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Observation of high-speed reactive flows using laser-absorption-based imaging techniques
is of interest for its potential to quantitatively reveal both gas-dynamic and thermochemical
processes. In the current study, an ultraviolet (UV) laser-absorption imaging method based on
nitric oxide (NO) is demonstrated to capture transient flows in a shock tube. A tunable laser
was used to generate a continuous-wave UV beam at 226.1019 nm to coincide with a strong NO
absorption feature. The UV beam was expanded to a 20-mm diameter and routed through
the shock tube to image the flow adjacent to the end wall. Time-resolved imaging was realized
using a Lambert HiCATT high-speed UV intensifier coupled to a Phantom v2012 high-speed
camera. Static absorbance measurements of 1.97% NO/Ar mixtures were first performed
to validate the proposed imaging concept, showing good agreement with values predicted by
a spectroscopic model. UV laser-absorption images of incident and reflected shock waves
captured at 90 kHz temporal resolution are then reported. Translational temperature profiles
across the incident and reflected shocks calculated from absorbance images show reasonable
agreement with calculated values. After the passage of the reflected shock wave, the flow near
the end wall was monitored to probe the development of the end-wall thermal boundary layer.
Thermometry measurements across the thermal boundary layer show good agreement with
analytical solutions. This study demonstrates the potential of UV laser-absorption imaging in
high-speed flow fields, to be applied to more complex applications in the future.

I. Nomenclature

absorbance

NO absorption cross-section

translational temperature

vibrational temperature

pressure

laser wavelength

number density of the gas mixture

mole fraction of NO

path length

full measurement intensity

absorption measurement intensity

dark measurement intensity

region-1 temperature (initial fill condition)
region-2 temperature (post incident shock)
region-5 temperature (post reflected shock)
region-1 pressure (initial fill condition)
region-2 pressure (post incident shock)
region-5 pressure (post reflected shock)
translational temperature sensitivity
generic function
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II. Introduction

IN the extreme conditions encountered in high-speed reactive flows, thermochemical processes, such as vibrational

nonequilibrium and chemical reactions, and gas-dynamic processes, such as shock wave dynamics and boundary layer
effects, are coupled and of joint interest. Hence, an optimal diagnostic should provide spatially and temporally resolved
insights into both gas-dynamic and thermochemical processes. Many imaging approaches have been developed for such
purposes. Schlieren imaging is a popular line-of-sight (LOS) technique based on the deflection of light through index of
refraction gradients in the flow field [1, 2]. Due to its high spatial and temporal resolutions, schlieren imaging has been
utilized in numerous studies to obtain positional measurements of flow features [3H7]. However, extracting quantitative
density distributions remains challenging due to difficulties in the precise calibration of grayscale schlieren images [S8].
While specialized rainbow schlieren techniques are capable of providing density and temperature profiles in some flow
fields [8H10]], meticulous calibrations of schlieren stops are still required. Planar laser-induced fluorescence (PLIF)
imaging is a laser-based alternative to LOS beam-steering-based methods such as schlieren. Unlike schlieren imaging,
which can only measure properties that are related to the index of refraction, PLIF can reveal spatially resolved species
concentrations as well as thermodynamic conditions of the flow [3} 16} [11H13]]. However, in-situ calibration is generally
needed for quantitative data interpretations, once again making quantitative measurements difficult to obtain [[14]]. In
this context, an alternative technique that is quantitative and does not require rigorous calibrations becomes desirable.

As a quantitative, calibration-free technique well established for making LOS measurements of highly dynamic
thermochemical processes [[14]], laser absorption spectroscopy (LAS) is an attractive alternative to schlieren and PLIF.
While most applications of LAS are single-path measurements, numerous past studies have investigated extending LAS
to 2-dimensional (2D) laser absorption imaging (LAI) [15H24]]. Liu et. al and Wei et. al obtained topographically
reconstructed flow images by using a single line-of-sight mid-infrared (mid-IR) laser with the flow field on translating
mechanical stages [[15, [16]]. Ma et. al and Foo et. al adopted a similar tomographic approach but utilized split laser
beams and detector arrays to achieve higher temporal resolutions [[17,[19]. While mid-IR tomographic imaging obtained
from laser absorption measurements offers potential for full-field property information, its temporal resolution is
generally limited [23]], and complex data processing is required for reconstructing the final image. Motivated by the
shortcomings of these multi-point strategies, laser absorption imaging using expanded laser beams and high-speed IR
cameras was developed [22-H24]]. The addition of high-speed IR cameras significantly increased the spatial and temporal
resolution of mid-IR LAI, enabling an image acquisition rate up to 2 kHz [23]]. However, despite the improvements,
LAI in mid-IR has currently only been applied to steady-state or relatively low-speed flows such as burner flames,
and the kHz temporal resolution remains insufficient for imaging more dynamic environments such as supersonic and
hypersonic flows.

In addition to LAI performed in the mid-IR, absorption imaging has also been explored in the ultraviolet (UV).
Utilizing broadband flashlamps and lasers with UV-intensified cameras, Qi et. al and Zhang et. al obtained full-field
vapor concentrations and temperature profiles in fuel sprays [25-30]. Unlike the IR cameras used in current LAI
literature, which have usable temporal resolutions limited to the kHz range [23]], UV intensifiers are capable of producing
temporal resolutions in the order of 10 kHz - 1 MHz 28 |31H33]]. However, this advantage of UV intensifiers has not yet
been fully exploited in the studies of fuel sprays as the reported results are primarily single-shot images. The application
of UV absorption imaging to flow fields beyond fuel sprays, and utilizing narrow-linewidth laser sources to provide
quantum-state, species-specific imaging also merits further investigation.

The current work proposes a quantitative, calibration-free UV laser-absorption imaging (UV-LAI) technique with
sufficient capability to spatially and temporally resolve properties of highly dynamic, uniform LOS flow fields. UV
absorption of nitric oxide (NO) at 226.1019 nm was selected as the basis for the proposed imaging concept. As
NO is an important species that naturally forms at the high temperature encountered in combustion processes and
hypersonic flows [34H37]], using NO as the target species opens up potential diagnostic opportunities for broader
real-world applications where flow seeding is not feasible. NO also has relatively high absorbance in the UV spectrum
with relatively low interference from other species at temperatures below 2,000 K [34, 138]] making it attractive for
quantitative measurements.

II1. Method

A. Static and Shock Tube Experiments
Both static and shock tube experiments were performed in a circular cross-section, optically accessible shock tube
described in detail by Campbell et al [[39]. The shock tube has a variable driver section designed to achieve different



experimental test times. The driven section of the shock tube, consisting of a buffer section and a constrained-reaction-
volume (CRV) section, has an inner diameter of 11.53 cm and is 9.76-m long. The CRV section was recently redesigned
with UV-grade optical windows to allow imaging of flows up to the shock tube end wall.

Static experiments were conducted by filling the isolated CRV section with a mixture of argon seeded with 1.97%
NO at room temperature and different fill pressures, listed in Table[T}

Table 1 Fill pressures of 1.97% NO, balance of argon mixture used in static experiments.

Experimental Trial 1 2 3
Fill Pressure 2.11 torr | 5.04 torr | 12.18 torr

A reflected-shock experiment was performed with 0.2% seeding of NO in argon. The incident shock speed was
measured from pressure transducer responses and used to calculate the initial bulk-gas thermodynamic conditions
behind the incident and reflected shocks using the FROSH code described in [40]]. The following assumptions were
made on the vibrational state of the test gas during condition calculations. Within region 1, the test gas was assumed
to be at vibrational equilibrium (73,1 = Tyip,1 = T1). In the post-incident-shock region 2, the test gas was assumed
to be vibrationally frozen, with the NO vibrational temperature remaining at 7.;, ;. This assumption was adopted
because the maximum region-2 particle time within the laser LOS (~140 us) was sufficiently small compared to the
literature-extracted characteristic vibrational relaxation time of this NO mixture (~560 us) [41]. Additionally, as the
mixture was highly dilute in argon, any NO vibrational relaxation in region 2 would not significantly impact the initial
bulk-gas translational temperatures. The FROSH-calculated initial translational temperature and pressure at regions 2
and 5, as well as the initial conditions of region 1, are listed in Table E} The shock conditions were selected such that the
test gas would remain chemically frozen throughout the experiment.

Table 2 Initial thermodynamic conditions during the reflected-shock experiment.

Region 1 2 5
Translational Temperature 296 K 581 K 938 K
Pressure 0.035 atm | 0.15 atm | 0.46 atm

B. UV Laser Absorption Spectroscopy
The foundational principle underlying path-integrated absorption spectroscopy of monochromatic light, the
Beer-Lambert Law, is expressed for the interference-free absorption of NO in Eq. (I):

@ = ono (Tir, Tvib, P, A)nXnoL (D

where « is the absorbance, ong is the NO absorption cross-section, # is the total number density of the gas mixture,
Xno is the NO mole fraction, and L is the path length. The NO absorption cross-section, ono, is dependent on the NO
translational temperature, Ti,, the NO vibrational temperature, Ty, pressure, P, and laser wavelength 1. At a given
condition, the NO absorption cross-section was obtained from a spectroscopic model constructed for the NO (0,0)
y-band, details of which are provided in [42]].

Absorbance is calculated pixel-wise from image intensities through Eq. (2):

I, — 14
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where I, is the transmitted laser intensity after absorption, I, is the laser intensity without absorption and /g is the
background intensity without the laser.

From Eq. @), n, XNo, L, P, and A are known, leaving « related to only 7 and 7yj,. Therefore, if 7y, can be assumed
or related to 7;; through an energy argument, the single-wavelength absorbance can be used as the basis of thermometry
measurements, as reported in this work. In future reactive applications in which Xno and/or Ty, might be unknown,
two laser wavelengths could be adopted to simultaneously measure temperature and concentration, or both Ti, and Tip.



C. Wavelength Selection
A laser wavelength of 226.1019 nm, comprised of the (0,0) Q11(12.5), R12(19.5), P21(12.5), Q22(19.5) lines,

was adopted for the current study from selections made for high-temperature experiments in [42]. The modeled NO

absorption cross-sections at the initial and vibrationally equilibrated region-5 conditions are shown in Fig. [I]
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Fig. 1 Modeled NO absorption cross-sections at the a) initial and b) vibrationally equilibrated region-5
conditions.

Figure[2]a) shows the absorbance response as functions of translational temperature calculated using modeled NO
absorption cross-sections at conditions near regions 1, 2, and 5. As the adopted wavelength was originally chosen for a
diagnostic developed for temperatures ranging from 2,000 K to 6,000 K, it was not optimized for the 300 K to 1,000 K
conditions of the current experiments. However, the wavelength still gives reasonable absorbance levels of 0.7 and 1.1
at region-2 and -5 conditions and was the most practically accessible laser wavelength at the time of experiments. To
assess the measurement sensitivity of the selected wavelength, the translational temperature sensitivity of absorbance, S,
was calculated with Eq. (3):
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Fig. 2 a) Calculated absorbance as a function of translational temperature. b) Temperature sensitivities of
absorbance at the 226.1019 nm diagnostic wavelength. The expected absorbances and sensitivities at regions 1, 2,
and 5 are shown in red markers.



where S indicates the percent change in absorbance for a unit percent change in translational temperature. The
translational temperature sensitivities at regions 1, 2, and 5 are shown in Fig. |Z|b).

Figure 2] b) reveals that the region-5 condition had the highest sensitivity with a unit percent change in translational
temperature leading to a 0.9% percent change in absorbance, but the sensitivities at regions 1 were relatively low (0.6
and 0.5 respectively). While the sensitivity yielded by the current wavelength was not optimal, it could still produce
resolvable absorbance features in the static and shock tube experiments, and hence, was sufficient for proof-of-concept
demonstrations. In future studies, the translational temperature sensitivity is expected to improve with a more optimally
selected laser wavelength.

In addition to the translational temperature sensitivity, the translational temperature uncertainties for given absorbance
uncertainties could be estimated using the NO spectroscopic model through Eq. (@):

ATy Aa

dTy «
Ty da

_Aal
S
where ATy /Ty and Aa/a are the fractional uncertainties in translational temperature and absorbance. With a
representative 1-o- absorbance uncertainty of 0.03, the uncertainties in translational temperatures in regions 1, 2, and 5

were calculated as 57 K, 49 K, and 31 K using Eq. ] Lower absorbance uncertainties will yield proportionally smaller
uncertainties in Tg,.

“4)

Ty a

D. UV Laser Absorption Imaging System

The schematic of the UV-LAI setup is shown in Fig. 3] The UV beam was produced by an M-Squared laser system
utilizing two cascaded frequency doubling stages to convert the input near-infrared (NIR) light to a tunable UV beam.
A 532-nm Nd:YAG laser (Coherent Verdi V18) pumped a Ti:Sapphire module (M-Squared SolsTiS) to generate the
tunable NIR which was then routed into the cascaded frequency doubling stages (M-Squared ECD-X and ECD-X-Q) to
yield coherent and continuous-wave UV light.

Phantom
4= 2012 Camera

Lambert
HiCATT UV
Intensifier
f=10 mm l -
Lens Shock tube f=90 mm

end wall

Turning
Mirror

\

. Dichroic
Turning

Mirror

Mirror

M-squared <

system [j<_ SolsTiS

Coherent
(. Verdi V18

Fig. 3 Schematic of the optical configuration used for UV-LAIL




The UV beam diameter produced by the M-squared system was 0.8 mm, which was then expanded by a 10 mm focal
length lens and a 250 mm focal length mirror to a diameter of 20 mm. The expanded beam was turned and aligned
through a pair of side-wall optical windows on the shock tube, resulting in a final field-of-view (FOV) with an elliptical
shape. The distance between the shock tube end wall and the edge of the FOV, inferred from the propagation of the
incident and reflected shock waves, was 0.26 mm. After the UV beam exited the shock tube, a dichroic mirror was used
to reject potential visible interference. High-speed imaging of the transmitted UV beam was enabled by a UV intensifier
(Lambert HiCATT) coupled to a high-speed CMOS camera (Phantom v2012). The laser irradiance received by the UV
intensifier without absorption was 0.30 mW/cm?. The camera frame rate and the UV intensifier gating time were set to
100 Hz and 350 ns for the static experiments and 90 kHz and 1 us for the reflected-shock experiment. To avoid beam
steering caused by flow-induced density gradients, the imaging system was focused to the center of the shock tube as
recommended by Greenberg and Westlye et. al [43,144]. A 128- by 128-pixel sensor region was recorded at 47 pixel/cm
resolution.

Three image sequences were recorded as a part of each experiment. First, a full measurement, /,, was made with the
shock tube maintained at vacuum. Then, a dark measurement, /4, was recorded with the laser briefly blocked. Lastly,
the absorption measurement of the flow, I,, was captured during experiments.

E. Image Processing and Data Interpretation

Figure []illustrates the image processing routine used to extract absorbance and translational temperature images
from experimental data.

Absorbance images were first calculated from the full, dark, and absorption images using Eq. (2). Spatial median
filtering was then applied to the absorbance images over a 10-pixel-diameter area. In images with shock waves, the
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image regions behind and in front of the shock front were separated using the Ostu thresholding method [45] and
filtered individually to avoid artificially blurring the shock fronts. With appropriate assumptions on the NO vibrational
state, an interpolation function between the NO translational temperature and absorbance was constructed from the NO
spectroscopic model using a presumed or calculated NO vibrational temperature. The final translational temperature
images were obtained by applying the interpolation function on each pixel measurement of absorbance.

The following assumptions were applied to the NO vibrational state to obtain 7yj,. Behind the incident shock, NO
in the mixture was assumed to be vibrationally frozen (Tyi, = 77). After the passage of the reflected shock, NO was
assumed to undergo vibrational relaxation with T, starting at 7;. An energy argument as described by Bethe and Teller
[46] was used to calculate 7, during vibrational relaxation. In regions with varying translational temperatures due
to thermal diffusion, such as the region within the end-wall thermal boundary layer, 7 and 7y, become functions in
position as well as time. In such cases, a vibrational equilibrium assumption was applied to regions affected by thermal
diffusion to obtain approximate translational temperature profiles.

It is also worth noting that Fig. [4] shows airy-disk-like interference patterns, similar to ones reported by Schwarm et.
al and Tancin et. al [23}24], in both the full and the absorption images. While special treatments were required in the
cases of Schwarm et. al and Tancin et. al, the interference patterns in this study were observed to stay constant relative
to their surroundings throughout the experiments, and hence, were eliminated through the application of Eq. (2) without
requiring additional considerations.

IV. Results

A. Static Experiments

During each experiment, 100 consecutive intensity images were recorded. Figure[5]shows the time-averaged images
of full intensity and absorption measurements (of transmitted intensity) obtained from static experiments. To assess the
signal quality of the intensity images, signal-to-noise ratio (SNR), defined by the ratio between the average intensity and
the standard deviation of intensities across 100 images, are characterized pixel-wise for the full and absorption images,
and the results are shown in Fig. [6] Figures[6]a) and b) illustrate that a nominal SNR between 27 and 12 was achieved
for an absorbance between 0 and 1.8.
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Fig.5 Time-averaged intensity images of full (no absorption) intensity and transmitted intensity (with absorption)
measurements for static experiments. The colors in the images indicate the grayscale intensity of image pixels.
The white dash lines in the images represent the location of the shock tube end wall.

Temporally and spatially averaged absorbance results from each static experiment are compared with model
predictions and are shown in Fig. [7] From Fig. [7} the absorbances from the 2-torr and 5-torr experiments show good
agreement with the NO spectroscopic model as the model predicted absorbances fall within the 1-o- uncertainty of the
average measured absorbance. The nominal absorbance from the 12 torr measurement is observed to deviate more from
the model predicted value, but this is expected to be due to the lower SNR of the 12 torr measurement.

The results from static experiments indicate the proposed UV absorption imaging diagnostic recovers expected
NO absorbance values with acceptable accuracy. Additionally, both the SNR and the measurement accuracy provide
clear opportunities for improvement in future studies through the better selection of laser wavelengths to maximize § at
conditions of interest.
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Fig. 7 Spatially and temporally averaged absorbance results from static experiments (in blue) overlaid with
predicted absorbances from the NO spectroscopic model (in red).

B. Incident and Reflected Shocks

Translational temperature images of the incident and reflected shock waves obtained from the reflected-shock
experiment are shown in Fig. [8]a) and b). The arrival of the incident shock wave at the end wall was set as time zero.
The central axial translational temperature profiles across the incident and reflected shocks are shown in Fig. 0] From
Fig. [8] uniform temperature fields are observed in the post-shock gas away from the shock fronts, as expected from
normal shock propagation. Figure[9]b) illustrates that the measured translational temperatures across the reflected shock
generally agree well with FROSH-calculated values, though, discrepancies in the measured and calculated translational
temperatures are observed in some image regions. Behind the shock fronts, the inferred translational temperatures in the
regions very close to the shock fronts are higher than those in the regions that are further away. Additionally, in the
first two frames with the incident shock (t = -24us and t = -13 us), the translational temperatures behind the shock are
observed to be more than 100 K higher than the expected region-2 temperature.

Both of these discrepancies can be attributed to the prototype imaging setup. The first disagreement is caused by
the finite contrast resolution of the optical system. While shock fronts ideally correspond to step changes in image
intensity, a system with a finite contrast resolution instead produces more gradual intensity changes, leading to lower
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Fig. 8 Time-resolved translational temperature images of a) incident and b) reflected shock waves near the
shock tube end wall (end-wall location indicated with white dash lines). The gating width of the images is 1.
The arrows above the images indicate the direction of shock propagation.
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Fig. 9 Time-resolved axial translational temperature profiles across the a) incident and b) reflected shock waves.
Estimated 1-0- uncertainties in translational temperature are indicated by the shaded areas in the plots. The
green dash lines in a) and b) are the expected temperatures from FROSH at regions 1, 2, and 5 as listed in Table 2.

than expected absorbances immediately behind the shock fronts. Since translational temperature is inversely related to
absorbance at regions 2 and 5, as indicated in Fig. [2]a), these lower absorbances manifest as artificially high translational
temperatures when the images were processed. The second discrepancy can possibly be attributed to a non-linear
response of the UV intensifier. As UV-intensifiers are known to have non-linear responses at high incident intensities
[47, 48], transient non-linearity in the UV intensifier could have resulted in the temporarily elevated temperatures in Fig.



[ This is also consistent with the time evolution with the translational temperature behind the incident shock. As the
incident shock travels further into the frame, the temperature discrepancy decreases, and at t > -2 us, the measured
region-2 temperature profiles match the expected region 2 temperature.

Although the translational temperature images of the incident and reflected shock currently carry elevated
uncertainties, future measurements are expected to show improvement. With an optimally selected laser wavelength, the
NO translational temperature will be less sensitive to errors in absorbance, mitigating the nonphysical temperature rise
caused by the finite image resolution. Characterizations of the UV intensifier’s transient response will also be conducted
to confirm the impact of any transient non-linearity and correct for any non-linear responses as proposed in [47]].

C. End-Wall Thermal Boundary Layer
Figure [T0] shows the translational temperature images from t = 0.05 ms (the frame immediately after the reflected
shock wave exited the FOV) to t = 4.05 ms. To demonstrate the accuracy of temperature measurements in the end-wall

boundary layer, axial translational temperature profiles were extracted and compared with an analytical solution of
shock tube end-wall thermal diffusion by Van Dongen [49] in Fig. [T1]
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Fig. 10 Translational temperature images showing the growth of end-wall thermal boundary layer between t =
0.05 ms and t =4.05 ms. The gating width of the images is 1 us. The location of the end wall is shown as a white
dash line.

A uniform translational temperature field at t = 0.05 ms is observed in Fig. [T0] and as time progressed, the
temperature near the end wall decreased, owing to the growth of the thermal boundary layer. The temperature images
show that the end-wall thermal boundary layer is thinner than 5 mm at t = 4.05 ms, implying the thermal boundary layer
is unlikely to impact measurements of the bulk gas more than 5 mm away from the end wall within that time. From Fig.
[TT] good agreement in temperature profiles is observed between the analytical solution and image measurements for t >
2.05 ms. The temperature profiles were extracted assuming Ti, = Ty in the thermal boundary layer, as discussed in IILE;
the agreement with the analytical model suggests the assumption was reasonable at longer times. In future developments
of UV laser absorption imaging, multiple laser wavelengths can be utilized to extract both the NO vibrational and
translational temperatures to more accurately measure temperature in the end-wall thermal boundary layer.

Unlike images of the incident and reflected shocks, the end-wall thermal boundary layer images were free of
sharp intensity gradients and rapid transient changes. Therefore, the agreement between image measurements and the
analytical model suggests the current proof-of-concept UV-LAI system was capable of quantitative measurements of
transient phenomena with sub-millisecond time scales. However, this does not imply that the temporal resolution for the
proposed imaging concept to make quantitative measurements is limited to kHz levels. As elaborated in IV.B, future
improvements in wavelength selection and characterizations of the UV intensifier’s transient non-linearity will greatly
enhance the measurement quality at higher frame rates, pushing further the temporal resolution of highly quantitative
data.

V. Conclusion
In the present work, a proof-of-concept UV-LAI diagnostic using a UV laser operating at continuous-wave with
a fixed wavelength was applied to shock tube flows. Absorption imaging of NO achieved a temporal resolution of
90 kHz, improving significantly from previous LAI works performed in the mid-IR. Static validation experiments
showed that the current UV-LAI implementation produced reasonably accurate full-field NO absorbances. The
reflected-shock experiment presents the first time-resolved images of incident and reflected shocks captured with
UV-LAI Image-extracted axial translational temperature profiles across the incident and reflected shocks showed
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Fig. 11 Axial translational temperature profiles of the post-reflected-shock flow near the end wall at a) t = 1.05
ms, b) t =2.05 ms, ¢) t = 3.05 ms, and d) t = 4.05 ms.

reasonable agreement with expected values. After the passage of the reflected shock, observations of the end-wall
thermal boundary layer growth further showed good agreement with an established analytical solution.

While the unoptimized laser wavelength currently limits data quality, preliminary static and shock tube experiments
nevertheless demonstrate that UV-LAI is a promising approach for obtaining full-field property information for
highly dynamic one-dimensional flows and has strong potential for more complex future applications. As follow-up
developments to the current prototype, additional wavelength selections will be performed to achieve higher temperature
sensitivities at conditions of interest, and a second laser wavelength will be implemented for extending NO thermometry
into reactive flows where Xno is unknown or changing, or 7y, is unknown. Characterizations of the UV intensifier’s
transient response may enable corrections for possible non-linearity in image intensities to yield more quantitative
results. More complex flow scenarios, such as reflected shock bifurcation and supersonic flow over bodies, will also be
investigated in future studies.
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