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Abstract

Re-entrant and scramjet flows involve hypersonic
speeds, highly reactive species, ionisation and
large heat transfer between the flow and the walls
of the body in the flow. Knowing the parame-
ters and species of the flow is important as they
drive the reaction rates, heat transfer and forces
on the body. For a scramjet, rapidly measuring
the species and flow parameters assists in con-
trolling the propellant feed into the combustor.

Tunable diode laser absorption spectroscopy
(TDLAS) may be used to provide quantitative
data on the density, temperature, pressure, ve-
locity and species concentrations in hypersonic
and scramjet flows. These systems measure the
absorption of modulated continuous wave laser
light. They are of low power, are compact and
can measure absorption at multiple wavelengths.

This paper discusses the preliminary work
performed in developing a modular TDLAS sys-
tem that can characterise the species concentra-
tions in hypersonic and scramjet flows.

1 Introduction

Optical imaging of hypersonic flows provides
qualitative information on the fluid flow and can
provide quantitative data on density, temperature,
pressure, velocity and species concentration.[1]
Laser-based interferometry and laser-induced flu-
orescent imaging have been developed over the
years to the stage where they are now standard

for imaging hypersonic flows. Both of these
techniques use high-power pulsed lasers such as
Nd:YAG, ruby or dye lasers.

For a scramjet, rapidly measuring the species
and flow parameters assists in controlling the
propellant fed into the combustor.[2] Re-entrant
flows involve hypersonic speeds, highly reactive
species, ionisation and heat transfer between the
flow and the body of the vehicle as illustrated
in Figure 1. Radiation contributes over 80% of
incident heat flux at speeds over 8.5 km s~ 1[3]
The Thermal Protection Systems (TPS) of re-
entry vehicles are designed with large margins of
safety to account for uncertainties in the flow pa-
rameters and species concentrations with conse-
quent uncertainty in the radiant heat load on the
vehicle.[4]
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A tunable diode laser absorption spec-
troscopy (TDLAS) system can also assist an ob-
server to calibrate computational fluid dynamics
models and detect changes in species concen-
trations in hypersonic and scramjet flows at the
microsecond scale.[6] This knowledge may im-
prove the design of scramjets and re-entry vehi-
cles.

The author is currently developing a modu-
lar TDLAS system to measure species concentra-
tions and parameters in hypersonic and scramjet
flows within the test facilities at The University
of Queensland. This paper provides a summary
of the progress to date.

2 Development of TDLAS Systems

The first TDLAS system was developed in 1978
when Canadian researchers used a lead-salt diode
to measure atmospheric gas concentrations for
pollution studies.[7] The diode was cooled using
cryogenic helium to a temperature in the range of
10 K to 70 K.

Absorption techniques were not initially used
in laser spectrometry due to a lack of intensity
stabilised sources and fluctuations in the trans-
mission of the optical systems.[8] The develop-
ment of single-mode diode lasers led to the devel-
opment of TDLAS systems that used wavelength
modulation absorption spectrometry to measure
absorption. Diode lasers are of low power, are
compact and can be used to measure absorption
at multiple wavelengths simultaneously. These
characteristics have enabled researchers to simul-
taneously measure multiple characteristics of the
flow such as temperature, pressure, velocity and
species concentrations.

The introduction of room temperature tun-
able laser diodes allowed researchers to expand
into making measurements of hypersonic flows in
blow-down and shock tunnels. In the early 1990s,
Stanford researchers began to apply TDLAS to
combustion and scramjet studies. In 1992, Ar-
royo and Hanson [9] developed a TDLAS system
to measure water vapour concentration and tem-
perature at room temperature and in a methane-
air flame at 1720 K.
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Since the turn of the century, researchers
in the United States have continued develop-
ing TDLAS systems for scramjet combustion
monitoring.[6, 10, 11] In Australia, Griffiths [12]
constructed a system for time-resolved temper-
ature and water vapour concentration measure-
ments in a scramjet combustor. Their system
probed two absorption lines near 1390 nm at rates
up to 20 kHz using two time-multiplexed lasers.

The system being developed by the author is
based on that of Griffiths but is also modular and
can detect multiple chemical species simultane-
ously.

3 Theory

A TDLAS system relies on the absorption of ra-
diation by gaseous molecules or atoms to deter-
mine the temperature, pressure and species con-
centration in the flow. Kluczynski [8] provides
an extensive review of the signal generation pro-
cess for wavelength modulation absorption spec-
trometry. Cai et al [13] designed and developed
a TDLAS system that monitored combustion in
a flame by measuring the gas temperature and
the H,O concentration. The system used a sin-
gle near-infrared diode laser based on the second-
harmonic detection of the wavelength modula-
tion spectroscopy (WMS-2f). Cai’s analysis is
used as the basis for this presentation of TDLAS
theory.

3.1 Fundamental Relationships

The transmission coefficient 7 (V) of monochro-
matic laser radiation through a uniform gas is
given by the Beer-Lambert relation:

- (b,

— exp[-a(v)

where [y is the incident laser intensity, /; is the
intensity of the transmitted radiation and o (V)
is the spectral absorbance of the sample. An
optically thin sample has a spectral absorbance
o (v) < 0.1 so the exponential term may be ap-



proximated by a first order Taylor-series expan-
sion:
T(V)=1—a(v)

If the incident laser radiation is modulated to a
modulation depth @ (cm™!) at an angular fre-
quency @ = 27 f, the instantaneous frequency of
the radiation at time ¢ (s) is given by:

V(t) =V+acos(mr)

where V is the centre frequency for the laser. The
equation for the instantaneous frequency may
be substituted into the equation for spectral ab-
sorbance giving:

o(v)=a[v+acos(wt)]

For a gaseous sample of total pressure P (atm)
and path length / (cm) with a mole fraction x
of the absorbing species and a line strength §;
(cm~?2 atm™~!) of the transition of absorption fea-
ture j, the spectral absorbance may be re-written
as:

a(v) = PIYS(T)9;(v)
J

Here, the line strength S; (7') is a function of the
gas temperature T (K) and ¢; (V) (cm) is the line
shape function for the feature. The line shape
function is normalised such that:

/¢(v)dv:1

Thus, spectral absorbance is an even periodic
function in @ that may be expanded in a Fourier
cosine series:

o[V+acos(wr)] = — in (V,a)cos (nwt)
n=0

where the components Hy (V,a) are given by:

k=0:
N Pxl (7 7
Ho(V,a) = —%/”Zde)j(v—i—acosG)dO
'
k>0:
P
Hk(V,Cl) = _il

T

/” ZSj(bj (V+acos@)cos (k6)do
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These components have a number of fea-
tures that are important to TDLAS applications.
Firstly, if the line shape function does not vary for
the conditions of the test, Hj is directly propor-
tional to species concentration and path length.
Secondly, H; depends on the modulation depth
of the incident laser radiation. The modulation
index m is defined as:

a

m =
Avi
2

where Av; is the half-width at half maximum
(HWHM) 2)of the absorption line shape. Note that
this is not the HWHM of the laser radiation but is
a function of the gas and test properties.

3.2 Detecting Intensity changes

Two features of laser diodes are that the out-
put power and wavelength emitted depend on the
diode temperature and current. Within limits, se-
lecting an appropriate temperature/current com-
bination provides an output power at a selected
wavelength. Space limitations restrict the discus-
sion of laser diodes here. Interested readers are
encouraged to refer to texts such as [14, 15] for
further information.

One of three methodologies is usually em-
ployed to detect the intensity changes in TD-
LAS systems: direct detection, first harmonic
(1f) detection and second harmonic (2f) detec-
tion. The earliest systems detected the direct ab-
sorption across the sample (that is, & (v)). This
is equivalent to having Hy as the only component
of the spectral absorbance function. These mea-
surements were susceptible to laser power varia-
tions, noise and other losses [7] so first harmonic
detection was introduced.

For first harmonic detection, the laser diode
current is modulated using a saw-tooth, sinu-
soidal or other cyclical method. The instanta-
neous incident intensity [y (¢) is then:

Iy(t) =Io[1+i,cos (wf + )]

This introduces a linear modulation com-
ponent to the laser intensity of amplitude ij.
The receiver measures changes in the linear



ipcos (ot + yp) term with a phase shift y; due
to the sample absorbance. With 1f detection,
the noise level was dramatically reduced but the
received signal still varied with laser injection
current.[7]

Second harmonic detection uses two modu-
lation components to the laser intensity: a linear
modulation of intensity amplitude iy and phase
shift yq, and a non-linear modulation of inten-
sity amplitude i and phase shift y», where i; and
ip are normalised by the average intensity of the
incident laser radiation (Ip). The instantaneous
incident intensity Iy (¢) in this case is:

Ip (1) =To[1 +i,cos (0f + yy) + iz cos 2ot + v, )]

Second harmonic (2f) detection measures
changes in the non-linear i cos (27 + ;) term.
The 2 f signal is detected by multiplying the sig-
nal by a sinusoidal reference signal at frequency
2w. The magnitude of the 2f signal is given
by:[13]

Gl, io
H,— = (H+H
> |2 2( | +Hs)

Sap (V) =

where G is the optical-electrical gain of the de-
tection system.

Second harmonic detection has emerged as
the method that has the least noise and gives the
best detection sensitivities. Cai et al [13] used a
small modulation depth (¢ = 0.053 cm™!) which
meant that i, = 0 near the line centre of the dis-
crete spectra. Thus, the contribution of the non-
linear term was neglected. The magnitude of the
2f signal near the line centre becomes:

_ GI, H
Sar (V) = ; 2

Also, the linear term phase shift y; was as-
sumed to be equal to . The magnitude of the 1f
signal near the line centre is:

GI, , H.
2o+ 3)

Sip(V) = 5

Near the line centre, Hy is unity, H, is a max-
imum and H; and H3 are zero. Therefore, near
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the line centre the dominant term in the 2 f signal
is the H, term whilst the dominant term in the 1f
signal is Hy. The 2 f signal, normalised by the 1f
signal is:

_ & _ ’Hz—io(H1+H3)/2|
Siy  |Hi—io(Ho+Ha) /2|

The spectral line shape may be a Gaussian
function (if Doppler broadening dominates), a
Lorentzian function (if pressure broadening dom-
inates) or a Voigt function between these two
extremes.[16] Most often, TDLAS systems as-
sume that the Voigt function applies and use an
algorithm due to Humlicek [17] to evaluate the
function. May et al [16] provides guidance on
processing harmonic detection data that is output
by TDLAS systems.

This theoretical derivation is complicated
practically by uncertainties in the gas tempera-
ture, absorption by species other than the target,
chemical reactions in the flow, atmospheric ab-
sorption and other sources of noise in the detec-
tion electronics.

4 Wavelength Selection

A target species must be in sufficient concen-
tration and must absorb or emit radiation at a
suitable wavelength to be a candidate for TD-
LAS monitoring. Each target species has nu-
merous absorption or emission peaks depending
on the reactions taking place and on the flow
temperature and pressure. The wavelength se-
lected for a TDLAS also depends on the avail-
ability of laser diodes, photodetectors and op-
tics. Choosing a strong absorption peak may be
irrelevant if there are no commercially available
laser diodes or photodetectors at that wavelength.
This is particularly relevant for detecting water
vapour as many of the cheapest and most read-
ily available laser diodes have been developed for
electronics or telecommunications. These diodes
tend to avoid wavelengths where water vapour
absorbs strongly. This section discusses wave-
length selection for three potential applications of
TDLAS: Earth atmospheric entry, Martian atmo-



spheric entry and scramjet combustor measure-
ments.

As an example of the atmospheric entry con-
ditions for an Earth re-entry, Figure 2 shows a
spectrum generated from a test in the X2 tun-
nel using air as the test gas. The conditions for
this experiment simulate those experienced by
a space vehicle entering the atmosphere at high
speed.[18] This spectrum shows strong features
for atomic O and N as well as singly ionised N.
The Al, C and S features are most likely due to
contaminants whilst the Ho feature may be due
to dissociated water vapour. Based on this type of
data, the author has selected the 844.6 nm oxygen
feature for investigation by TDLAS. The 777 nm
features were not selected because suitable op-
tical components at a reasonable price were not
available.

For a TDLAS system applied to atmospheric
entry to Mars, Titan or Jupiter, the atmospheric
composition for that body needs to be considered.
For example, the chemical composition of the
Martian atmosphere is 95-96% CO,, 2.7% Na,
0.6% Ar, 0.13% O,, 0.07% CO, 0.03% H,0O and
0.013% NO.[19] During a Mars entry, the veloc-
ity will be in the range 5.8 — 9 kms~'.[19] The
translational temperatures behind the shock wave
(prior to vibrational onset excitation) correspond-
ing to these flight speeds in a Martian atmosphere
range from 25 000 K to 59 000 K respectively
while the equilibrium temperatures range from
4800 K to 7300 K.[3, 19] Under these conditions,
CN is a significant radiator. Ideally, the 388.3 nm
CN violet feature would be used for TDLAS due
to its strength [20] however, the author was not
able to find suitable laser diodes and photodiodes
for this wavelength. Instead, the CN feature at
916.8 nm was selected for analysis.[21, 22]

The measurement wavelengths for scramjets
were selected based on previous research and
on reviews of spectral modelling programs such
as HITRAN [23] and HITEMP [24]. HITRAN
is an excellent source for atmospheric spectra.
HITEMP is analogous to the HITRAN database
but encompasses many more bands and transi-
tions than HITRAN for the absorbers H,O, CO»,
CO, NO, and OH. Whilst the spectral databases
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have advantages, they also pose a number of
potential risks including errors in the reported
line strengths especially at high temperature,
and missing or additional spectral lines at high
temperature.[12] Table 1 provides a summary of
the wavelengths that have been previously inves-
tigated. Given the number of scramjet TDLAS
systems operated in the range 1391-1393 nm, the
1392.53 nm feature was selected for this system.

Wavelength(nm) | Wavenumber | Source
(nm) (cm_l)
1340.12 7462.00 [25]
1343.30 7444 .37 [26]
1343.30 7444 .35 [26]
1380.00 7246.38 [9]
1391.67 7185.60 [26]
1391.79 7185.00 [25]
1392.53 7181.16 [12]
1392.81 7179.75 [12]
1405.09 7117.00 [25]
1468.90 6807.83 [26]

Table 1 Previously investigated scramjet water
vapour features

The wavelength choice is ultimately a com-
promise between the best theoretical choice and
one where optical components are commercially
available. After deciding on the species of inter-
est and the wavelength for observation, the flow
conditions, flow enthalpy and target species in the
test area influence the TDLAS system design and
operation. To illustrate this, the X2 expansion
tunnel is described below.

5 X2 Expansion Tunnel

The X2 Expansion Tunnel is an impulse facil-
ity operated as a dual-driver expansion tunnel as
shown in Figure 3. A high pressure air reservoir
propels a single-stage piston down the 257 mm
diameter driver tube compressing a helium/argon
driver gas that ruptures a scored steel primary di-
aphragm.

An 85 mm bore tube is connected to the
driver tube. In expansion tunnel mode this sec-
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Fig. 2 Typical spectrum for an X2 test using air as a test gas (Test X2s1685)

tion is separated into secondary, tertiary and ac-
celeration tubes by thin mylar or aluminium di-
aphragms. The tertiary diaphragm initiates an un-
steady expansion of the test gas into low pressure
air that provides the total enthalpy and pressure
multiplication unique to expansion facilities. A
Mach 10 full capture hypersonic nozzle with an
area ratio of 6 is attached to the end of the ac-
celeration tube, providing a nominal core flow of
approximately 100 mm.

Figure 3 includes a so-called X-T diagram
that shows how the tunnel components, shock
waves and expansion waves change with test
time. The time axis starts at primary diaphragm
rupture. The compressed driver gas is in region
(4). The secondary gas is indicated by (1) and
the acceleration gas is indicated by (10). After
the primary diaphragm ruptures, a primary shock
waves travels down the secondary tube compress-
ing the secondary (or test) gas (1). At the same
time, the driver gas undergoes an unsteady ex-
pansion (3). The secondary (test) gas is separated

from the driver gas as indicated by region (2).
The secondary diaphragm ruptures next resulting
in a secondary shock and compression of the ac-
celeration gas as shown by region (20). The sec-
ondary gas also undergoes un unsteady expansion
as it moves down the acceleration tube. The test
time is shown by region (5). It is the time after the
acceleration gas passes the model and before the
test gas expansion wave strikes the model. There
are also two reflected shocks as indicated by the
u+ a waves in the X-T diagram.

High enthalpy flows such as those found in
expansion tubes and shock tunnels produce test
times in the order of 50 us to 1 ms.[3] This places
extreme demands on a TDLAS system that re-
lies on wavelength modulation. The modulation
frequency must be at least 1 MHz. During the
test time, the flow and the species behind the
shock wave change considerably. Thus, the laser
diodes and photodetector circuits must have re-
sponse rates of the order of nano-seconds. Fig-
ure 4 is an image of a test body in an expansion
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tube. This image was taken with a Shimadzu
HPV-1 camera at 1 million frames per second.
It provides an indication of the relationship be-
tween the test body and the bow shock. Ideally,
the TDLAS system should be able to determine
the species concentrations in front and behind the
bow shock. The test area is approximately 2-4
mm in cross-section.

6 System Design

The TDLAS system has been designed to be
modular and adaptable to various test scenarios.
Figure 5 is a high-level schematic of the system.
It comprises a Transmission sub-system (TSS)
(Figure 6), a Receiver sub-system (RSS) (Fig-
ure 7) and a Data Recording sub-system (DRSS).
The TSS is now discussed in more detail to illus-
trate the design concept.

Fig. 4 Image of bow shock in expansion tube test

6.1 TSS

The TSS consists of a Thorlabs PRO8000 Laser
Diode Controller with up to eight Thorlabs ITC-
8052 modules, each of which controls a laser
diode. Each laser diode is mounted on a ther-
mistor mount (typically Thorlabs TLDM-9) that
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controls the diode temperature and current based
on signals from the controller. The controller is
also connected to a desktop computer via an Ines
GPIB-USB-2 cable that allows the user to pro-
gram the controller prior to a test. The laser diode
current schedule as well as up to nine measure-
ment parameters can be preset for one thousand
(or less) test points in one test.

Figure 8 is a schematic layout of the Wave-
length Dependent Transmission (WDT) group.
As many as eight WDT groups can be con-
trolled simultaneously. This group consists of
the optical elements of the TSS. The laser diode
may be either collimated for free-space transmis-
sion or its output may be injected into an op-
tical fibre for transmission directly into the test
area. A beamsplitter (typically 8% reflectance-
92%transmittance) may be used to measure the
power output from the laser diode for correlation

Receiver Sub-System

Wavelength Dependent items

From Target Area

X

Receiver Optics
Photodetectors

To Data Recording Sub-system
Amplifiers +
Signal Processors

Fig. 7 Receiver Sub-system
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with the received signal that has passed through
the test area. If water vapour is the target species,
the TSS components should be encased in atmo-
spheric isolators that are purged with nitrogen to
avoid unwanted absorption.

7 Conclusion

Using a TDLAS system to measure species con-
centrations in hypersonic and scramjet flows al-
lows an observer to calibrate computational fluid
dynamics models, measure flow parameters and
detect changes in species concentrations at the
microsecond scale. This paper has discussed the
theoretical basis for TDLAS systems, highlighted
their application to hypersonic and scramjet tests
and described the high-level design of a system
being developed by the author at The University
of Queensland. The system is currently being
tested and will be shortly implemented in the fa-
cility.
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