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Measurements of OH and H2O for Reacting Flow in a
Supersonic Combusting Ramjet Combustor

Terence E. Parker,* Mark G. Alien,t Richard R. Foutter,$ David M. Sonnenfroh,§ and W. Terry Rawlinst
Physical Sciences, Inc., Andover, Massachusetts 01810

Mixing and combusting high-enthalpy flows, similar to those encountered in supersonic combusting ramjet
engines, were investigated using a shock tunnel to produce the flow in conjunction with nonintrusive optical
diagnostics that monitored the performance of two injector configurations. The shock tunnel was configured to
produce Mach 3 flow and stagnation enthalpies corresponding to flight equivalent Mach numbers between 7—
11. A pulsed hydrogen injection capability and interchangeable injector blocks provided a means of examining
high-speed, high-enthalpy reacting flows. Planar laser induced fluorescence of OH radicals in the near-injector
region produced images that show the combusting and mixing zones for the reacting flow. Line-of-sight exit
plane measurements of water concentration and temperature were used to provide a unique method of monitoring
exit plane products. Near-injector mixing dynamics and exit plane compositions were compared for wall jet and
axial injection systems. In addition, exit plane measurements indicated that a quasi-steady-state condition was
achieved during the 1- to 2-ms test times.

Introduction

T HE development of supersonic combusting ramjet
(SCRAMJET) engines requires testing using new, non-

intrusive methods in high-speed, high-enthalpy flow facilities.
A critical factor for effective thrust production in a SCRAMJET
is the efficient mixing of fuel with air and the subsequent
chemical reactions that produce water. This article describes
an experimental effort that measured the concentration of
water at the exit plane of a simulated SCRAMJET in addition
to using planar laser induced fluorescence (PLIF) of OH to
visualize the mixing zone where hydrogen is injected into the
Mach 3.0 flow. These results allow direct comparison of the
degree of mixing near the hydrogen injector, as determined
by the production of OH, with temperatures and concentra-
tion values for water 20 duct heights downstream of the in-
jection station.

The results in this article are for the initial development of
a nonintrusive diagnostic for line-integrated temperature and
concentration measurements of water. The observed quantity
is infrared (IR) emission from the v2 vibrational band centered
at 6.27 ju,m, coupled with OH PLIF measurements in the near-
injector zone of a high-enthalpy reacting flow. The flows were
produced using a shock tunnel that generated Mach 3.0 flow
with stagnation conditions ranging from 2500 to 3800 K. Mach
3.0 flow was verified using both pressure and schlieren mea-
surements; boundary-layer effects were calculated and ob-
served via schlieren measurements to be small. Two hydro-
gen-injector configurations were employed: 1) a dual-hole
sonic wall injection system and 2) an axial injector that was
specifically designed to be nearly velocity matched with the
mainstream flow. Velocity-matched injection occurs at some
point in the flight corridor for fixed geometry systems and
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presents a difficult operating regime from a mixing perspec-
tive. We have therefore chosen a near-velocity matched sys-
tem for our axial injector.

In the following sections we describe the shock tunnel, the
injection system, the OH PLIF measurements and method-
ology, the development of the water temperature and con-
centration measurement, and, finally, results from an initial
test series with the two different injection geometries.

Shock-Tunnel Description
A full description of the shock tunnel and its operation has

been previously published.1 This initial publication describes
the facility, its operating parameters, and presents wall-in-
jection results for both helium and hydrogen injection. Op-
tical measurements in the injection zone included schlieren
as well as NO and OH PLIF. The shock tunnel is capable of
generating stagnation temperatures far greater than those
available using a conventional furnace or vitiated combustion
methods. As currently configured, the shock tunnel is capable
of simulating stagnation enthalpy for flight speeds below 3
km/s. The facility also includes a hydrogen injection capability
that makes combustion tests possible for these flows. This
system was carefully designed to provide on-demand injection
and can be configured to test a variety of injector geometries.
The shock tunnel was configured to operate at Mach 3.0 with
a two-dimensional half-nozzle expanding to a 7.5-cm square
cross section. The nozzle is followed by a 1.27-cm-high rear-
ward-facing step in the floor of the tunnel and a replaceable
injector block lies immediately downstream of this isolation
step. Five orthogonal optical access stations are included along
the shock tunnel so that both line of sight (LOS) and PLIF
imaging measurements can be made. The first optical mea-
surement station is immediately after the full expansion point
for the nozzle and it includes three windows. Figure 1 illus-
trates the first three optical access stations along with the
interchangeable injector block. The region immediately after
the rearward-facing step includes two side windows that give
full height optical access for a 14-cm flow length along with
full laser access at the top of the tunnel.

Figure 2 illustrates the shock tunnel and diagnostics as con-
figured for this test series. Three distinct optical measure-
ments were included: 1) OH PLIF measurements in the in-
jection/mixing zone, 2) water-vapor emission measurements
at the exit plane, and 3) NO emission using a radiometer
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Table 1 Injection and flow parameters

Stagnation

Injector
Wall
Wall
Axial
Axial
Axial

Enthalpy,
kJ/kg
3940
4200
2950
4280
5200

Pressure,
atm
10.7
11.6
27.2
11.9
15.8

Velocity,
m/s

2120
2170
1930
2184
2330

Tunnel flow
Pressure,

atm
0.27
0.29
0.68
0.30
0.40

Temperature,
K

1310
1360
1100
1375
1530

Fuel
equiva-
lence
ratio
2.1
2.1
0.64
1.82
1.35

Injector
velocity,

m/s

2270
2270
2270

OH
PLIF
image
figure

no.
8
9

11
10
12

H20
exit

plane
figure

no.

13

14

Imaging and Laser
Spectrometer Sh.eet

Window

PLIF Laser Sheet

Isolation Step
(1.27cm)

Fig. 1 Schematic diagram of optical access for the shock-tunnel test
station.
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Fig. 2 Diagnostic setup for reacting flow tests.

centered at 4.95 /xm and located at the nozzle exit. As de-
scribed in a separate publication,2 emission for the NO fun-
damental vibrational band originates near 5.3 /mi. Its band-
shape is temperature dependent; for temperatures between
1000-3000 K, the majority of the band radiance lies between
4.9 - 6.4 jam. The emission measurement centered at 4.95 jam,
therefore, it was sensitive to NO vibrational temperature and
column density. As described in both Parker et al.1 and Raw-
lins et al.,2 NO is formed in the high-temperature air present
in the shock-tunnel plenum and remains at elevated levels at
the exit of the Mach 3.0 nozzle. The radiance at 4.95 jam is,
therefore, an accurate indicator for facility or "hot flow" test
times. High-temperature flow duration is a critical perfor-
mance parameter for impulse facilities such as shock tunnels
and was determined to be between 1-2 ms using this radi-
ometer.

Hydrogen Injection System
and Injector Configurations

To produce reacting flows similar to those in a SCRAMJET,
hydrogen must be injected into the shock-tunnel flow. The
requirements for this are pulsed operation with a fast response
time, near-constant injection flow rates during the shock-tun-
nel run time, and a reliable method of limiting the quantity
of hydrogen injected into the system. This system has been
previously described1 and the two injector configurations used
in this work are illustrated in Figs. 3 and 4. Overall system
stoichiometry was calculated using one-dimensional gas dy-
namics for the system stagnation conditions (tunnel and in-
jection flows) and sonic throat areas. The wall injection sys-
tem consists of two 0.48-cm-diam ports located in the floor,
along the tunnel centerline, at 2.3 and 8.4 step heights down-
stream of the rearward-facing step. The inlets were directed

- Isolation Step

Hydrogen Jets (Sonic)

Fig. 3 Wall injection system.

^ Hydrogen Jet (Mach 2.7)

Fig. 4 Axial injection system.

at 30- and 60-deg angles with respect to the tunnel flow.
Pressure at the outlet orifices was calculated to be approxi-
mately 11 atm, assuming sonic flow at the exit plane. The
axial injection system consists of three equal-width sections
with the outer sectors machined to produce a 13.2-deg ramp
between the step and the tunnel floor. The center sector con-
sists of a backward-facing step with a nozzle in the down-
stream face. A simple 7-deg conical taper with a throat area
of 0.317 cm2 and an exit area ratio of 3.2 was used as the
divergent portion of this nozzle. Pressure at the exit plane
was calculated to be approximately 0.9 atm. This system was
specifically designed to produce freestream and injection flow
velocities of approximately equal magnitude. Table 1 lists
stagnation conditions as well as relevant velocities and stoi-
chiometries for four of the conditions examined in this work.

OH PLIF Measurements
The OH PLIF measurements were made using a Spectra-

Physics Nd:YAG-pumped dye laser with frequency-doubling
to 283 nm. The dye laser was modified for a larger spectral
bandwidth by operating the grating in third order rather than
fifth and adding a preamplifier cell. Using this approach, the
frequency-doubled output of the dye laser was in excess of
0.6 cm~ l , more than twice that of the OH absorption line-
width. Between 6-10 mJ of laser energy was delivered to the
test plane of the shock tunnel with 4.5- to 10.5-cm sheet widths
and laser sheet thicknesses of approximately 0.05 cm. Fluo-
rescence was imaged using an intensified camera system and
was collected at right angles using a 105-mm uv lens operated
at f/4.5 and filtered with carefully selected uv filter glasses.
The filter glasses provided a long-pass cuton near 310 nm that
rejected the laser elastic scattering from the tunnel floor. The
intensifier was gated to -20 ns around the ~10-ns laser pulse.
This narrow gate width eliminated any chemiluminescent or
thermal emission from the PLIF images. OH PLIF measure-
ments were made in the near field for both injector config-
urations using the two optical access stations downstream of
the rearward-facing step (as shown in Fig. 1).
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The OH PLIF measurements were obtained by exciting the
isolated Q,(7) transition at 283.29 nm. This transition was
chosen because of its strength at the expected H2-air com-
bustion temperatures and our desire to have maximum sen-
sitivity for these experiments. It should be noted that this
frequency-doubled dye laser excitation of the (1,0) band is
in contrast to techniques that use excimer-laser excitation of
the partially predissociative v' = 3 state.3 For the levels of
OH expected in our facility (~1015 cm~3), it has been shown
that the dye laser excitation strategy is preferable.4

The relationship between fluorescence signal and number
density or mole fraction of OH has been described previ-
ously.5 Briefly, the fluorescence is proportional to the laser
energy, the fluorescence yield, the species number density,
and the Boltzmann population fraction for the absorbing tran-
sition. In general, the fluorescence yield can have tempera-
ture, pressure, or gas-compositional dependencies. In regions
of the flow with little pressure variation across the measure-
ment plane, as in the downstream PLIF imaging station, the
quenching term is essentially constant6"9 and the PLIF image
is a relative measure of the product of the OH number density
and the temperature-dependent Boltzmann population term.5

For J" = 7.5, the population term is only weakly sensitive to
temperature over the range of temperatures where OH is
likely to be found (i.e., 1500-3000 K) and the relative un-
certainty in number density across a nearly constant pressure
image is approximately ±10% due to the Boltzmann tem-
perature variations.

In flows with strong pressure variations, however, the flu-
orescence signal is better viewed as the ratio of the pressure-
dependent OH number density and the pressure-dependent
quenching term.5 The fluorescence signal reduces to

SF = const -fB/T'Xon (1)
where

SF
fa
T
Xon

fluorescence signal
Boltzmann fraction
temperature
mole fraction of OH

Since the Boltzmann term at low /" values is nearly temper-
ature-independent, the ratio fBIT is an inverse function of
temperature. Hence, the fluorescence signal is proportional
to the local mole fraction of OH with a factor of two variation
from 1500 to 3000 K. It is possible to choose another transition
so that the ratio fB/T is essentially constant over some tem-
perature range of interest so that, in strongly pressure varying
flows, the fluorescence signal is directly proportional to spe-
cies mole fraction. However, for these initial measurements,
the increased sensitivity was deemed more important and we
chose to accept the temperature variations in the strongly
pressure-variant region of the flow in the vicinity of the dual
wall injectors.

Measurements of H2O Concentration
and Temperature

A major thrust for this work was to develop a nonintrusive
diagnostic suitable for monitoring the temperature and con-
centration of water in the exit plane of a high-enthalpy re-
acting flow system. The motivation for this measurement tech-
nique is quite clear; it will provide a direct measure of a
combustion product and its temperature along a LOS at the
combustor exit and will therefore provide a measure of com-
bustor performance. The measurement relies on radiation
from the v2 band centered at 6.27 ju,m and uses a custom-
designed IR spectrometer system capable of acquiring syn-
chronous spectra at a 125-kHz rate. This device consists of a
liquid-nitrogen cooled HgCdTe linear detector array (Infrared
Associates) interfaced to a 0.3-m, f/6.2 monochromator. The
resulting spectral resolution is 0.19-/jtm/pixel. Each pixel in

the array has a dedicated amplifier and digitizer providing a
synchronous collection of spectra at data rates of 125 kHz.
Data were acquired and processed through a multichannel
data-acquisition system interfaced to a PC/AT computer.
Absolute responsivity calibrations were performed with a
temperature-controlled blackbody source. For the present
measurements, the instrument was configured to obtain time-
resolved, first-order spectra over the wavelength range 6.5-
8.55 jum. The field of view (FOV) of the spectrometer was
controlled by imaging the entrance slit into the center of the
shock-tunnel exit plane. The image size at the tunnel center-
line was a 3.1-mm square. The emission measurement inte-
grated along a LOS, and due to the finite angle for the col-
lection optic, the collection area on each side of the shock
tunnel was a 6.6-mm square. Due to the strong absorption
strength of atmospheric water in this spectral region the spec-
trometer and imaging optics assembly were purged with dry
nitrogen. The unpurged path length in the atmosphere was 7
cm and this length was shown to produce insignificant ab-
sorption for wavelengths greater than 6.5 )um. This conclusion
is supported by a comparison of the spectrometer calibrations
performed in high and low relative-humidity environments.

Prior to implementation of the system on the shock tunnel,
the observed radiances and bandshapes were calibrated for
H2O concentration and temperature by recording emission
spectra from an incident shock-heated mixture of argon, hy-
drogen, and oxygen (85, 10, 5%). The measurements were
performed at near 1-atm pressures in a 10.4-cm diam shock
tube using previously prepared gas mixtures of ultra-high pu-
rity (UHP) argon, hydrogen, and oxygen. The reacting system
was modeled using an incident shock chemical kinetics pack-
age produced by Sandia (DSHOCK)10 and calibration tem-
peratures and concentrations were carefully extracted from
the pseudo-steady-state region following an initially reactive
period.

Relative calibration spectra, shown in Fig. 5, illustrate the
increased radiances for long wavelengths at elevated temper-
atures that are typical of increased thermal populations in
upper vibrational states. The vibrational temperature for the
water can therefore be determined by monitoring the relative
shape of the emission spectrum while the concentration is
determined by monitoring the absolute radiance in one of the
bandpasses. In order to produce a systematic temperature and
concentration measurement methodology we have assumed
that the radiance in each bandpass follows the functional form
given in Eq. (2):

where

[H20]
I
T

Nx/[H20]l = aK

= system radiance at wavelength A
= concentration of water molecules
= path length
= temperature
= empirically determined constants

(2)

The characteristic exponential slope j8A increases with wave-
length as would be expected from the spectra shown in Fig.
5. Inspection of Eq. (2) reveals that ratios of radiances at
two wavelengths are sensitive to temperature only and are
independent of concentration. Equation (3) formalizes this
relationship and provides a direct means of calculating tem-
perature. The values of ax and /3A are determined using a
least-squares fit of the calibration observations to Eq. (2).
Therefore, observed radiance ratios can be used to determine
the temperature via Eq. (3) and column density ([H2O]Z)
using Eq. (2).

T = (3)
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Fig. 5 Normalized calibration spectra for water.
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Fig. 6 Time-resolved spectra from the shock-tunnel exit plane.

The specific bandpass wavelengths that are used for tem-
perature and concentration determination are important for
the shock-tunnel data. Figure 6 illustrates sample spectra at
the exit plane of the shock tunnel for a combusting flow. These
spectra include a feature centered at 8.25 /xm that was not
apparent in the shock-tube calibrations. This feature is either
due to a molecular radiator that was not present in the shock-
tube calibrations (which included no nitrogen), or is indicative
of vibrational nonequilibrium for the radiating water. Al-
though one cannot rule out vibrational nonequilibrium, vi-
brational relaxation rates from v2 = 1 to v2 = 0 are relatively
fast.11 For 2500 K, 0.3-atm conditions in the tunnel, the half-
life of the v2 = I state is approximately 7 ns. This indicates
that our system should be in vibrational equilibrium. For the
present data, temperature was determined using the band-
passes centered at 6.68 and 7.43 //,m. Concentration was de-
termined using this temperature and the radiance from 6.68
jLtm. These wavelengths were selected to provide the highest
sensitivity in the temperature calculation, whereas the con-
centration calculation was specifically chosen to be insensitive
to temperature.

Finally, a note on the accuracy of the temperature and
concentration measurement is in order. This diagnostic is cur-
rently being developed and the calibration data set is not large
enough to produce system constants that are highly specified.
The absolute accuracy for the current radiometric data is ap-
proximately 30% and is dominated by uncertainties in the
determined values of /3A for our calibration set. However,
careful implementation of a comprehensive calibration matrix
and carefully executed chemical kinetic modeling would per-
mit the use of higher-order terms in Eq. (2) and bring the
absolute accuracy to approximately 5-10%, which is typical
for carefully calibrated absolute radiance measurements.
Temperature comparisons within a data set are limited by the
noise in the radiometric signals. In all cases, the signal levels
used in this work had signal to noise ratios (SNRs) between
10-50. The relative uncertainty in temperature, as calculated

using an rms sum of errors based on Eq. (3), is approximately
20% for the wavelength pair 6.68 and 7.43 fjum. Relative un-
certainties in concentration, as calculated using Eqs. (2) and
(3), for a 3000-K system are also roughly 20% for typical
SNRs. Continuing efforts to refine the calibration data set
and extend the measurements to longer wavelengths indicate
that temperature accuracies of 5-10% and concentration ac-
curacies of 10-20% can be achieved.

Results and Discussion
The data acquired as a part of this test series include four

basic flow conditions, as described in Table 1, and results
from each of these conditions are presented in this article.
However, before discussing these images and the exit plane
water measurements, a brief discussion of the flow and timing
in the shock tunnel is necessary. Figure 7 illustrates the signals
from a reacting-flow test and shows the pressure in the injector
plenum, the signal from the radiometer at the nozzle exit,
and the pressure on the top wall immediately following the
injector station. Also included in this figure are the injector
times and PLIF laser pulse. Features to note in this figure are
the clear demarcation of the flow test time by the radiometer,
the relatively stable pressure trace following the injector sta-
tion, and the constant pressure in the injector plenum during
the flow time. In addition, note that tunnel pressure and
radiance signals are not coincident in space (separation is 0.30
m) and, therefore sample, at a given instant, different portions
of the flow.

Figure 8 is an image of the OH distribution in the immediate
vicinity of the first injector of the dual-hole, wall-injector
system. In this and all other images, the flow is from left to
right and the relative fluorescence signal levels are grey-scale
encoded with increasing darkness corresponding to increasing
quantities of OH. Also, in each image, the bottom of the
PLIF image corresponds to the bottom wall of the tunnel.
The FOV in Fig. 8 is 80 mm (H) by 60 mm (W) and the left
side of the image is just upstream of the first injector. A low,
fairly uniform level of OH in the recirculation zone/boundary

50

2.0 3.0
Time (ms)

Fig. 7 Injection pressure, tunnel pressure, and radiometer signal for
a reacting flow measurement.

Fig. 8 OH PLIF image above the first side-wall injector, flow tem-
perature = 1310 K.
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layer upstream of the injector is visible in the lower-left-hand
corner of the image. A thin filament of OH, on the order of
1 mm thick, attaches very near the recirculation zone and
extends away from the wall along an irregular line, indicative
of the mixing zone between the high-speed injectant flow and
the freestream flow. Based upon a freestream Reynolds num-
ber of approximately 5 x 106/m and a jet Reynolds number
of 9 x 107/m, this mixing zone is expected to be turbulent.
This is further supported by the shape of the mixing zone that
is "wavy" in structure with length scales of up to 7 mm. Earlier
studies5 have shown that just upstream of this OH zone lies
the bow shock generated by the interaction of the injectant
plume and the freestream flow. The light regions above this
thin filament, of course, correspond to the freestream flow-
field where no hydrogen and air mixing has occurred. The
center of the fuel plume itself is also light, indicating no mixing
and OH formation. Downstream and underneath the fuel
plume, between the two injectors along the tunnel floor, sig-
nificant amounts of OH are observed in a spatially extended,
reasonably well-mixed zone.

Figure 9 is a similar image from another test, taken with a
larger FOV, observing a region 105 by 79 mm. Again, the
left side of the image is just upstream of the first injector
position. This image also clearly shows the thin OH filament
between the first injector and the freestream flow. The large
FOV, however, encompasses the second injector station and
more clearly shows the large, well-mixed levels of high OH
concentration between the two injectors. The right side of
this image corresponds to the second injector station and
shows an abrupt disappearance of the OH at the second H2
plume. A second thin filament, due to the second injector,
is observable in this image. Both images indicate that the thin
OH filament is typically on the order of 1 mm thick, although
it fluctuates spatially with the turbulence motion in observable
scales up to about 7 mm in diameter. The region between the
jets also displays turbulent mixing as evidenced by the vari-
ation in OH signal levels. The first jet penetrates to an average
height of 16 mm (defined by the edge of the OH filament)
before fully aligning with the freestream flow.

Using the fluorescence model presented previously and as-
suming nominal conditions of 0.5 atm and 2000 K, the peak
OH fluorescence signal in the thin filament between the fuel
jet and the freestream corresponds to an OH number density
of about 1 x 1015 cm"3, or about 500 ppm. The pressure and
temperature fields in this portion of the flowfield are very
complex. The nominal conditions are reasonable for the OH
in the filament above the fuel jet where the pressure should
be on the order of the freestream static pressure and the
temperature, reflecting some initial heat release, should lie
between the freestream and adiabatic flame temperatures.
Below the fuel jet and between the two injectors, however,
flow velocities must be significantly reduced, which implies
an increase in the local pressure. Since we have not yet mea-
sured the pressure or temperature variations in this flow, we

can only bound the uncertainty in quantitatively interpreting
the relative fluorescence signals in this image in terms of the
relative OH number density, or mole fraction. The pressure
in this region may vary from near the freestream value to
near the postbow shock pressure, or from about 0.5 to about
4 atm. The temperature at which OH is likely to be found
was discussed in the previous section and we observe that, in
the stagnation region upstream of the second injector station,
the bulk gas temperature may approach the stagnation tem-
perature of -3500 K.

The highest fluorescence signals originate in the large, well-
mixed portion of the flow where the temperatures and pres-
sures are substantially higher than the nominal conditions
used to estimate the OH concentration in the flame filament.
The peak signal levels here are two to three times higher than
in the filament. Considering the mole-fraction sensitivity of
the fluorescence signal (which is independent of pressure),
one expects the fluorescence signal at constant mole fraction
to decrease by about a factor of two from the nominal filament
temperature (1500 to 2000 K) to the stagnation temperature
(approximately 3500 K). Combining the increased signal lev-
els and the decreased absorption strength at higher temper-
ature, the peak mole fraction estimated in the region between
the two injectors was on the order of 2000-3000 ppm, or 0.2-
0.3% of the total number density. These numbers are com-
parable to equilibrium values for hydrogen/air combustion at
these temperatures and are reasonable for this portion of the
flowfield, particularly considering the relatively long resi-
dence time available for the fuel and air to mix on a molecular
level in the slow flow between the injectors.

The flame zone in the upper filament, as viewed by the OH
fluorescence, is intermittent and the detection limit for the
nominal conditions is about 1 x 1013 cm~3, or 5 ppm. Hence,
intermittency is determined in this case by the OH concen-
tration falling below this level, compared to a peak level of
approximately 1 x 1015 cm~3. The PLIF images of Figs. 8
and 9, therefore, do not necessarily indicate a discontinuous
flame zone, but rather indicate a flame zone with a minimum
of two decades of variation in OH concentration.

The remaining PLIF images all correspond to the axial
injection condition and were obtained 29 cm downstream of
the injector exit plane. Figure 10 is a PLIF image at the similar
flow condition to Figs. 8 and 9 and corresponds to a FOV of
45 by 34 mm. In these images, the injectant hydrogen velocity
was nearly matched to the freestream centerline velocity above
the injector. The OH filament separating the fuel jet from
the freestream is typically less than 1 mm thick and fluctuates
spatially as it progresses downstream. Several thick or con-
centrated OH zones are present along the top filament and
the spatial variation in OH concentration indicates turbulent
mixing both above and below the fuel jet. The calculated
Reynolds number for the fuel jet is ~106, based on the outlet
diameter, which indicates the flow should be turbulent. It is
also notable that no extinction of the flame sheet is observed.

Fig. 9 OH PLIF image above both side-wall injectors, flow temper-
ature = 1360 K.

Fig. 10 OH PLIF image downstream of axial injector, flow temper-
ature = 1375 K.
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The light region below the flame sheet corresponds to the
fuel jet itself, which measures approximately 12 mm in di-
ameter, essentially the same as the injector jet diameter. The
position of this jet above the tunnel flow, however, fluctuates
with downstream distance. The mean position of the jet cen-
terline height is about 20 mm, significantly higher than the
centerline exit height of 6.4 mm.

In marked contrast to the interface between the fuel jet
and the freestream, the region between the fuel jet and the
wall shows a much thicker mixing layer. Significant freestream
air entrainment and mixing is evident by the large quantities
of [OH] in this region. The picture that emerges from this
image is that of a fuel jet lifting away from the wall and
vigorously mixing underneath. The peak OH levels in these
images are again on the order of 2-3 x 1015 cm~3. Since the
pressure across this image is reasonably constant, we can more
accurately relate the fluorescence signal variations to number
density variations than in the images above the side-wall in-
jectors. The OH formation per unit volume is similar every-
where in this image to the thin filaments above the side wall
injectors, although the total OH produced in the image (pro-
portional to the total hydrogen conversion) is much greater
due to the vigorous mixing below the jet.

Figure 11 is an OH PLIF image at the same station with a
different FOV and flow conditions as given in Table 1. In Fig.
11, the FOV is increased to 60 x 45 mm and the velocity
difference between the fuel jet and freestream is nearly 300
m/s (the fuel jet velocity is greater than that of the freestream).
This image reveals a very different mixing pattern for the fuel
jet. Instead of a clearly defined fuel jet with a thin filament
separating the jet from the freestream, vigorous mixing has
occurred above and below the jet. Indeed, the jet itself is
almost indistinguishable, with measurable OH throughout its
diameter. The lifting of the fuel jet into the freestream is
difficult to precisely quantify due to mixing throughout the
jet, but is approximately the same as that in Fig. 10. It is
interesting to note "pockets" of high OH concentration in the
center of the jet. One can postulate that these pockets orig-
inate at the top or bottom of the jet and have moved to the
jet centerline. Mixing and total OH formed within the image
are substantially higher than in Fig. 10. The sensitivity in these
images is the same as in Fig. 10, indicating peak concentra-
tions on the order of 10l5 cm"3. It is interesting to note that
the increased velocity difference of the fuel jet/freestream
shear layer results in intermittency of the flame sheet.

A last PLIF image was obtained at the same location and
is shown in Fig. 12, now with the freestream gas temperature
over 1500 K and a velocity over 2000 m/s. In contrast to the
case shown in Fig. 11, the freestream velocity now exceeds
the jet exit velocity; the magnitude of the velocity mismatch
is approximately 50 m/s. The OH distribution in Fig. 12 re-
veals a mixing pattern very similar to that of Fig. 10 (the FOV
is identical to Fig. 10), although the highest signal levels are
now in the thin filament between the fuel and the freestream

Fig. 11 OH PLIF downstream of axial injector with velocity mis-
match, flow temperature = 1100 K.

Fig. 12 OH PLIF image downstream of axial injector with high-speed
freestream, flow temperature = 1530 K.

rather than between the fuel and the wall. The penetration
of the jet into the freestream is noticeably improved, with the
outer OH boundary extending 34 mm above the tunnel floor.

Results for the three axial injection conditions just dis-
cussed allow a comparison of the effect of initial velocity
difference on the mixing/combusting field 23 jet diameters
downstream of the injector outlet. Figures 10 and 11 are OH
PLIF images for a freestream velocity that is 90 and 340 m/s
less than the jet velocity, whereas Fig. 12 is for freestream
velocity 50 m/s more than the jet velocity. In all of these
images the jet lifted substantially off the tunnel floor similar
to the results of Waitz et al.12 Precise specification of jet height
is difficult to quantify due to spatial variations in the jet;
approximate centerline heights are 19, 17, and 22 mm for
Figs. 10, 11, and 12 respectively.

This set of OH images for the axial injection, Figs. 10, 11,
and 12, can be separated into two behaviors. For an initial
jet to freestream velocity mismatch of less than 100 m/s, mix-
ing/burning zones are apparent both above and below the jet.
When the velocity mismatch is increased to approximately
300 m/s, the mixing includes the entire jet height with higher
OH concentrations at both the top and bottom of the fuel-
rich stream.

One must remember that the flow and mixing field are three
dimensional in nature, and therefore, direct comparison to
results from two-dimensional shear layers is not possible. In
all cases the convective Mach number based on the initial
velocity differential is small; the 340-m/s differential has a
convective Mach number of 0.17 vs 0.04 or less for the near-
velocity matched cases. As the results show, mixing and com-
bustion are not simply due to the entrainment of one stream
into another as with two-dimensional shear layers. Mixing is
dramatically affected by jet lifting off the tunnel floor since
the region below the jet in all cases contains OH from the jet
boundary to the tunnel floor. The mechanism for this liftoff
can be both baroclinic torque from the flow turning shocks
on either side of the jet,12 and vorticity generation from mis-
aligned freestream and axial-jet velocity vectors.13 Clearly,
the three-dimensional nature of this flowfield is exceptionally
important in controlling the overall mixing/combustion be-
havior.

Figures 13 and 14 show the results from the time-resolved,
H2O temperature and concentration measurements as well as
idealized temperatures and column density predictions. These
results are for the wall-injection system and axial injector at
similar flow conditions as listed in Table 1. Figure 13 illustrates
the temperature and column density profiles for the two-hole
wall-injection system. This plot uses the 125-KHz spectral
data with a three-point running average to remove spurious
noise. Several features are prominent in this figure. First, the
end of the test time is clearly shown by a steep drop in the
temperature of the water. The length of the test time, as
defined by the IR radiometer at the nozzle exit, is used to
identify the beginning of the flow time at this optical station.
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Fig. 14 Axial injection (with velocity matching) exit plane results.

This time is consistent with the expected arrival time of the
hot gas slug based on the distance between the measurement
stations and convective velocity in the tunnel. This figure is
also marked to note the region where the SNRs rise above
the 10:1 level. Both temperature and column density start at
relatively low values and after approximately 1 ms asymptote
to relatively steady conditions. This is an important obser-
vation since it supports the hypothesis that pulsed, short-
duration flow facilities can be used to study the steady-state
properties of these high-temperature reacting flows. The ob-
served exit plane temperature is approximately 2700 K with
an H2O column density of (2 to 3) x 1018 molecules/cm2.

Figure 13 also includes idealized temperature and column
density predictions. These predictions are based on a simpli-
fied model that creates an initial, fully mixed starting con-
dition based on the air- and hydrogen-injection flows and then
allows this system to react as it flows down the duct. This
prediction follows the temperature, pressure, species concen-
trations, and velocity as a function of relative axial position
in the duct. The starting condition for this calculation is de-
termined by specifying a completely homogeneous system with
the pressure, temperature, and velocity imposed by conserv-
ing mass, momentum, and enthalpy from the inlet air and
hydrogen flows (note that the momentum of the hydrogen for
the wall injection system was neglected since it was not totally
oriented in the downstream direction). The initial chemical
composition is chosen to reflect the exit composition of the
air and hydrogen flows. Results from these calculations pro-
vide a comparison for the exit temperature and column density
measurements. In all of the experimental cases, the agreement
between predicted and observed temperatures was excellent.
However, the agreement in predicted and measured column
densities is less consistent.

The column density observed in Fig. 13 was approximately
45% of the idealized value. This discrepancy could be due to
either incomplete mixing, and therefore, incomplete product
formation, finite rate chemistry that would slow the rate of

product formation, or variations in the gas composition at the
exit plane. Unfortunately, our measurements for this effort
did not include reliable pressure measurements at the exit
plane. In all cases, pressure measurements are clearly biased
by a heating of the piezoelectric transducer that produces a
continuous drift in the pressure signal during the experiment.
In the future, this problem will be corrected by coating the
transducer with a silicon rubber so that it will not be directly
subjected to the high temperatures and velocities of the exit
plane.

Figure 14 illustrates the results for an axial injection system
operated at conditions identical to that for Fig. 13 (wall-in-
jection system). The observed column density for this system
is very similar to that observed for the wall injector. In each
of the two cases, the observed column density was approxi-
mately 45% of the idealized values, which indicates that the
mixing of the velocity matched axial system was equivalent
to that of the wall injection system. If the mixing for one of
the systems was exceptionally poor, the result would be de-
creased water in the exit plane of the combustor. Unfortu-
nately, this conclusion must be tempered by the absence of
a pressure measurement that would allow a complete com-
parison between the two data sets. However, it is encouraging
that the results for the velocity-matched axial system and the
wall injection system are similar.

Conclusions
This study has demonstrated nonintrusive optical measure-

ments of the operation and performance for wall- and axial-
hydrogen injectors in simulated SCRAMJET flows. Specific
measurements applied to this system were 1) PLIF imaging
of OH in the near-injector region; 2) LOS emission moni-
toring of H2O at the exit plane that produced temperatures
and column densities for the flow; and 3) LOS emission mon-
itoring for NO in the entrance flow to quantify test time
duration. Specific conclusions from these measurements are
as follows:

1) A fast-gating camera (approximately 20 ns) was shown
to effectively eliminate emission from the fluorescence im-
ages.

2) PLIF images of OH for the wall injection system indi-
cated a flame sheet attached to the recirculation zone behind
the rearward-facing step. This flame sheet was approximately
1 mm thick and exhibited spatial structures with length scales
up to 7 mm in size. An intense reaction zone was observed
between the two injector jets with peak OH mole fractions
greater than 0.1%.

3) Ignition occurred further downstream from the axial in-
jectors than for the comparable conditions for the wall injec-
tion system. OH PLIF measurements of the mixing zone show
jet liftoff from the tunnel floor for velocity mismatches of 50,
90, and 340 m/s. OH was observed throughout the jet cen-
terline for a velocity mismatch of 340 m/s, compared to no
OH at the jet centerline for velocity mismatches below 100
m/s.

4) Exit plane measurements of temperature were in excel-
lent agreement with a simplified one-dimensional model of
the system. In addition, measurements of water column den-
sity indicated that a quasisteady state was achieved during the
1- to 2-ms test times.
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