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Abstract

A theoretical model for instantaneous PLIF mea-
surements of mole fraction in a shock tunnel flow with
pressure gradients and large temperature variations is
presented. The model determined the optimum exci-
tation frequency which provided PLIF signal intensity
proportional to freestream mole fraction. Experimen-
tal PLIF images of a two-dimensional slot scramjet in-
jector with and without hydrogen fuel injection were
obtained. Using the theoretical modelling, the injec-
tion image was corrected so that intensity directly cor-
responded to the freestream mixture fraction.

Introduction

Scramjets! have long interested researchers in the
field of high-speed aerospace vehicles, as they are the
only existing candidate for an air-breathing engine ca-
pable of operating at high supersonic and hypersonic
speeds. They will most likely power the new genera-
tion of aerospace vehicles, significantly reducing space
launch and international travel costs. One of the chal-
lenges associated with the design of a successful proto-
type scramjet is to achieve a sufficiently high degree of
mixing between the fuel and air streams so that the in-
Jected fuel undergoes combustion prior to its expulsion
from the vehicle. This study focuses on the develop-
ment of a non-intrusive method to assist analysis of the
mixing efficiencies of different scramjet injectors.2

The flow produced by a free-piston shock tunnel is

a suitable environment for testing the performance of

such engines and studying the processes of mixing and

combustion close to their proposed operating condi-

tions. The experiments for this study are being con-

- ducted using flows produced in the Australian National
University’s T3 free-piston shock tunnel facility.3

Many traditional line-of-sight methods have been
used to visualise the flow in the scramjet including
Schlieren, shadowgraph,* and interferometry.> How-
ever, these methods are unable to resolve flow varia-
tions along the light’s path. In contrast, planar laser-
induced fluorescence (PLIF) is suitable for both qual-
itative flow visualisation and quantitative measure-
ments of complex three-dimensional flowfields. This
technique provides species and quantum-state specific

information with extremely good spatial and temporal
i
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resolution.

PLIF involves illuminating the flow with a thin sheet
of laser light tuned to excite electronic transitions in
a chemical species in the flow, in our case nitric ox-
ide (NO). The fluorescence induced by this illumina-
tion is focussed onto an intensified charge-coupled de-
vice (ICCD) camera producing an image of fluores-
cence intensity in that region. With judicious choice of
transition and a sophisticated analysis, the technique
can yield measurements of temperature,® pressure,” or
velocity.® It is also possible to obtain the specles con-
centration distribution across the illuminated plane.?

Quantitative PLIF measurements often involve com-
bining a number of images to obtain a result. For
example, at least two images are required for many
temperature measurement strategies, as the tempera-
ture 1s obtained by taking a ratio of images. Time-
averaged fuel mole fraction images have been obtained
with planar laser-induced iodine fluorescence.’® How-
ever, the present flow is highly turbulent and there-
fore non-repeatable in detail. Consequently, techniques
which rely on detailed repeatability are not suitable for
quantitative measurements.

The work reported here centres around attempts to
make quantitative measurements of the mole fraction
in the presence of pressure gradients and large tem-
perature variations. In this paper we demonstrate this
method by investigating a two-dimensional slot injec-
tor, called the plane-base injector, injecting fuel into a
co-flowing freestream at a Mach numbeér of 4.

PLIF Theory

The PLIF signal is a function of temperature, pres-
sure, mole fraction and a number of other known ex-
perimental parameters and is written as!!

_ E, x.P
d Alas kT i

Ur Bl (g ) G (1)

where the summation is over all transitions: E, is the
laser energy per pulse; A4, is the cross-sectional area of
the laser sheet; x, is the mole fraction of the absorbing
species; P is the pressure; k is the Boltzmann constant;
T is the temperature; f;~ is the Boltzmann fraction
of the abs/prbing state, which has rotational quantum
number J ; B is the Einstein coefficient for absorption;
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g is the overlap integral; A is the effective rate of spon-
taneous emission for all directly and indirectly popu-
lated states; @ is the total collisional quenching rate of
the electronic excited state; and Copt 1s the efficiency
with which photons emitted from the gas are converted
to photoelectrons, which depends on the collection op-
tical arrangement, spectral filtering, temporal gating,
photocathode quantum efficiency, and intensifier gain.

The term m is known as the fluorescence yield, ¢.

The PLIF signal, as defined in equation (1), has both
explicit and implicit dependencies on temperature and
pressure. Implicit temperature dependencies enter the
signal equation through the Boltzmann fraction, the
spectral overlap integral and the quenching. Pressure
dependence is implicit in the overlap integral and the
quenching. These terms are detailed below.

The Boltzmann fraction, f,, expresses the popula-
tion of rotational levels in relation to the temperature.
It is given by!?

for = ()" +1)exp [ 2 @)
H o= ex —_— s
J P\*T
where J" is the rotational quantum number of the
lower rotational level and F is its energy.

The spectral overlap integral,'3

(3)

determines the overlap between the laser spectrum and
a particular transition. The parameter, g;, is the spec-
tral profile of the laser; g, is the absorption line shape,
assumed to be a Voigt profile; v is the laser frequency;
Ay is the laser linewidth; v, is the absorption line
frequency; and Ay, is the absorption linewidth. The
functions ¢; and g, are normalised so that their indi-
vidual integrals over all frequencies equal 1. Shifts and
broadening of transitions due to pressure and temper-
ature are taken into account in the integral of the ab-
sorption lineshape.’* Due to the geometry of the flow,
Doppler shifts are expected to be small and are ne-
glected in this analysis.

N [e.e]
. g:/ 9i(vi, Av)ga(ve, Av,)dy,
0

Quenching depends on both pressure and tempera-
- ture, as well as the species present in the flow:!!

P
@ = (woltto) (77
where (vno) = \/8kT/mmpno; mno is the molecular

mass of NO and the total electronic quenching cross-
section is given by

(@) =3 xoy/1+ mno/my((op)).

(4)

(5)

The summation in equation (5) is over all perturbing
species p; Xp, mp and {(0,)) are the mole fraction,

molecular mass and quenching cross-section of the per-
turbing species. respectively.

An understanding of the implicit temperature and
pressures dependencies described by equations (2) - (5)
is important in developing a technique that is capable
of instantaneous mixture fraction imaging with mini-
mal temperature and pressure sensitivity. These equa-~
tions have been used to compute PLIF signal intensi-
ties for comparison with supersonic shock-layer experi-
ments previously performed in our laboratories. Agree-
ment with experimental measurements was excellent,
lending support for our use of the PLIF model in this
analysis.!®

XN~No imaging

With the majority of PLIF experiments it is best
to tune to an isolated line, ensuring that neighbour-
ing lines do not contribute to the PLIF signal. This
simplifies quantitative analysis. However. to measure
the mole fraction directly, a strategy must be devised
to minimise the temperature and pressure dependence
of the signal. Several authors have achieved this tem-
perature independence by exciting overlapping transi-
tions with the same laser pulse. For example, by mak-
ing some assumptions and simplifying the parameters
in the signal equation, Clemens!® achieved a fluores-
cence intensity that was directly proportional to the
mole fraction of NO. However, the temperature range
of his work (140-270K) was far smaller than ours (150-
1200K) and his simplifying assumptions are not valid
for our choice of gases, making it more difficult to ob-
tain the direct proportionality of the PLIF signal to
the mole fraction of NO.

The aim of this work is to produce signal proportion-
ality to NO mole fraction, that is, St «x yyo. From
equation (1), this can be satisfied if the term

[fJ Bg] ( 4:@) C'opr

is constant. independent of temperature and pressure.

E, P
K=
Ajas LT

(6)

For the purposes of calculation. it was assumed that
the only variation in temperature was due to the mix-
ing of cold fuel with hot freestream gases. The temper-
ature was then calculated using an enthalpy balance:!7

Cp fuel TN}

[\fueleuel + (1 - Xfucl)
J - (M

. Tmi:c -

[Xfuel + (1 - Xfuel)

cp fucl

The subscripts, fuel, co, and miz refer to the pure
fuel stream, pure free stream, and a mixture of the two
respectively; and ¢, is the specific heat of the streams.
Therefore, the temperature in the calculation relates to
how much fuel and freestream gas are in a particular
part of the flow: the more fuel present, the closer the
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temperature is to that of the fuel and vice versa for the
freestream.

There were a number of variables to optimise in de-
signing the experiment: the operating conditions, the
gas compositions, and the frequency and linewidth of
the laser.

The operating conditions were chosen based on fluid
mechanical requirements. We wanted to use predom-
inantly N freestream and mostly Hy fuel so that we
could analyse mixing without the complication of com-
bustion. A Mach number of 4 was chosen for the test
section. This produced a temperature and pressure for
the freestream gas in the test section of 1200 K and
50 kPa, respectively. The operating conditions of the
injector were chosen so that the fuel jet was neither
over- nor underexpanded. This resulted in a tempera-
ture and pressure at the exit of the injector of 150 K
and 50 kPa, respectively.

"The freestream gas compostion was controlled by the
amount of NO required in the test section. The amount
of NO was determined by the maximum tolerable ab-
sorption and the required quench rate, Q. Absorption
was limited to 2% cm™! to obtain relatively uniform
images. This gave an upper bound to the amount
of NO present in the test section. If the amount of
the quenching species (O2 and N3) is chosen such that
@ > A (see expression (6)), this ensures that the im-
plicit pressure dependence in the quenching cancels out
the explicit pressure dependence of the PLIF signal.
Another trade-off occurs here: if the quenching is too
high then the signal is small whereas if the quench-
ing is too low then the signal is dependent on pres-
sure. The chosen composition for the shock tube gas
was 98% N, with 2% O,. When shock heated, the
mixture of O, and Ny produced an amount of NO in
the freestream which gave good signal and the correct
amount of quenching with <2% cm™?! absorption.

We equated the quench rate in the freestream and
fuel regions so that the value of quenching was approx-
imately the same for all 7},;,. This resulted in the fuel
being a mix of a small amount of CO,, as the quencher,
in Ha. CO» and CO were both considered when decid-
" ing the fuel quencher. CO, was chosen because it is
“non-toxic and has a higher quenching cross-section; 17
therefore, compared to CO, less of it is needed and the
fuel can be approximated by pure Hy when considering
its fluid dynamical behaviour.

The choice of laser excitation frequency was also very
important in ensuring that expression (6) remains as
constant as possible. Different transitions must be ex-
cited by the laser to reduce the temperature depen-
dence of expression (6). The Boltzmann fraction, f;»,
is very different for low- and high-J lines. Low-J tran-
sitions are more populated at low temperatures, while

3

high-J lines are more populated at high temperatures.
If the laser is tuned to a frequency which overlaps both
low- and high-J lines then this will produce a value for
expression (6) over a range of Tj,i, that is more con-
stant than that produced by tuning to a single, isolated
line. Once the excitation frequency is chosen, the ab-
sorption must be calculated again to check that it is
still <2% cm™1.

If this is the case, the only parameter left to adjust
is the laser linewidth. The best linewidth is one that
1s sufficiently broad in order to overlap a number of
transitions.

A FORTRAN code was written to evaluate expres-
sion (6) over a specified frequency range and determine
the optimum excitation frequency which keeps expres-
sion (6) as constant as possible.

Discussion of specific flow- geometry

Figure (1) shows a schematic of the flow over a two-
dimensional slot scramjet injector without fuel injec-
tion. The injection slot is 1.06 mm in height and the
total injector height is 8 mm. The flow is uniform in
the freestream, and expands around the base of the in-
Jjector on both upper and lower surfaces. At the base
of the injector a region of very hot, low-pressure sep-
arated flow forms. This low speed recirculation region
interacts with the high speed inviscid region via the
separated boundary layer which lies between them.

Uniform flow
__.__>

Expansion fan

/
7/ Shear layer
-

P Reattachment

N Recompression shock

Separated flow regions

Uniform flow

Figure 1. Schematic of the flow over a two-dimensional slot
scramjet injector. This case is for non-injection.

After its expansion around the base, a recompres-
sion shock forces the flow to move parallel to the
freestream again. The flow between the recompres-
sion shocks is at approximately constant pressure, since
pressure can be considered to be approximately con-
stant across a slowly growing shear layer. A wake re-
gion, having nearly the same properties of the bound-
ary layer formed on the injector, is in the middle of
the recompression shocks. The flow in the wake is hot
and travelling slowly, while the flow between the wake
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and the recompression shocks is relatively cooler and
faster. Therefore, the region between the recompres-
sion shocks has a uniform pressure but varying tem-
perature, velocity and density.

When fuel is injected, the flow is qualitatively similar
but the recompresseion shocks are further apart and
the fuel jet issues into the wake region.

Experiment

The experiments were performed using the ANU’s
T3 free piston shock tunnel. A 125 mm exit-diameter
conical nozzle with a 35 mm throat-diameter was
used to produce the required flow Mach numbers.
Freestream conditions with a pressure of 50 kPa, a
temperature of 1200 K and Mach number of 4.3 were
produced. The 2% O, and 98% N, test gas in the
shock tube produced approximately 1.6% NO, 1.2%
02, 0.06% O, with a balance of Ny in the test sec-
tion (calculated using the computer code STUBE.!8)
As discussed above, the injected fuel was at a pressure
of 50 kPa and a temperature of 150 K, giving a Mach
number of 1.7. The fuel gas contained 0.3% CO» with
a balance of hydrogen.

T3 Shock Tunnel
&~

Nd:YAG [] PDL

WEX

Figure 2. Schematic of the experimental arrangement as
viewed from above: Nd:YAG is the laser which pumps the
PDL which stands for pulsed dye laser; WEX stands for
wavelength extender and is used to frequency-double and
mix the light; SPEX stands for spectrometer; and PMT
stands for photomultiplier tube. The UV laser sheet is di-
. rected down into the test section using a mirror, as shown.

A schematic of the experimental arrangement is
shown in Figure (2). The operation of the shock tun-
nel is described by Stalker.l® Before firing the tunnel,
the laser was tuned to a particular NO transition and
pulsed at a fixed repetition rate. The recoil of the tun-
nel initiated an electronic trigger which stopped the
laser from continuously triggering and, with a preset
delay, triggered the injection system. A transducer in
the nozzle reservoir region registered the shock reflec-
tion from the end of the shock tube and the laser and

camera systems were triggered 1.4 ms later. This delay
1]

corresponded to the time in which there was a steady
flow.

PLIF Excitation and Detection

Light from a Nd:YAG laser at a wavelength of 1064
nm passed through a frequency-doubling crystal pro-
ducing 532 nm light which pumped a dye laser operated
with a mix of Rhodamine 590 and 610 laser dyes. The
dye laser output light at 574 nm which was frequency-
doubled and then mixed with the residual 1064 nm
light to produce UV light at 226 nm. This light was
used to excite transitions in the 42T+ « X>I1(0,0)
band of NO. Part of the beam was split off and used
to monitor the laser energy and for wavelength calibra-
tion by passing it through a flame; the LIF from the
flame was imaged onto a spectrometer and detected by
a photomultiplier tube. Each pulse of the laser usually
produced about 1 mJ of energy. A low pressure, room
temperature LIF spectrum determined an upper limit
to the linewidth of 0.9 + 0.1 cm~™!. When injection-
seeding the Nd:YAG laser, the laser linewidth was ob-
served to be 0.5 + 0.1 cm™1.

The UV light was formed into a sheet with a 400
mm focal length cylindrical lens, then focussed with a

- 500 mm focal length spherical lens to a thickness of

approximately 600 pm. A mask before the test section
shortened the width of the beam from approximately
60 mm to 30 mm. This ensured a relatively uniform
beam profile passed through the test section to excite
the chosen transition of NO.

The fluorescence was captured normal to the direc-
tion of the laser sheet on a cooled ICCD camera. A
UG-5 Schott glass filter was used to spectrally filter
the fluorescence to remove any elastic scatter. A dye
cell was used to monitor the energy variation in the
laser sheet profile which was captured on a CCD cam-
era simultaneously with the PLIF image of the flow.
This profile was later used for correction of the image.

Results and Discussion

Line selection

Calculations done over the entire 4-X(0,0) NO spec-
trum determined that the optimal laser frequency was
at 44282.38 cm™?, centred on the ?P1,(27) transition.
Figure (3) shows the contributions to expression (6),
from all the lines overlapped by the laser, for increas-
ing amounts of freestream gas. The sum of the contri-
butions is shown by the bold line.

Though a number of lines contribute to the final re-
sult, the most dominant are the Py (27), 9Q22(24) and
*Ro1(8) transitions. It is these three transitions that
most clearly show the effect of the Boltzmann fraction
on the signal: the *Ry:(8) has a high signal for low
temperatures, while the ?P;;(27) and 7Q22(24) transi-
tions have a high signal for higher temperatures. When
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----- fR11(12) - sR21(8)

Figure 3. Contribution of individual transitions to the total
PLIF signal. K is defined by expression (6).

summed together these produce a signal that is propor-
tional to the mole fraction of NO, as desired.

PLIF signal intensity variation for pressures of 10, 30
and 50 kPa is shown in Figure (4). The signal changes
only slightly even though pressure is increased fivefold,
indicating that the PLIF signal is nearly independent of
pressure. ‘To further reduce this pressure dependence,
the quench rate could be made higher, at the cost of
reduced signal. However, over the entire pressure and
temperature range we achieve Sy o« yno to within
+12%.
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Figure 4. PLIF signal intensity variation with pressure.

The PLIF signal is shown in Figure (4) to be a mono-
tonic function of fuel mole fraction. Therefore, we can
use the theoretical modelling to convert experimental
PLIF images to a quantitative measure of fuel mole
fraction.

Since the freestream is at a pressure of 50 kPa and
the base-flow region is at a pressure of 10 kPa, the

mixed region is expected to be at a pressure of 30 kPa
£

on average. This is the value that will be used in calcu-
lations to convert PLIF images to fuel mole fraction. A
cubic polynomial was fitted to the 30 kPa signal trace.
The result is shown in Figure (5).
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o.oo'...,;‘.,.;.,‘,;‘,.w.,.rr
0.00 50.0 100 150 200 250

Signal (30 kPa)

Figure 5. Cubic polynomial linefit to 30 kPa signal. This
will be used to convert PLIF images to freestream mole
fraction.

This figure shows the freestream mole fraction as a
function of the PLIF signal intensity. The axes have
been scaled to 255 to make this conversion a one-step
process as the pixel values in the images will vary from
0 to 255. The cubic polynomial linefit has been chosen
to convert PLIF signal to fuel mole fraction because it
1s a good fit to the theoretical signal for 30 kPa.

Experimental Results

Experimental images are shown in Figures (6) and
(7). Both images show the same injector. Flow is from
left to right. The laser sheet comes from the top, pro-
ducing the shadow region beneath the injector, at the
left of the image.

Figure (6) is a non-injection image. All the flow fea-
tures are due entirely to the freestream passing over
the injector. The expansion around the base of the
injector results in a drop in pressure and temperature
and causes a decrease in PLIF signal intensity in this
region. Recompression shocks force the flow to again
travel parallel to the freestream and can be seen quite
clearly in the centre of the image. The increase in
pressure and temperature across this shock causes the
signal to increase. Note that the temperature and pres-
sure changes in these regions are not due to mixing.

" As discussed above, according to the fluid mechani-
cal considerations, the pressure is approximately con-
stant between the recompression shocks. The temper-
ature s expected to vary considerably in this region.
However, contrary to our original assumption, here the
temperature effects are not the result of fuel and air
mixing. Rather, the temperature variations are a re-
sult of the different flow velocities. Nonetheless, the
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Figure 6. PLIF image of a two-dimensional slot injector
without fuel injection. The injector’s position is shown by
the grey mask at the left of the image. The scale to the
right indicates the PLIF signal intensity: black corresponds
to low PLIF signal intensity and white to high PLIF signal
intensity.

relatively uniform signal in this region provides evi-
dence that our excitation method is insensitive to tem-
perature. Outside the compression shocks, the signal
intensity varies markedly due to the larger pressure
and temperature changes. The region of validity of
our PLIF model, then, is limited to the region between
the recompression shocks.

Figure 7. PLIF image of a two-dimensional slot injector
with fuel injection. The injector’s position is shown by the
grey mask at the left of the image. The scale to the right
indicates the PLIF signal intensity: black corresponds to
low PLIF signal intensity and white to high PLIF signal
intensity.

Figure (7) is an injection image. The dark central
area is the region of fuel injection; the bright areas at
the top and bottom of the image are pure freestream;
and in between are two mixing layers. Injection of fuel

into the flow causes the recompression shocks to be
pushed further apart. The expansions around the in-
Jector can still be seen, but they are smaller due to the
change in position of the recompression shocks. Tur-
bulent eddies can clearly be seen in the mixing layers.
The mixing layers grow in width as the flow moves
downstream, indicating that the freestream and fuel
are beginning to mix.

Image analysis

The cubic polynomial linefit in Figure (5) was used
to correct the region between the two recompression
shocks of the injection image of Figure (7) for mole
fraction. The result of this correction is shown in Fig-
ure (8). The injector is at the left of the image and
flow is from left to right.

Fuel

Figure 8. Quantitative image of freestream and fuel mole
fraction for the plane-base injector. The injector’s position
is shown by the grey mask at the left of the image. The
scale to the right indicates the amount of freestream gas.

Note that the assumptions of the model are only
valid in the region between the two recompression
shocks, which can be seen at the top and bottom of
Figure (8). The scale to the right of the image indi-
cates the relationship between the image intensity and
the level of mixing. A black area indicates pure fuel, a
white area indicates pure freestream, and the grayscale
indicates some amount of mixing. The penetration of
the freestream into the fuel jet increases as the flow
progresses downstream, as does the width .of the mix-
ing layer. -

Conclusion

A theory for instantaneous PLIF imaging of mole
fraction in a flow with pressure gradients and large tem-
perature variations has been presented. The aim was
to achieve PLIF signal intensity proportional to mole
fraction, independent of temperature and pressure.

The PLIF signal was strongly dependent on the gas
compostion, laser excitation frequency and linewidth.
Gases with sufficiently high quenching cross-section to
achieve Q) > A, reducing the signal’s pressure depen-
dence, were chosen. The laser excitation frequency and
linewidth were chosen to overlap a.number of transi-
tions with both low- and high-J rotational numbers.
This assisted in removing the temperature dependence
of the signal. Optimising the parameters in the PLIF
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signal equation produced a proportionality to mole
fraction within £12%. according to theory.

Experimental PLIF images of a plane-base injector
with and without fuel injection were obtained using the
optimum laser frequency specified by the theory. The
Injection image was corrected using a cubic polynomial
linefit to the theoretical 30 kPa PLIF signal intensity
curve. Intensity in the resulting image was then pro-
portional to the mole fraction. However, further work
on validating this method needs to be completed before
we can use it with complete confidence.
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