressures greater than 0.1 atm, Av, = 0 « Q.
Hence, the fluorescence yield may be written as

= Aeff/Q ~ (6)

Using the ideal gas relation, the measured species number
density may be expressed as

TV, = (7)

where x/ = the mole-fraction of NO in the airflow. Gathering
together the pressure and temperature-dependence of the flu-
orescence yield and NO number density, we can express the
fluorescence equation presented in Eq. (1) as

SF = const ' JB(T) (8)

where the constant is a function of laser pulse energy, fixed
spectroscopic parameters, and fluorescence collection effi-
ciencies. Variations in the fluorescence signal within an image
are only a function of mole-fraction variations (due to chem-
ical reactions) or temperature (with or without chemical re-
actions). For the convective time from the nozzle throat to
the PLIF image planes near the primary injectors, the NO is
chemically frozen at superequilibrium levels as the gas ex-
pands. Thus, the PLIF image plane contains (in the absence
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of mixing or burning) a constant mole-fraction of NO with
bulk fluid temperature variations due to the Prandtl-Meyer
expansion over the rear-facing step, recompression shock from
the tunnel floor, and other flow features. Bulk pressure vari-
ations will not influence the PLIF signal.

The temperature sensitivity of the fluorescence signal may
be tuned by selecting particular ground state rotational levels
and exploiting the varying temperature dependence of the
Boltzmann population fraction. For example, by choosing a
level which increases in population fraction by ~T1/2, the
PLIF image will be sensitive only to variations in the mole-
fraction of NO. Changes in the mole-fraction reflect the re-
sults of chemical reactions in the flowfield. The resultant im-
age will not be sensitive to bulk temperature and pressure
variations caused by the compressible flow physics, rather, it
will reveal variations due to chemistry. Alternatively, a ro-
tational level may be chosen which accentuates the temper-
ature dependence of the fluorescence signal. For the NO PLIF
measurements reported in this article, the NO mole-fraction
was essentially constant over most of the image and this latter
strategy was selected in order to maximize our sensitivity to
the fluid dynamic temperature variations in the image plane.

Temperature, pressure, and flow velocity may also indi-
rectly affect the excitation fluorescence excitation efficiency,
the first parenthetical term in Eq. (1). The formally more
accurate expression for the excitation efficiency (or rate, with
units s~ !) is

pump rate
= BL (9)

where g(o>) is the absorption line shape function. In writing
Eq. (1), we have assumed that the laser spectral fluence is a
"top-hat" profile in frequency, broader than and constant
over the entire absorption line shape so that

IVB = B j I(a>)g(u) da) (10)

As long as the laser bandwidth substantially exceeds the
absorption line shape bandwidth, the assumption of Eq. (10)
is a reasonably valid one. As the absorption line shape broad-
ens, this assumption becomes less accurate, although, even
for equal bandwidths, the product of the laser line shape and
absorption line shapes in the wings of the profiles contributes
a small portion to the entire functional product. If the ab-
sorption linewidth begins to exceed the laser linewidth, the
excitation efficiency and, hence, the fluorescence signal, be-
comes sensitive to changes in the absorption line shape in the
flowfield.

Under most conditions relevant to this study and supersonic
combustion in general, the absorption line shapes will be de-
scribed by a Voigt function, containing contributions from the
Doppler (thermal) broadening mechanisms as well as colli-
sional broadening mechanisms. The Doppler width is easily
calculated using the formula

= 2(2kT /,< 2/mc2y/2wA (11)

and is a function of temperature alone. The collision width
reflects the local collision environment and depends on the
composition of the surrounding gas, the overall gas pressure,
and temperature. The pressure and temperature dependence
is usually separated by expressing the collision width as

(12)

where y, is the temperature-dependent broadening parameter
and P( is the partial pressure of species /. The sum is over all

available collision partners. The total absorption linewidth
may be estimated from the formula

= (Ao>c/2) (Ao>D)2 (13)

To first order, the temperature and pressure scaling of the
collision width is the same as for electronic quenching. Thus,
the absorption line shape will expand or contract with tem-
perature and pressure variations in the flowfield. If the laser
bandwidth is comparable to or smaller than the absorption
bandwidth, the fluorescence signal will also vary with tem-
perature and pressure due to changes in the excitation effi-
ciency expressed in Eq. (10).

Lastly, the absorption line shape may be shifted in fre-
quency by changes in pressure or velocity. The pressure shift
is usually expressed as

(14)

where, for NO, fi — -0.303.12 The velocity shift is given by

= (u/c)a)A (15)

where u is the component of the velocity vector aligned with
the laser beam propagation direction.

Table 1 summarizes these linewidths and shifts for the pres-
ent conditions. In each case, the absorption linewidths and
shifts are small compared to the laser linewidth so that the
excitation efficiency is not a function of pressure or temper-
ature. In colder, higher pressure flows, however, the absorp-
tion linewidth and collisional shifts will be much larger and
may be an important factor in interpreting the PLIF images.

B. OH Fluorescence
The strategy developed for OH fluorescence measurements

is summarized in Fig. 5. The figure shows schematically the
ground X 2II ground electronic state and the first excited
electronic state, A 2E + . The vertical arrow at the figure left
represents the energy available from a photon near 283 nm.
The laser wavelength is tuned to correspond to a transition

Table 1 Linewidths and shifts

NO fluorescence OH fluorescence
Ao>L =* 0.75 cm'1
Acoc- 0.067cm
Ao>D =* 0.22 cm"1

da>s ~ 0.02cm-1

8a)v ~ 0.04 cm"1

&c*A ^ 0.27 cm"1

Ao>L — 0.5 cm"1

Awc - 0.015 cm"1

AwD == 0.3 cm"1

8<os ~ 0.002cm-1

da)v ~ 0.1 cm"1

ka)A =* 0.31 cm"1

-283 nm
«B 01

v* = 1

Q'

~315nm
An(N)

• V = 1

^ = 0

-308 nm R = Rotational
A 00 Energy Transfer

V(N) = Vibrational
Energy Transfer

Fig. 5 Schematic energy level diagram showing important processes
in laser-induced OH fluorescence.



ALLEN ET AL.: FLUORESCENCE IMAGING OF OH AND NO 509

from an isolated rotational level in the ground vibrational
level of the lower electronic state upward to an isolated ro-
tational level of the first excited vibrational level in the upper
electronic state. These rotational transitions are convention-
ally referred to as (1, 0) band transitions, denoting the vi-
brational quantum numbers of the upper and lower state,
respectively. Once in the upper electronic state, various col-
lisional processes transfer population to other rotational levels
(R(N)) or to the ground vibrational level (V(N)) within the
upper electronic state. Collisional quenching(<2(;v) and Q')
can remove population completely from both vibrational lev-
els in the upper state. The fluorescence signal is collected
from radiative transitions from the (1, 1) band near 315 nm
and the collisionally populated (0, 0) band near 308 nm with
rates An and AQQ. As with the NO fluorescence strategy, the
laser excitation wavelength is well-separated from the fluo-
rescence collection band and can be efficiently filtered with
combinations of Schott glass (typically 2-mm UG-5 and 1-mm
WG-320).

The energy level diagram of Fig. 5 shows the relevant ki-
netic processes which must be understood in order to calculate
the fluorescence yield. They are defined as follows:

(N)

(N)

Q'
A
A oo

= quenching rate of laser-excited v' = 1 level
= rate of rotational energy transfer within v' = 1
= rate of vibrational energy transfer from v' = 1 to

v' = 0
= rate of electronic quenching from v' = 0
= radiative rate for (1, 1) band
= radiative rate for (0, 0) band

The (N) subscript indicates that the rate is a function of the
initial TV-level excited by the laser. Fortunately, the kinetics
of the A 2E+ state in OH in hydrogen and hydrocarbon/air
flame environments are reasonably well understood. Crosley
and co-workers13'17 have completed numerous, detailed stud-
ies and have determined many relevant kinetic rates. Thus
R(N), V(N)> Q(N)> and A-v are known for a variety of condi-
tions.

For our excitation/detection strategy, the fluorescence yield
is determined by writing coupled four-level rate equations and
assuming steady-state populations. This results in a yield of
the following form:

F — (16)

where

= filter transmission at A
NQ/Nl = fractional population in v' = 0

The first term in the numerator is the rate of radiative emission
from the v' = 1 state multiplied by the appropriate filter
transmission at the wavelength. The second term is the rate
of radiative emission from the v' = 0 state multiplied by the
filter transmission at this wavelength and multiplied by the
fractional population which resides in this level at steady state.
The derivation of Eq. (16) assumes that Q and V are both
» A. Since A00 = 1.5 x 106 s~ !, An = 8.5 x 105 s-1,
Q ~ 5 x 108 s-1 and Vm ~ 0.5 Q, this assumption is valid
for pressure greater than about 0.01 atm.

Our procedure for calculating the OH fluorescence yield
has been described in detail in an earlier publication.18 The
principal concern in quantitative interpretation of the OH
fluorescence data is the absolute magnitude of the energy
transfer terms in Eq. (16) and their potential variation across
the image plane due to temperature, composition, and pres-
sure variations. Absolute magnitudes for vibrational energy
transfer rates and overall quenching rates are available for a
variety of typical flame environments in Refs. 13-17. Of par-
ticular importance in the present discussion is the potential

variation in the quenching rate due to coupled temperature
and composition variations.

The magnitude of these variations in atmospheric pressure
flame environments has been examined in detail in several
studies. Direct measurements of the fluorescence decay rate
in propane-oxygen flames showed that the fluorescence decay
rate was constant throughout the flame and scaled linearly
with pressure.19 Large variations in the absolute OH concen-
tration through the measured flame zones confirm that tem-
perature and composition variations existed, but nevertheless,
had a negligible impact on the quenching rate. An experi-
mental study comparing saturated and linear fluorescence in
atmospheric pressure hydrogen-air diffusion flames resulted
in excellent agreement between the saturated (quenching-
free) and linear (quenching-dominated) results in all portions
of the flame except in fuel-rich zones.20 In these zones, the
assumption of a constant quenching rate resulted in a factor
of two underprediction of the OH concentration due to
a larger H2 quenching rate. The authors concluded that in
hydrogen-air diffusion flames, as in the present study, the
assumption of a quenching rate which is independent of tem-
perature and composition, is valid in all portions of the flow
except for fuel rich zones where it may be in error by at most
a factor of two.

The impact of quenching variations on OH fluorescence
has also been examined by simultaneously measuring the OH
fluorescence along with the gas temperature and all major
collisional partners.21 Using the measured collisional partner
composition and temperature, the exact quenching rate may
be calculated using the species-specific quench rates reported
in Refs. 13-18. These authors conclude that, for methane-
air flames, the variation in quench rate is limited to about
30% in regions of the flame where significant OH is found.
Similar conclusions were reached in Ref. 17. If the local tem-
perature or composition deviate significantly from the nom-
inal flames conditions where peak OH levels are present, the
OH concentration falls to levels below typical LIF detection
limits. Presumably, the low level of OH at these conditions
indicates that OH is not a significant contributor to the local
chemistry. Taking these studies together, we conclude that in
all regions of the present reacting flow where significant amounts
of OH are present, the variation in the quench rate is not a
significant barrier to quantitative interpretation of the PLIF
images.

From these results one can simplify the temperature and
composition dependence of Eq. (4) and write the following
equation for the quenching behavior of OH in flame envi-
ronments:

Q = const -P (17)

In writing Eq. (17), we have retained the pressure dependence
of the number density, but collapsed its temperature de-
pendence, along with the temperature and composition de-
pendence of the collision cross section and mean molecular
velocity, into the constant. The absolute value of the constant
in atmospheric pressure flames is ~6 x 108 s"1, as recom-
mended in Ref. 17. We further assume that the vibrational
energy transfer rate in Eq. (16) behaves similarly to the
quenching rates. Its magnitude has been measured to be 0.6
of the quench rate.15 Values of the population ratio, N0/Nl7
have also been measured in flame environments.15-16 Finally,
we calculate An by assuming that the laser-excited population
in v' = 1 remains in the directly excited TV level. The pop-
ulation in v' = 0 following vibrational energy transfer is known
to be approximately thermal and independent of the initially
excited rotational level in v' = 1, therefore, we evaluate AQO
at N' = 5 as an estimate of the average rate of spontaneous
radiative decay from v' — 0. In this manner, all the terms in
Eq. (16) are determined.

The functional form of the fluorescence yield is therefore
Fy = [Aeff/(const-P)] (18)
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where the constant is determined according to the procedure
described above. We estimate the absolute uncertainty in the
fluorescence yield for any given flame environment to be no
more than a factor of two. For the well-studied hydrogen-air
combustion flames reported here, the uncertainty is less and
generally within the typical experimental uncertainties asso-
ciated with the delivered laser pulse energy, collection effi-
ciency, etc. Combining Eq. (18) with Eq. (1), we can express
the temperature, pressure, and number density dependence
of the OH fluorescence signal as

SF = const 'fB-NOH-P- (19)

In cases where the flowfield is nominally at constant pres-
sure, a useful strategy for quantitative measurements would
be to choose the N" level so that the temperature dependence
of the Boltzmann population fraction is minimized over the
range of interest. In this limit, the fluorescence signal is only
proportional to the OH number density

SF~N0 (20)

Since we have assumed constant, or nearly constant, pressure,
the variations in number density must be due to chemical
reactions rather than bulk fluid dynamics.

Alternatively, in strong pressure-varying flows, a N" could
be chosen so that

(21)

(22)

As with the NO excitation strategy developed earlier, vari-
ations in the PLIF distribution within an image would be
related to chemical reactions alone. For the experiments re-
ported in this article, the OH was confined to the injectant
H2/air interface downstream of the injector bow shock. This
portion of the flowfield is nearly constant pressure, so we
elected to pursue the first strategy outlined above.

This OH fluorescence strategy is, in principle, subject to
the same temperature, pressure, and velocity-dependent
linewidth effects discussed in detail in connection with NO
fluorescence. The OH line shape under near atmospheric
pressure combustion conditions is described, to first order,
by a Voigt line shape. In contrast to NO line shapes, however,
the OH line shape contains a significantly smaller collisional
contribution. Hence, collisional shifting and fluorescence sig-
nal diminution due to pressure broadening are not significant
at pressures below 5 atm. Table 1 also summarizes the relevant
line shapes and shifts for the maximum values encountered
in this study. The collisional shift to width ratio is taken from
Ref. 22. As with the NO fluorescence, these effects are not
significant in the present study.

III. Results
NO PLIF measurements were made in the first PLIF im-

aging station downstream of the rear-facing step (see Fig. 1).
In each case, the field of view (limited by the clear aperture
of the laser access window on the top of the tunnel) was 3.8
x 2.9 cm. Two representative PLIF images are presented in
Figs. 6 and 7. In these and all PLIF images in this article, the
bottom of the image corresponds to the bottom of the flow
tunnel and the images are obtained with a single laser pulse.
The signal levels are mapped according to the gray scale shown,
corresponding to a linear mapping of the 256 digital signal
levels. In Fig. 6, the flowfield consists of the simple expansion
over the step with no injection, as described in Fig. 2. In this
series of experiments, the laser was tuned to the Q22 +
R12(7) transition at 226.72 nm. The TV" = 7 level has a negative
temperature dependence over the range in the flow so that
the temperature sensitivity of the PLIF image is enhanced.
The left side of the image is defined by the upstream edge of

Fig. 6 NO PLIF distribution without injection. The gray scale in-
tensities correspond to a temperature range from 600 K (dark) to 1800
K (light).

Fig. 7 NO PLIF distribution with injection. The gray scale temper-
ature range is the same as in Fig. 6.

the laser sheet which does not correspond to the edge of the
imaged region. In initial testing, the tunnel apparently moved
a few millimeters during firing and it was not possible to
exactly position the fixed camera with respect to the tunnel.

The absolute signal levels in the freestream (at the upper
left corner of the image) correspond to the nominal flow
condition of 1500 K, 0.3 atm, and ~1 x 1017 cm-3. The fully
expanded flow is in the lower left corner of the image and
the signal levels there are approximately 1.5 times greater.
The recompression shock is clearly visible, initially straight,
then curving slightly through the nonuniform flow region. The
signal level across the recompression shock is about 33% of
the level in the fully expanded flow due to the higher tem-
perature there, and about 60% of the signal level in the free-
stream. The light band across the center of the image was a
persistent feature in each of the images acquired during this
first series of PLIF experiments and was not expected from
our flowfield predictions. It was subsequently determined that
this band was due to a cloud of particulate remaining from
the shock-tube driver fabrication which was lifted as a jet
along the tunnel floor during early flow times. The fluores-
cence signal is diminished where the particulate jet is present
due to extinction of the fluorescence as it propagates across
the flow toward the imaging detector. Cleaning of the tunnel
and a change in operational procedures removed this effect
and subsequent data are free from this interference.

Figure 7 is an image of the same plane in the flow, now
with helium injection. In this image, the Ru + Q2l(l?>) tran-
sition was excited, providing slightly higher signal levels while
preserving the temperature sensitivity. This image is free from
particulate interference and the contours of the Prandtl-Meyer
expansion fan, made visible by the decreasing temperature,
are clearly visible. The fan lines terminate beyond the left
side of the image at the downstream edge of the step. The



ALLEN ET AL.: FLUORESCENCE IMAGING OF OH AND NO 511

highest signal levels, again, occur in the fully expanded flow
at the lower left portion of the image. The signal ratio from
the freestream to the fully expanded flow is consistent with
a temperature variation from —1320 to —550 K. A portion
of the raw fluorescence image near the center of the image
was saturated during the experiment. This was due to the
relatively higher laser energy in the central part of the sheet.
During the correction procedure for the laser energy variation
these data were naturally corrupted since their actual signal
levels were beyond the maximum level of the A/D converter.
The vertical stripes at this location reflect the small variations
in laser sheet intensity imposed upon the artificially constant
signal data and should be ignored. This nonideal image per-
formance is a typical consequence of the single-shot nature
of the shock tunnel experiments, where on-line adjustment
of detector gain is not possible.

The injection substantially modifies the remainder of the
downstream flowfield. Rather than a recompression shock,
the injectant gas sets up a strong bow shock in the flow. The
fluorescence signal across the bow shock immediately de-
creases due to the higher temperature there. Along the flow
streamlines, it decreases further, eventually disappearing, as
the NO mixes with the helium injectant. Downstream of the
bow shock, the NO is no longer a constant mole-fraction
constituent of the gas and the PLIF image reflects the com-
bined effects of temperature variations and mixing. In this
region the PLIF image is a qualitative visualization of the
injectant mixing. Interestingly, the lower left corner of the
image reveals a sharp boundary between the expanded flow
(high signal levels) and the entrainment of the injectant gas
into the recirculation zone (low signal levels).

The variation in the NO PLIF fluorescence is consistent
with the expected in viscid flow temperature variations, but
the existing data base is too small to justify strong claims
regarding the ultimate accuracy of our approach. In the ex-
periments without injection, the signal levels in the fully ex-
panded region and the recompression region are somewhat
lower with respect to the freestream flow than expected. This
is at least in part explained by the laser sheet extinction in
the particulate jet. In the single experiment with injection,
the fully expanded temperature, as measured by the PLIF
data, is about 550 K, whereas the expected inviscid flow tem-
perature is approximately 750 K. In the absence of a detailed
flow model, it is not presently clear whether this discrepancy
is due to a measurement error or to a more complex flow
phenomenon not contained in our simple model. The overall
trends of the data, however, are correct and the PLIF image
clearly reveals structure of the flow that could not otherwise
be observed and strongly demonstrate the potential for quan-
titative PLIF measurements in high temperature, high pres-
sure, supersonic flows.

The first OH PLIF experiments were conducted in the same
flow plane as the NO PLIF experiment shown in Figs. 6 and
7. Approximately 2 mJ of laser energy was delivered in the
3-cm sheet. An example image is shown in Fig. 8. The field
of view for all of the OH images was 3 x 2.25 cm. The peak
fluorescence intensities in this image correspond to approxi-
mately 50 photons per pixel incident on the intensifier pho-
tocathode. Using the spectroscopic parameters developed
above, and assuming a nominal flow pressure of 0.5 atm and
a temperature of 2500 K, this corresponds to a peak OH
concentration of ~1015 cm~3, or about 600 ppm. In this near-
field region of the jet, the OH is confined to the mixing layer
between the injectant hydrogen and the hot air behind the
bow shock. A low-level "cloud" of OH surrounds the bright
central filament and appears to extend upstream to the shock
boundary. Ignition takes place rapidly and the existence of
large scale mixing features (on the order of the jet diameter)
can be seen in the shear layer, even at these relatively high
Mach numbers. A low level of OH is visible in the recircu-
lation zone upstream of the nozzle as well. Finally, a low level
of OH is visible underneath the jet in the lower right side of

Instantaneous OH distribution above first H2 injector.

Fig. 9 OH PLIF image above second injector.

the image due to entrainment of air by axial vorticity in the
flow.

In the next experiment, the excitation laser sheet and cam-
era were moved downstream to image the OH distribution in
the vicinity of the second injector station. Figure 9 shows PLIF
images taken with the same magnification as Fig. 8. The OH-
laden plume from the first injector impinges on the second
injector plume near the right side of the image. The second
injector is angled at 60 deg to the flow, whereas the first is
at 30 deg. Thus, the plume from the second injector penetrates
into the freestream flow more quickly. A similar filament of
high OH levels is evident, marking the boundary between the
injectant gas and the hot air. A puzzling feature in Fig. 9 is
the apparently high levels of OH on the tunnel floor. While
some trapping of OH in the hot tunnel boundary layer (where
the flow stagnates) is expected, it is not physically reasonable
that high OH concentrations exist directly over the injector
along the central plane sliced by the laser sheet. We believe
the signal level in this portion of the image is due to out of
plane chemiluminescent or thermal emission from the spread-
ing plume which is integrated by the detector during the ~1
jus gate of the intensifier.

Attempts to image the OH distribution at the next window
station (23 step heights downstream) were obscured by strong
thermal emission from the hot product gases across the 7.5-
cm tunnel. We are currently developing a fast-gating imaging
system with gate times on the order of 10 ns. This will reduce
the observed emission interference below our detection limit.
The fluorescence signal will be reduced by approximately a
factor of 2 due to the reduced quantum efficiency of the fast-
gating intensifier tube. Further improvement in the fluores-
cence to emission ratio can be obtained using a Nd: YAG laser
system instead of an excimer laser system, since the Nd: YAG-
based system has about an order of magnitude higher pulse
energy at the OH excitation wavelength.
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IV. Conclusions
This article has described details of a successful series of

experiments demonstrating applications of PLIF measure-
ments of OH and NO in model scramjet combustor test fa-
cilities. Issues associated with quantitative interpretation of
PLIF measurements in compressible reacting flows were dis-
cussed in detail, and strategies were developed for measure-
ments of species number density, volume (or mole) fraction,
and static gas temperature. Potential interferences from hot
gas luminescence were identified and solutions offered. The
application of PLIF to pulsed flow facilities used for super-
sonic combustion research was shown to produce meaningful
data on the temperature variations in nonreacting portions of
the flow and on the qualitative structure of the reaction zone
in combusting flows. Limitations to the quantitative interpre-
tation of the fluorescence data in these flows were discussed
in detail. Future work in our laboratory will extend the mea-
surement base in this facility to include velocity field mea-
surements and combustion product species measurements.
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