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I. Introduction

Velocity and associated transport parameters, such as vorticity, are key variables for the characterization of fluid flow
and have spurred the development of various velocimetry techniques throughout the historical study of fluid dynamics.
Enabled by the development of advanced light sources and detection capabilities, non-intrusive methods were also
developed to provide high-quality data or information in regions where traditional probes could not be used. Particle
image velocimetry (PIV) is perhaps the most common example of a non-intrusive velocimetry technique, and is typically
the standard approach to velocimetry for most aerospace environments.

However, significant interest in high-speed flows in recent years, largely fueled by interests pertaining to the
development of hypersonic flight capabilities, has increased the demand for high quality measurements and data,
including velocimetry, to support the development and validation of computational modeling capabilities (e.g., RANS
turbulence models). For such flow fields, it has been shown that PIV and other particle seeding techniques are limited
in utility. Experiments by Brooks et al. [1] looking at fluctuations in a Mach 3 turbulent boundary layer showed that
particle lag effects caused substantial variations in the measured fluctuations of the wall-normal component of velocity.
Thus, even at Mach 3 there could be issues with trusting PIV to provide important information about local turbulent
kinetic energy and Reynolds stress values, which are key pieces of information for developing approaches to scale
production and dissipation terms in RANS turbulence models. In total, Brooks [2] was able to show that the particle lag
effects in PIV effectively acted as a low-pass filter for turbulent supersonic flows. This lag effect has also been observed
across shockwaves, resulting in a particle slip with respect to the local flow, strong non-uniformity of particle seeding
distribution, and particle-image blurring [3]. These issues were also explored via computational means by Aultman et
al. [4] using DNS to generate synthetic PIV data. Those results showed that wall-normal velocity fluctuations were
sensitive to particle lag effects and that the interrogation window sizes used in the cross-correlation portion of PIV data
processing significantly affected all determined Reynolds stress components for the Mach 4.9 turbulent boundary layer
when compared to the baseline DNS used to generate the synthetic data. While these results show the limitation of PIV
for high-speed flow velocity measurements, additional aspects to consider include the difficulty in seeding particles into
hypersonic wind tunnels (many of which are impulse facilities), the potential for particles to slowly degrade surfaces
(model and tunnel), and the possibility that particles will occlude viewports/windows given the relatively high freestream
velocities.

To avoid many of the issues with PIV, many researchers have begun to use molecular tagging velocimetry (MTV),
which is a technique that uses intense light to excite natural or seeded molecular species in a gaseous flow and
determines local velocity by tracking the displacement of the emitting molecules. MTV dates back to the late 1960s
with experiments focused on liquid flows [5], but only after the development of better light sources (e.g., commercially
available high-power lasers) and imaging technology (e.g., high-speed intensified cameras), MTV became usable in the
much less dense gaseous flows in high-speed wind tunnels. For instance, as early as 1977, in his paper on quantitative
density visualization, Epstein discussed the potential to use fluorescence from seeded species to "crudely" measure the
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velocity in a gaseous flow following a description very similar to the one stated above for MTV [6]. However, to the
best of our knowledge, this was not implemented experimentally until 1984 when Hiller et al. demonstrated the first
MTV in a gas seeded with biacetyl [7]. Only a few years later, in 1987 and 1989, Miles et al. first demonstrated MTV
in unseeded air (RELIEF) and then presented the first MTV measurement in high-speed flow (Mach 4), marking the
beginning of the subject of this review [8, 9]. Despite decades of development, MTV in high-speed flows is continuously
evolving, fueled by the new technological capabilities of lasers and detectors, as well as by the ever-growing demands
and requirements of the high-speed aerodynamics community. Though generally more complicated in setup compared
to PIV, MTV has no known lag effects in most flows since the tracers are the molecules comprising the fluid instead of
macroscale particles, which also implies MTV does not have any appreciable filtering effects (beyond the averaging
associated with the convection distance between imaging frames). Furthermore, the seeding of gaseous tracer molecules
can be done for various kinds of high-speed tunnels (blowdown tunnels, Ludwieg tubes, shock tunnels, expansion
tunnels, etc.) and in some cases naturally occurring species can be targeted (e.g., molecular nitrogen or nitric oxide).

Thus, inspired by the need for better velocimetry capabilities for high-speed flows and the appropriateness of
molecular tagging velocimetry for these conditions, this document aims to provide a detailed review of common
MTV target species for high-speed flows, experimental setup and data collection considerations, details surrounding
data processing, including error estimation, and more. The authors acknowledge that many more molecular tagging
techniques exist in literature, which target other species (e.g., iodine, ozone, oxygen, sodium, and imidogen) or use
unique photophysical processes to target species discussed in this section, as presented in the following few references
[10–17]. However, species and methods discussed here were chosen considering modern usage, prevalence in high-speed
flow literature, practicality, and simplicity.

II. Common MTV Target Species

In this section, relatively common target gases used in molecular tagging velocimetry in high-speed flows are
discussed along with the associated photophysics.

A. Krypton - Kr
Krypton Tagging Velocimetry (KTV) is a tagging velocimetry technique (‘atomic’ rather than ‘molecular’) where Kr

atoms are seeded into a flow of interest, tagged via laser excitation, and tracked. KTV uses a nominally chemically inert
tracer, metastable or ionized Kr, so the signal is largely decoupled from the flow chemistry. Unlike many conventional
tracers, krypton is chemically inert, which makes the method adaptable to environments where composition evolves
or is hard to predict, including combustion and nonequilibrium gas dynamics. The atomic structure of Kr is well
characterized, and the relevant two-photon transitions are reachable with standard, commercially available lasers and
optics, lowering implementation barriers [18–21].

KTV was originally conceived as a scheme that required two pulsed dye lasers [20] via excitation at 214.7 nm
(Fig. 1b). Later work demonstrated that KTV could be executed with a simple solid-state continuous-wave (CW) read
laser, or eliminating the read laser altogether [22–24]. The choice between a single or dual laser setup and excitation
wavelength is setup dependent. If one is only using a single laser, then the (2+1) resonantly-enhanced multiphoton
ionization (REMPI) process at 212.556 nm is likely the best option (Fig. 1a). If one has a tunable laser near 769 nm, then
excitation at 216.667 nm and re-excitation from the metastable state at 769.454 nm might be the best option (Fig. 1c).
The re-excitation laser is more valuable at lower pressures where the metastable state of Kr is quenched at a reduced rate.
For more discussion, see Shekhtman [24] and Shekhtman et al. [25].

In application, the seeding concentration of krypton is usually a few percent by partial pressure. Since krypton is an
atomic species, it has thermodynamic properties that are quite different from the values for air. Figure 2 shows the
impact that krypton has on the specific heat ratio and the speed of sound when mixed with air at room temperature.
Clearly, the small partial pressures of Kr typically used in KTV do not alter these quantities in any meaningful way.
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(a) 212.556 nm Excitation (b) 214.767 nm Excitation (c) 216.667 nm Excitation

Fig. 1 Energy diagrams (not to scale) with Racah nl[K]J notation for the three excitation schemes. (a) 212.556 nm.
(b) 214.769 nm. (c) 216.667 nm. Transition details are in Table 1. States 5p and 5s represent the numerous 5p
and 5s states that are created by the recombination process, I. Transitions J, K and L represent the numerous
transitions in the 5p-5s band. 14.0 eV marks the ionization limit of Kr. From Shekhtman [24] with permission.

Table 1 Relevant NIST Atomic Spectra Database Lines Data [26] with labels matching Fig. 1. Racah nl[K]J
notation. Transition I is not listed because it represents the recombination process. Transitions J/K/L, which
represent numerous transitions in the 5p-5s band, have ranges and order of magnitude estimates as entries.
Subscripts 8 and 9 denote the upper and lower energy levels respectively. From Shekhtman [24] with permission.

Transition _air Nature Lower Upper �8 9 ⇢ 9 ⇢8

(nm) Level Level (1/s) (cm�1) (cm�1)
A 216.670 Two-Photon 4s24p6, 1S0 5p[5/2]2 (-) 0 92307.3786
A† 214.769 Two-Photon 4s24p6, 1S0 5p[3/2]2 (-) 0 93123.3409
A⇤ 212.556 Two-Photon 4s24p6, 1S0 5p[1/2]0 (-) 0 94092.8626
B 216.667 Single-Photon 5p[5/2]2 Kr+ (-) 92307.3786 112917.62
B† 214.769 Single-Photon 5p[3/2]2 Kr+ (-) 93123.3409 112917.62
B⇤ 212.556 Single-Photon 5p[1/2]0 Kr+ (-) 94092.8626 112917.62
C 877.675 Single-Photon 5s[3/2]1 5p[5/2]2 2.2⇥107 80916.7680 92307.3786
D 810.436 Single-Photon 5s[3/2]2 5p[5/2]2 8.9⇥106 79971.7417 92307.3786

E/F 769.454 Single-Photon 5s[3/2]2 5p[3/2]1 4.3⇥106 79971.7417 92964.3943
G 829.811 Single-Photon 5s[3/2]1 5p[3/2]1 2.9⇥107 80916.7680 92964.3943
H 123.584 Single-Photon 4s24p6, 1S0 5s[3/2]1 3.0⇥108 0 80916.7680

J/K/L 750-830 Single-Photon 5s 5p 106 � 107 80000.0000 90000.0000
M 758.950 Single-Photon 5s[3/2]1 5p[1/2]0 4.31 ⇥ 107 80916.7680 94092.8626
N 760.364 Single-Photon 5s[3/2]2 5p[3/2]2 2.732 ⇥ 107 79971.7417 93123.3409
O 819.230 Single-Photon 5s[3/2]1 5p[3/2]2 1.1 ⇥ 107 80916.7680 93123.3409
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Fig. 2 A plot showing the effect krypton has on the specific heat ratio W and the isentropic speed of sound based
on the relative pressure of Kr to absolute static pressure. Note the horizontal axis is equivalent to krypton mole
fraction. Calculations are for room temperature.

B. Molecular Nitrogen - N2
Femtosecond and picosecond lasers may be used to tag molecular nitrogen by focusing the laser beam to a point or a

line to create a tagged “filament” of weakly ionized plasma. The key aspect of tagging nitrogen is the short time-scale of
the laser which produces multiphoton nonresonant excitation without the generation of a laser spark that is observed in
nanosecond lasers. This technique is known as femtosecond laser electronic excitation tagging (FLEET) or, if using
a picosecond laser, PLEET. The former is generally favored over the latter for the reduced perturbation of the gas.
FLEET was invented nearly fifteen years ago [27] and has since seen a rise in popularity owing to many of its attractive
properties [28]. Unlike other MTV techniques, FLEET does not require tuning to a specific frequency band which
greatly simplifies its implementation. Since FLEET typically targets nitrogen, and nitrogen is the most common gas on
earth, it generally does not require any special seeding and is therefore widely applicable.

Fig. 3 Typical calibrated emission spectra of FLEET excitation in nitrogen at two temperatures [29]. Adapted
from [29]. Work of the U.S. Government.

The physical process by which FLEET occurs is not fully understood. Discussion regarding the underlying process
of excitation and photoemission is available in the literature [28, 30–32] and the hypothetical process will be briefly
summarized here. The molecular nitrogen experiences dissociation, ionization and electronic excitation due to the
incoming photons of the focused femtosecond laser beam. The recombination is delayed to high energy levels and
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eventually returns to the molecular ground state during which photons are emitted. Fluorescence of the nitrogen
originates from the first positive #2 (⌫3⇧6) ! #2 (�3⌃+

D
) + ⌘a, first negative #+

2 (⌫2⌃+
D
) ! #

+
2 (-2⌃+

6
) + ⌘a, and

second positive systems #2 (⇠3⇧D) ! #2 (⌫3⇧6) + ⌘a. The first negative and second positive systems occur rapidly
(sub-microsecond), whereas the first positive system (from B to A states) has the longest lifetime on the order of
microseconds and emits in the yellow-red portion of the visible spectrum. A typical emission spectrum is shown in Fig.
3. The rate-limited first positive system is the long-lasting fluorescence that enables FLEET velocimetry. The temporal
fluorescence decay has a bi-exponential behavior, with short and long time-scales whose precise value depends on the
composition and thermodynamic state of the test gas [27]. The FLEET signal is greater in pure nitrogen than air. In
air, the excitation is quenched by the presence of molecular oxygen [32, 33] and the signal-to-noise ratio decreases by
approximately one order of magnitude. It is important to note that the ionization (and the generated shock) is relatively
weak compared to, for example, the laser spark (and shock) associated with cascade ionization induced by nanosecond
lasers. This key feature is because the femtosecond pulse is on the order of the time scale for an electron to separate
from its ionized source [34] and makes FLEET an attractive option for MTV.

There are several options for the selection of a laser for FLEET. Two popular choices are regeneratively amplified
Ti:Sapphire (e.g., the Solstice Ace from Spectra Physics) lasers [35–37] which emit at a fundamental wavelength of
800 nm, and more recently Yb:KGW (e.g., the PHAROS by Light Conversion) lasers [38] that are centered at 1030
nm. In the case of PLEET, the fundamental output of a Nd:YAG system has been used at 1064 nm [39]. At larger
wavelengths the number of photons required to achieve excitation is greater than at shorter wavelengths; therefore,
frequency doubling, tripling, and quadrupling has been explored using beta barium borate crystals (BBO) to achieve
the desired fluorescence with minimized gas disturbance [40–42]. In the case of a Ti:Sapphire laser, this corresponds
to a doubling at 400 nm, tripling at 267 nm, and quadrupling at 202.25 nm. The quadrupling is known as selective
two-phase absorptive resonance FLEET (STARFLEET) [40], and although it minimizes the required energy (and has
an entertaining acronym) it has practical difficulties for implementation due to the sensitivity of the optical setup.
For the best compromise of minimal disturbance and simple optical implementation, the frequency-tripled 267 nm
is recommended. Frequency doubled, tripled, and further harmonics of Yb:KGW lasers are commercially available,
but an exploration of their performance for FLEET is currently lacking. However, these lasers do have the advantage
of pulsing rates up to 50 kHz or more (compared to the 1-10 kHz of Ti:Sapphire lasers) and have recently found
success in identifying the frequency content of an underexpanded jet [38]. Nevertheless, the pulse energy at 50 kHz for
commercially available Yb:KGW lasers range is currently relatively low at 0.2-0.4 mJ and it remains to be seen whether
successful measurements can be made at large-scale facilities, which often require longer focal lengths.

C. Nitric Oxide - NO
Nitric oxide (NO) is one of the common molecular tracers utilized for measurements in high-speed flow environ-

ments [43]. A few features of nitric oxide make it an attractive choice for the research community. First, nitric oxide is
naturally formed in air at elevated temperatures exceeding 1800 K, with an equilibrium mole fraction near 4% at 3300 K
and atmospheric pressure [44]. Hence, it is present in the freestream of many types of ground testing facilities, such as
shock tunnels, and is formed near test bodies and behind shock waves in medium to high enthalpy flows produced by
expansion tunnels [45–47]. Second, in cases when NO is not naturally formed, it can be seeded externally due to its
relative stability without long-term exposure to oxygen, which makes it a viable option for low-enthalpy applications,
please see Sec. VI.A for more details on gas seeding [48]. Since NO is a diatomic molecule, such external seeding does
not impact the resulting test gas ratio of specific heats for air or nitrogen flows, W = 1.4 at STP. Additionally, nitric oxide
possesses a very similar molecular mass and diffusivity to nitrogen and oxygen and tends to avoid stratification due
to buoyancy. Third, a single photon electronic excitation in the W (�2⌃+  -

2⇧ ) band is routinely done at a broad
range of wavelengths near 226 nm with either a dye laser or an Optical Parametric Oscillator (OPO) based laser source.
Furthermore, it was recently demonstrated that both W and V (⌫2⇧  -

2⇧ ) transitions of nitric oxide conveniently
overlap with the 5th harmonic output of an Nd:YAG laser near 213 nm [49, 50]. Absorption spectra for nitric oxide
generated with LIFBASE, the open-access software [51], are shown in Fig. 4(a). These features make nitric oxide a
convenient and readily accessible option for many laser diagnostic applications, including molecular tagging velocimetry.
The typical amount of nitric oxide required for MTV applications in high-speed flows does not exceed a few percent by
volume, with some cases demonstrating NO-MTV with only a few hundred parts-per-million (PPM) of NO in air and
nitrogen flows [52, 53].
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(a) (b)

Fig. 4 Nitric oxide W (�2⌃+ $ -
2⇧ ) electronic transition spectra from LIFBASE: (a) absorption spectra at

different temperatures; (b) emission spectra after the most common 226 nm excitation.

The first demonstration of molecular tagging velocimetry with nitric oxide was reported more than 20 years ago in
2003 by Danehy et al. [54]. In this work, the authors used a frequency-doubled excimer-pumped dye laser to excite a
line of naturally formed nitric oxide within the boundary layer in a hypersonic flow at 226 nm and observed the NO
fluorescence over a few hundred nanoseconds as the flow convects the excited molecules downstream from the laser
beam line. One of the significant demonstrated advancements was the simplicity of the experimental setup. It relied on
a single nanosecond tunable laser to "write" a pattern in the flow and a single intensified camera to observe it over time,
while the vast majority of flow tagging techniques at the time required either two or three independently tunable and
delayable laser systems to effectively "write" and subsequently "read" the tagged pattern [9]. After the initial electronic
excitation, as the tagged molecules are convected by the flow, they emit photons in the identical spectral region as
normal nitric oxide planar laser-induced fluorescence through electronic de-excitation into different vibrational and
rotational states of the ground electronic state (-2⇧ ). Examples of emission spectra from electronically excited nitric
oxide can be found in the following references [49, 50, 55] or simulated by LIFBASE, as shown in Fig. 4(b). The
NO-MTV signal is typically collected in the "red-shifted" spectral region, 230 nm - 270 nm, by an intensified camera
with a varying temporal delay with respect to the laser pulse. However, such emission brings an inherent drawback to
the single-photon NO-MTV method: short fluorescence lifetime. The NO-MTV signal lifetime, g#$�")+ , the time it
takes for the signal intensity to drop to 1

4
⇡ 0.37 of its original level through exponential decay, is limited by the upper

electronic state depopulation mechanisms, which are primarily dominated by spontaneous emission and collisional
quenching. It can be approximated as shown in Eq. 1:

g#$�")+ =
1Õ

a” Aa
0
a” + Q

, (1)

where
Õ

a” Aa
0
a” = 4.95⇥ 106

B
�1 is a spontaneous emission coefficient summation [56] and Q [B�1] is a collisional

quenching rate summation over all species present [57]. Considering the above, NO MTV lifetime cannot exceed 200 ns
even in a low-pressure inert environment, and decreases to only a few nanoseconds for high-enthalpy hypersonic air
flows [47]. Such a short signal lifetime typically prohibits NO-MTV utilization in reacting environments, prevents
combining two intensifier gates on a single camera image due to tagged line overlap or blurring, and keeps the temporal
camera image spacing at relatively short values of  500 ns in colder flows. This also prevents observing the tagged
flow over spatially extended regions and dictates "writing" multi-line patterns to spatially cover the flow-field, unlike
other long-fluorescence MTV alternatives.

Despite this limitation, NO-MTV received widespread utilization over the years with a multitude of examples
across the aerospace industry with ever-increasing number of tagging laser beams and repetition rates to improve our
understanding of the interrogated flow-field spatial and temporal morphology, respectively. For instance, Inman et al.
used a microlens array to generate 25 NO-MTV lines produced by a 10 Hz Nd:YAG-pumped dye laser with 2 mm
spacing to measure axial velocity in the HYMETS arcjet facility upstream of a material sample [58]. Later, Rodrigues et
al. extended this number to 75 lines using a 1D diffractive optical element (DOE), which allowed them to capture fine
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changes in the velocity field spanning 120 mm by 120 mm [59]. An example of the 10 Hz NO MTV 75-line pattern
is shown in Fig. 5. In terms of high repetition rate, the required excitation wavelength is conventionally generated
with high-repetition-rate Nd:YAG-pumped optical parametric oscillators in both their seeded (narrow linewidth - near
0.01 cm�1) and unseeded (broadband - near 10 cm�1) operation modes. A few examples of high-repetition-rate NO
MTV include works by Jans et al. achieving an effective velocity measurement rate behind a free-flight model in a
large-scale high-enthalpy facility of 20 kHz [60] and Rodrigues et al. demonstrating 100 kHz velocity measurements of
multiple lines [52]. While the discussion of high-repetition-rate burst-mode OPOs as a laser source for nitric oxide
MTV and PLIF can be lengthy, the following references may be a good starting point for additional reading [61–63].

Fig. 5 An NO-MTV image generated by the diffractive optical element with up to 75 lines generated. Adapted
with authors’ permission from [59]. Work of the U.S. Government.

The discussion of nitric oxide MTV, especially in its high-repetition-rate form, is incomplete without intro-
ducing its earlier variant - nitrogen dioxide, or NO2, MTV. This method relies on the photodissociation of NO2
(#$2 (-2

�1) + ⌘a ! #$ (-2⇧) + $ (3%)) with either a 355 nm or 308 nm laser beam, which produces a localized
nitric oxide population at the laser beam location. As was discussed above, nitric oxide is relatively stable, making the
patterns written by photodissociation traceable with conventional NO planar laser-induced fluorescence over significantly
longer timescales than NO-MTV (on the order of milliseconds). The first demonstration of NO2 MTV was reported by
Orlemann as early as 1999 and utilized a combination of an excimer laser to "write" a line in the NO2 seeded flow and
an excimer-pumped dye laser to probe the convected NO [64]. This technique was advanced by Hsu et al. in 2009
with a 2D velocity measurement in an underexpanded jet with a 15 by 25 line grid and showed a strong agreement
with CFD results [65]. Later, Jiang et al. utilized NO2 MTV in 2011 for one of the highest repetition rate velocity
measurements in literature at 500 kHz, setting a high bar for future MTV development [66]. Despite these promising
results, longer signal lifetimes, and the overall push in the MTV development, NO2 MTV remained a niche diagnostic
due to the complexity of two-beam alignment and higher NO2 toxicity. However, it became a stepping stone for the
development of another diagnostic - Vibrationally Excited NO Monitoring (VENOM). In their original works on
VENOM in 2011 and 2012, Sanchez-Gonzalez et al. [67] extended the works by Hsu et al. [65] and demonstrated
simultaneous two-component velocity and temperature measurements in a gaseous supersonic flow-field by sequentially
probing two different rotational states of the vibrationally excited nitric oxide pattern produced by NO2 photodissociation,
as shown in Fig. 6. Such coupled measurements of transport parameters and thermodynamic properties are essential for
understanding complex nonequilibrium flow-fields, such as those within high-speed turbulent boundary layers. However,
VENOM required an even more complex laser system consisting of one Nd:YAG laser outputting its 3rd harmonic
(355 nm) and two tunable Nd:YAG-pumped dye lasers with two mutually delayed UV outputs near 224 nm with a slight
spectral shift in between. Later implementations of VENOM supplemented NO2 seeding for the less toxic and corrosive
NO, which also had the added advantage of a lower condensation temperature than NO2, but now required all three
beams to be produced by mutually delayed tunable Nd:YAG-pumped dye lasers [68]. While this technique provided
insight into correlating fluctuations in velocity and scalar parameters of non-equilibrium flows, it has yet to receive
broad utilization in the aerodynamic measurement technology community due to its experimental complexity.
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Fig. 6 VENOM velocimetry results in an underexpanded jet averaged over 100 shots and compared with CFD:
(left) streamwise velocity map; (right) rotational temperature map. Reprinted with permission from [67] ©
Optical Society of America.

.

The next leap in nitric oxide MTV development started in 2023, when Leonov et al. first achieved flow tagging with
two to three orders of magnitude longer fluorescence lifetime than conventional NO-MTV by resonantly ionizing nitric
oxide and observing the resulting fluorescence in the visible-NIR spectral region [69]. This new method was given
the name Nitric-oxide ionization-induced Flow Tagging and Imaging (NiiFTI). Similar to the conventional NO-MTV,
NiiFTI is a single-laser technique with the first demonstration using a 250 kHz repetition rate, nanosecond, broadband
226 nm output of a burst-mode OPO to effectively tag NO-seeded hypersonic air flow. Unlike conventional NO-MTV,
which utilizes single-photon laser-induced fluorescence, NiiFTI is a multi-photon (1+1) MTV technique that requires
somewhat higher laser intensity (typically around 1 mJ/pulse) to drive the multi-photon process. While the exact
explanation of NiiFTI’s photophysics requires additional rigorous study, Fig. 7 shows the energy diagram of processes
hypothesized to occur in three phases: resonant two-photon ionization of nitric oxide [70]; delayed energy transfer from
nitric oxide ions to molecular nitrogen resulting in its electronic excitation; photon emission (similar to FLEET’s) from
N2 (⌫3⇧6) ! N2 (�3⌃+

D
) electronic transitions of nitrogen, also known as the First Positive System (FPS) [71]. Based

on the measurement in a flowing cell, the resulting 500-900 nm fluorescence exhibits a triple exponential decay with
typical lifetimes of: 10s of nanoseconds, 100s of nanoseconds, and 10s to 100s of microseconds [69]. The third, longest
decay component was found to be a growing function of nitric oxide number density when mixed with air or nitrogen,
and vanished in pure nitric oxide, pure nitrogen, and nitric oxide - carbon dioxide mixtures. It is worth noting that
the NiiFTI signal, despite its spectral and temporal similarity to FLEET, does not suffer in oxygen-rich environments,
such as air, due to a different limiting reaction. It is hypothesized that FLEET’s limiting reaction is the atomic nitrogen
recombination into electronically excited molecular nitrogen, which suffers from the competing nitric oxide formation
due to atomic nitrogen recombination with oxygen. NiiFTI’s limiting reaction is hypothesized to be a direct energy
transfer from nitric oxide ions into molecular nitrogen; hence, it is independent of the oxygen presence [69]. In 2024,
Jiang et al. reported an alternative version of NiiFTI that was developed independently, utilizing ultraviolet signal
collection [72].

Fig. 7 A simplified energy diagram showing photophysical processes associated with NiiFTI.
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Fig. 8 An example NiiFTI image acquired with the single laser beam propagating upstream of a sharp tip
wedge model (outlined in white) in a Mach 6 air flow seeded with 1% nitric oxide. Multiple tagged lines were
recorded by integrating 6 intensifier gates on a single camera image. The region below the model is fainter due to
uneven NO distribution within the flow.

To date, NiiFTI has been used in a few ground testing facilities, including both "cold" hypersonic and high-enthalpy
hypersonic wind tunnels. In the case of "cold" air flows, nitric oxide was externally seeded with the mole fraction not
exceeding 1%, which is typical for these types of facilities. The resulting fluorescence of nearly 50 `B allowed observing
the tagged pattern at multiple locations and circumvented the need for a laser beam array, which was required for
NO-MTV as discussed above [69]. Figure 8 shows a representative use case of NiiFTI for both freestream and boundary
layer velocimetry performed in near Mach 6 flow with static temperature of 60 K. Recently, a seedless application of
NiiFTI was demonstrated by a collaborative effort of Texas A&M University and Spectral Energies, LLC. for boundary
layer profiling in the large-scale Hypervelocity Expansion Tunnel (HXT) [73]. The flow conditions (Mach 8.5-10 flow
with total enthalpy near 4 MJ/kg) were sufficient to naturally form nitric oxide within the boundary layer and behind
strong shock waves with the local NO mole fraction of up to a few percent. Under these relatively hot flow conditions
(static temperature exceeded 3,000 K near the blunt nose), the NiiFTI signal lifetime reduced to 4 `B.

Regarding laser systems, NiiFTI has been demonstrated with both 10 Hz narrowband dye lasers outputting near
1 mJ per pulse of 226 nm radiation and high-speed burst-mode optical parametric oscillator (both seeded and unseeded)
with similar pulse energy levels [74]. It is also suggested to utilize longer focal length lenses for the "pattern writing"
stage to further improve the signal level. It is worth noting that in the cold flow case, some signal saturation effects were
observed with narrowband pulse energies exceeding 0.5 mJ/pulse. NiiFTI was also recently demonstrated with a 5th
harmonic output (213 nm) of the pulse-burst laser, which significantly simplified the experimental setup and provides
a straightforward avenue to increase the repetition rate beyond 1 MHz in the future [75]. Regarding imaging setups,
traditional NO-MTV relies on the UV signal collection, which primarily narrows the intensifier selection to options
with a GEN II S20 photocathode (Q.E. near 20% at 230 nm). NiiFTI can utilize a wider range of intensifiers with higher
sensitivity in the visible range, including GEN II S25 (Q.E. near 15% at 550 nm) as well as GEN III GaAsP (Q.E. near
50% at 550 nm) and GaAs (Q.E. near 30% at 550 nm). At this time, intensified relay optics based on the GEN III GaAs
photocathode are considered the optimal choice for both FLEET and NiiFTI due to its sensitivity extending further into
the NIR region up to 900 nm.

D. Acetone - (CH3)2CO
Historically, acetone has been a common chemical tracer in flow diagnostics for several decades [76], and its

fluorescent properties have been studied since the 1930-40s [77, 78]. As discussed by Lozano et al. [79], acetone has
relatively low working toxicity and is not a known carcinogen. It does have a relatively low auto-ignition temperature of
738 K and flammability limits in air are 2.6% (lower explosive limit) and 12.8% (upper explosive limit) by volume.
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The vapor pressure of acetone will determine the concentration that mixes into air and its temperature dependence is
relatively well described by the empirical equation by Ambrose et al. [79, 80]:

log10 (? [C>AA]) = 7.125267 � 1214.208
) [ ] � 43.148

(2)

The photophysics of acetone are relatively well documented in literature; however, there are inconsistencies
due to competing chemical processes (such as the generation of biacetyl, another tracer used for flow diagnostics,
phosphorescence versus fluorescence, etc.) that depend on the environment and excitation source [79]. Figure 9 shows
the UV absorption band of acetone, and it is easily observed that the fourth harmonic of an Nd:YAG laser provides
adequate excitation. This is perhaps the noteworthy benefit for acetone versus other techniques, because no complicated
light conversion processes (e.g., use of a dye laser or an optical parametric oscillator) are needed. Note however, various
types of excitation sources have been used in literature, including the Nd:YAG 4th harmonic output, KrF excimer laser
light at 248 nm, and XeC1 excimer laser light at 308 nm [79]. Since the excitation process is driven by single-photon
absorption, excitation and tagging of acetone molecules in the flow will occur along the entire beam path if acetone
is globally seeded. This can lead to significant beam attenuation over large scales and should be considered during
experiments.

Figure 9 also shows the fluorescence emission yield with 266 nm excitation, as reported by Brunzendorf et al. [81],
which shows peak emission in the blue range of the color spectrum. Since the emission band is relatively well separated
from most of the excitation band, simple optical filtering can be used to isolate the fluorescence from the laser scatter
background.

Fig. 9 (Left) The absorption cross-section of acetone in the UV range based on data from Lozano et al. [79],
and (Right) the emission spectrum from acetone with 266 nm excitation based on data from Brunzendorf et al.
[81]. The 266 nm line references the 4th-harmonic output of an Nd:YAG laser.

A few efforts have been made to model the processes resulting in light yield from acetone excitation [79, 82, 83],
and a simplified energy level diagram is provided in Fig. 10 that captures the key features. As shown, the fluorescence
yield results from a relatively straightforward process of excitation, vibrational relaxation, followed by the larger energy
level changes. Alternatively, intersystem crossing can occur, and energy exchange processes then progress in a manner
that produces a slightly different emission wavelength, which is fundamentally the difference between phosphorescence
and fluorescence. Most importantly, the lifetime of fluorescence is typically around a few tens of nanoseconds at best,
whereas phosphorescence is typically around 100 µs. Both emission processes have reportedly been used for flow
tagging, with Lempert et al. [84] using the pure fluorescence process, while Gragston and Smith [85] and Andrade et
al. [86] used the phosphorescence (hypothesized based on observed signal lifetimes). These works have led to continued
interest and study of acetone for flow tagging measurements [87]. Also noted in Fig. 10 are the effects of quenching.
Like most gas-phase fluorescent techniques, oxygen is a significant source of quenching.
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Fig. 10 A simplified diagram showing the photophysical processes associated with acetone fluorescence and
phosphorescence.

Lastly, it is important to note the impacts acetone can have on the test gas, flow conditions, and the facility hardware
when used as a tracer. The vapor pressure of acetone should also be considered to prevent its condensation, particularly
in low temperature flows. Figure 11 shows the impact acetone has on the specific heat ratio W and the isentropic speed
of sound relative to the partial pressure of acetone expressed as a percent of net pressure. These calculations were also
done in the work by Gragston and Smith [85], where tracking of expansion waves in the driver section of the Ludwieg
tube were used to verify the speed of sound of the air-acetone mixture at room temperature stagnation conditions. In all,
since relatively low partial pressures of acetone (5%) are likely to be used, no substantial effect on gas thermodynamics
are likely to occur.

Fig. 11 A plot showing the effect acetone has on the specific heat ratio W and the isentropic speed of sound
based on the relative pressure of acetone to absolute static pressure. Note that the horizontal axis is equivalent to
acetone mole fraction.

E. Hydroxyl - OH
Hydroxyl tagging is a technique well suited for measurements in high-speed flows with combustion occurring,

such as simulated scramjet or ramjet internal flows, or with combustion being used in the air heating process for
high-speed facilities, such as AEDC’s APTU [88] and NASA’s High Temperature Tunnel [89]. However, there have
been applications in colder flow environments as well [90, 91], though such flows tend to have much less natural water
content by design. As shown in Fig. 12, water molecules generated by the combustion of hydrocarbons or hydrogen
are dissociated by deep-UV light and the resulting OH molecules are excited by a separate UV laser sheet to yield
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laser-induced fluorescence, with the wavelength of this light chosen based on an appropriate ro-vibrational band of
OH [92, 93]. In most applications thus far, an ArF laser is used for the dissociation of water since the - ! �̃ absorption
band is broad [94]. For the "read" wavelength, the choice will depend on the temperature of the target gas and the
available laser hardware. In early work by Pitz [92], a KrF laser was used to target the �2⌃+ � -2⇧(3  0)) OH
transition, which focused on applications to flame environments. Later works have used dye lasers, with read laser
wavelengths of approximately 308 nm [91, 94–96] (work done in room temperature air flow and hydrogen flames) and
282 nm [90, 97] (work done in RC-19 wind tunnel). OH tagging has also been demonstrated with femtosecond laser
systems [98].

The full spectroscopic details for OH tagging are discussed at length in the work by Ribarov et al. [95], which
features a comparison of 248 nm, 282 nm, and 308 nm read laser wavelengths on signal quality. The signal-to-noise
ratios determined for each of these were 2.4, 17, and 38, respectively, though different lasers were used. However, the
conclusion was that while 308 nm provided the best overall capability for MTV measurements, it also featured strong
potential for Mie scattering background when applied to an environment with particulates. The 248 nm read wavelength
was deemed highly inefficient due to relatively weak fluorescence yields and higher potential to dissociate the target OH
molecules.

A short review on OH tagging is provided by Pitz [93], which gives extended literature on the photophysics and
applications to supersonic flows and aerospace relevant combusting flows.

Fig. 12 An illustration of a basic approach to OH tagging, in which deep UV light from an ArF laser is used to
photodissociate water molecules, which yields OH molecules that can be "read" by laser-induced fluorescence
excited by another laser.

III. MTV Basic Setup

Here, the basic aspects of a typical MTV setup are discussed in a canonical sense, and information is provided
regarding camera gating and intensifier selection for contextual purposes.

A. General Setup
To facilitate understanding of upcoming discussions, a canonical MTV setup is described here. As shown in

Fig. 13, a laser beam is usually routed to the region of interest with mirrors and focused into the probe region using a
plano-convex lens. Note that best practice is to align the collimated initial laser to the target region and then place the
focusing lens to maintain the same optical axis as the initial beam. As discussed later, care should be taken to minimize
laser-induced plasmas from the laser-surface interaction. The need for very short optical gates and the typically low-level
emission from the decaying tagged lines typically requires the use of an intensified camera. Also, it is best practice to
use an optical filter in the collection optics to remove laser scattering from surfaces or particulates. This filtering can be
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done efficiently using a laser notch filter, however, a bandpass filter that excludes the laser wavelength but transmits the
signal wavelengths can also be used. In the event that a filter is not available and significant laser scattering is present, a
time delay for the first image can be used since fluorescence timescales are typically longer than the pulse duration of
laser commonly used for MTV.

Finally, though not shown in Fig. 13, some techniques (see for example [22, 90]) utilize an additional laser beam as
part of a "read" step. This beam is typically turned into a laser sheet and guided into the probe region.

Fig. 13 An illustration of a basic MTV setup. Note that in some techniques, a laser sheet generated from a
separate "read" laser may be needed.

B. Signal Collection Considerations
Signal collection for MTV has a myriad of considerations. Generally, lenses used to collect the emissions from

the tagged region should have high throughput efficiency (e.g., large aperture). This is especially important for MTV
measurements that have a large standoff detection distance (i.e., the distance between the tagged region and the signal
collection lens) because the signal intensity has an inverse square dependence with distance. Furthermore, it is
advantageous to have high imaging resolution to reduce uncertainty in tracking convecting tagged regions. As shown in
Fig. 14, a low resolution (with resolution described here by pixels per physical length) results in profiles that are jagged
and non-Gaussian in shape compared to a higher resolution case. The quality of these line profiles will impact the
uncertainty and effectiveness of the displacement tracking methods used to determine velocity.

Unlike PIV, the signal for most MTV techniques comes from a form of fluorescence, phosphorescence, or broadband
spontaneous emission from recombination and de-excitation processes, which means that it is typically at least an
order of magnitude weaker than scattering and is a decaying signal with respect to the laser excitation. This means
that an intensified camera is often needed to see the tagged region as it convects with the flow, especially since the
signal decays in time. The choice of intensifier comes down to gating speed requirements and wavelengths of interest,
with the latter affecting the choice of photocathode material to maximize quantum efficiency in the signal wavelength
range. For instance, the most common types of photocathodes in MTV applications are: Gen II S20 for ultraviolet
wavelengths, Gen II S25 and Gen III GaAs for visible and near-IR wavelengths, and Gen III GaAsP, which is the
commercially-available option with the highest quantum efficiency for wavelengths between approximately 400 and 650
nm. It is worth noting that Gen II photocathodes are typically more robust to damage due to overexposure but have lower
peak quantum efficiencies. The most commonly utilized phosphor option for high-speed MTV is P46 due to its relatively
swift decay time of around 1 `B (minimal ghosting effect for most applications) and predominantly green fluorescence,
which is compatible with most cameras. A faster type of phosphor, P47, while providing even more rapid fluorescence
decay on the order of a few hundred nanoseconds, has lower quantum efficiency and produces predominantly blue
fluorescence centered at 400 nm, which may hinder its utilization with some cameras. Experimentalists can often
examine the spectral quantum efficiency of their intensifiers using curves from the manufacturers and verify in the
laboratory if needed.
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Fig. 14 A representation of how image resolution (pixels per physical length) affects resulting MTV images and
line profiles used for tracking displacement.

Timing and setup of the exposure sequence for molecular tagging velocimetry experiments is highly dependent on
equipment and the aspects of the measurements (i.e., excitation scheme, flow velocity, etc.). Here, a general discussion
is provided with a focus on how exposure sequence setup can impact data processing and how to estimate reasonable
parameters for the gate delay.

Two basic approaches are available for MTV measurements, as shown in Fig. 15. The first approach is shown in Fig.
15(a), where an intensifier is used as a fast electronic shutter within a longer camera exposure. The result is a single
image containing two lines for displacement tracking (usually the pre-convected and convected MTV lines). The second
approach, Fig. 15(b), uses some process (typically PIV-like frame straddling) to get two separate images. Technically, a
third viable approach is simply to image the write line prior to the flow commencing and then dedicate image acquisition
to capture only the convected line, but this approach is not optimal since guided beams typically shift around during
wind tunnel operation due to vibrations (especially for impulse facilities) [74].

While some form of the first of these approaches is typically used in modern MTV measurements, it suffers from
limited accuracy for low-displacement regions of the flow. This aspect is obviously limiting near a surface, where
the no-slip condition applies, but it is also an issue for instantaneous MTV data in turbulent flows and can lead to
slight errors in turbulent statistics. However, this approach is convenient in data analysis of high-speed flows, as all
information needed for processing is contained in a single image, and it also helps reduce data storage for cameras. The
second approach avoids all major issues of the first approach, but requires the use of a camera with a sufficiently short
interframe spacing time with respect to the lifetime of the MTV signal. Interframe times less than 300 ns are possible
with modern CMOS and sCMOS cameras.
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Fig. 15 Example of two basic gating approaches for basic molecular tagging velocimetry. (a) Multiple intensifier
subexposures inside a single camera exposure. (b) Frame straddling to get two unique images.

Other aspects of exposure timing include the estimation of a duration �C between intensifier exposures and the
duration choices for each gate. While these values are highly dependent on the MTV technique of choice and the
experimental setup, Eq. 3 provides a simple formula for estimating an appropriate �C if a maximum velocity*<0G from
the target region can be estimated. The only other inputs are desired pixel displacement �? (chosen to ensure the two
MTV lines can be distinguished for tracking) and camera resolution '20<4A0 in physical units per pixel. Alternatively,
Eq. 3 can also be used to estimate pixel displacement if camera resolution and �C are known.

�C ⇡
�? '20<4A0

*<0G

(3)

Regarding the duration of each exposure gate, note that MTV signals typically decay in intensity in an exponential
manner. Thus, variable gate durations are typically used to prevent saturation for early acquisition times relative to the
excitation pulse, while longer exposures are typical for delay times further away from the excitation pulse. However, as
discussed in Section V, exposure times that are too long can lead to motion blurring effects that must be considered in
data analysis.

IV. MTV Data Processing

A. Displacement Tracking Methods
The velocity is calculated from displacement per change in time, and for typical MTV experiments, the change in

time is determined by the imaging setup. Hence, the key to obtaining velocity is the successful determination of the
displacement of the tagged region. Table 2 shows a list of several approaches that can be used for MTV image analysis,
along with general pros and cons for each method.

In most one-dimensional MTV applications (the primary focus here), such displacement determination is also done
along each image pixel row within the tagged region (see Fig. 14). Peak intensity tracking can be used in this case if
local data smoothing is appropriate and the focus is on mean data. However, this method will run into issues in low
displacement scenarios where a second peak is obscured by the profile of the first line. It is also extremely unreliable for
instantaneous data, where the tagged region often has specular and diffuse characteristics that lead to anomalous peaks.
Therefore, it is not recommended for use, as the curve fitting approach is often more robust and can be equally simple.
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Table 2 A table showing several different methods for displacement tracking in conventional MTV image data.

Method Pros Cons

Profile Peak
Intensity Tracking

Simple to implement.

Very sensitive to noise;
Not useful for instantaneous images;
Limited by camera pixel resolution;
Struggles in low-displacement scenarios.

Profile Curve
Fitting

Simple to implement;
Robust in terms of data applicability;
Sub-pixel resolution;
Most common approach in literature

Has some potential to work in
low-displacement scenarios;
Very difficult to apply in 2D.

Profile Cross-
Correlation

Reasonably simple to implement;
Similar to PIV methodology;
Easier higher-dimensional data use

Limited to pixel resolution;
Difficult to use on low-signal data;
Struggles in low-displacement scenarios.

Optical Flow
Analysis

Easier use for two-dimensional data;
Can theoretically estimate planar
components of velocity in 1D data.

Specialized analysis framework;
Limited use in literature.

Curve fitting is the most common approach for 1D MTV data. Since laser beams are typically spatially Gaussian in
intensity, a reasonable assumption is that the intensity profile of the tagged regions will also be close to Gaussian. This
leads to a summed Gaussian fitting approach [99–102]:

� 5 8C (G) =
#’
==1

0=4
� (G�1= )2/22

= (4)

The number of terms # is equal to the number of lines that need to be tracked, but sometimes # + 1 is used, with the
additional Gaussian used to compensate for localized background. During application, it is also wise to bound the fit
constants to reasonable values to facilitate better fitting. The Gaussian fitting approach can also be easily modified for
tracking MTV "dots" as discussed by Burns et al. [29].

Another common fit choice is a psuedo-Voigt function +?B (G) [28, 59, 60, 103], which is a weighted superposition
of Gaussian and Lorentzian functions:

+?B (G) = 0= + 1=
⇥
[⌧ (G; `=,f=) + (1 � [)! (G; `=,f=)

⇤
(5)

In Eq. 5, 0= and 1= are fit constants and [ is a weighting parameter bound between 0 and 1 that is also determined
via curve fitting. ⌧ (G; `=,f=) and ! (G; `=,f=) represent Gaussian and Lorentzian functions, respectively, that are
centered at `= and have widths described by f=. This fitting routine can be applied in multi-term summation like Eq. 4
to capture displacement of multiple tagged lines. The pseudo-Voigt fitting gives flexibility for sharper intensity decreases
along the intensity profile and can theoretically do better than the standard Gaussian fitting. However, pseudo-Voigt
functions may not be native to most curve fitting packages, whereas, summed Gaussian fitting typically is available,
which simplifies error analysis.

The final two methods in Table 2 are typically only used for two-dimensional forms of molecular tagging velocimetry
[90, 104, 105], and readers are encouraged to check literature for specific details on implementing these approaches.
For example, the optical flow approach requires significant image pre-processing, as discussed in Gevelber et al. [104].
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Fig. 16 Examples of intensity profile fits from (left) Webber et al. [101] and (right) Rodrigues et al. [59], which
use fittings based on summed Gaussian functions and psuedo-Voigt, respectively. Adapted in part from [101] and
[59] with permission from the authors.

B. Measurement Uncertainty Contributions
Estimating the overall uncertainty of MTV measurements is not straightforward due to the numerous possible

sources of error that contribute to each source of uncertainty. For a single velocity component, the velocity as measured
in the image may be expressed as:

D = "
�G
�C

(6)

where " is the camera magnification (typically in mm/pixel), �G is the measured displacement in pixels, and �C is the
prescribed time delay [43]. The relative uncertainty in the velocity is the result of the contributions to the uncertainty
from each term in Eq. 6 as:

fD

D

=

r⇣
f"

"

⌘2
+

⇣
f�G

�G

⌘2
+

⇣
f�C

�C

⌘2
(7)

where fD, f" , f�G , and f�C are the corresponding confidence intervals. The confidence intervals themselves are
impacted from a variety of sources of errors. Typically, errors in the magnification " (⇠ 1%) and time interval �C
< 1% are sub-leading, as they are well-captured by image calibration and precision-timing electronics respectively. Of
note is the reasonable argument that the uncertainty in " is systematic in nature, rather than random, and could be
separated from the others as a fixed uncertainty.

The uncertainty in the measured displacement �G is generally dominant (1% or greater), but the displacement itself
can be subject to several effects. The line (or dot) size simultaneously impacts the precision of the sub-pixel fitting and
the spatial filtering effect from averaging the motion of molecules within the illuminated line width or spot size. With a
larger illuminated region, the sub-pixel accuracy may improve but the spatial filtering is more significant. The velocity
computed from the line displacement is technically the average motion over the prescribed interval �C, therefore a spatial
filtering is also inherent as a function of the chosen interval time. As the interval time grows larger, other effects such as
the influence of diffusion or flow accelerations can begin to bias the sub-pixel peak location of the second (or n-th)
exposure. Quantitative insight on these effects is currently under-explored. In order to reduce the effect of averaging for
planar velocimetry, multiple laser lines written into the flow are preferred over a single tagged line captured over several
exposures.

Additional effects to consider also include motion blurring due to finite-length gated exposures (addressed in the
next section), signal-to-noise ratio, intensifier electronic noise (particularly for extreme environments, e.g. a plasma
torch) and intensifier resolution. Image intensifiers are constructed using micro-channel plates (MCP) between the
photocathode and anode that fundamentally limit the image resolution to the number of micro-channels. Caution must
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be exercised when the image sensor resolution is greater than the MCP resolution: the measurement spatial resolution is
limited by the MCP in this case.

Typical pixel displacements depend on the flow of interest and the imaging implementation. For multiple gates
within one image, the displacement should be enough to clearly distinguish between the lines or dots from successive
gates (see Eq. 3). In freestream flows without shear layers, the displacement can be tens of pixels. In shear flows such as
wakes or boundary layers, smaller displacements may be needed to reduce errors from flow accelerations. It is best
practice to use a high-speed camera or a dual-pulse camera and frame-straddle the gates between successive images in
these cases.

C. Motion Blur and Signal Decay Corrections
Since MTV requires imaging of a region of tagged molecules in transport by the flow, the motion of these molecules

during an exposure can result in blurring effects in the resulting image. The blurring in the image can then artificially
inflate determined velocities by making it seem like the line convected slightly more during the time between frames.
This effect was explored through synthetic data by Gragston [106], and an estimate of the effect of motion blurring can
be determined by considering how much the tagged molecules displace during an exposure.

�?,⌫;DA ⇡
D C⌧

'20<4A0

(8)

In Eq. 8, the pixel displacement �?,⌫;DA from motion during the exposure of duration C⌧ for a local velocity of D
can be estimated, with '20<4A0 being the imaging resolution (in units of physical distance per pixel). Thus, clearly
the contributing factors to motion blurring are the local velocity, the exposure duration, and the camera resolution.
For either higher velocities, higher-imaging resolution, or longer duration exposures, more blur can be expected. As
discussed in the work by Gragston [106], the emission lifetime is also an important factor for motion blur effects.

Since motion blur is prominent in high-speed flow applications of MTV, it is important to understand how to account
for it during data analysis in order to get the correct velocities. Approaches for dealing with motion blur effects have
been discussed by Danehy et al. [54], Bathel [107], and Gragston [106], each with different assumptions. The most
commonly adopted approach follows the reasoning outlined by Danehy et al. [54] and computes the time delay (�t) as
the difference between the "write" line and the "convected" line imaging exposure gate centers. The blur-corrected
velocity is then calculated as presented in Eq. 9:

D =
�G

C3 + (C⌧1 + C⌧2)/2
, (9)

where �G [m] is the measured displacement between the MTV lines, C3 [s] is the delay between the corresponding
intensifier gates, C⌧1 [s] is the first gate width, and C⌧2 [s] is the second gate width. Danehy et al. [54] pointed out
that a key assumption for this approach was that the emission decay time constant was much longer than the exposure
(i.e., the emission of the convecting line was effectively constant during the camera exposure period). This assumption
is critical for very short signal lifetime MTV methods, such as NO MTV or FLEET in air. For instance, Bathel et
al. [108] showed that the error introduced by signal decay of NO MTV (g#$ ")+  200 ns) may artificially lower
the measured velocity by upwards of 10%. However, as the signal lifetime increases, the introduced error decreases.
Pehrson et al. [99] calculated the error of around 3% introduced by FLEET signal decay in air (g�!⇢⇢) ⇡ 400 ns at
the specific conditions reported in [99]), which is still significant and has to be accounted for. In the high-enthalpy
flow environment NiiFTI has a moderate decay of around g#88�)� ⇡ 4`B, as presented by Leonov et al. [73], and its
effect was calculated not to exceed 0.5% and was deemed negligible for the application. In long fluorescence cases
(g � C⌧), such as acetone MTV, FLEET in nitrogen flows, NiiFTI in cold flows, and many multi-beam methods, the
measurement error introduced by fluorescence decay is found to be statistically insignificant and is universally omitted
from the analysis [69, 85, 86]. The MTV signal decay can be estimated in-situ based on the ratio of the integrated line
intensities normalized by the corresponding gate widths.

The method recently discussed by Gragston [106], on the other hand, mathematically models the imaging process of
an idealized MTV experiment using convolutions, with the model exactly replicating motion blur and fluorescence
decay effects. He then creates a linear mapping between the measured velocity (which is errant due to blur effects)
and the actual velocity (a MATLAB® code that computes the mapping is provided as supplemental material in that
paper). Gragston successfully tested his approach using synthetic MTV data, as shown in Fig. 17, showing successful
correction of motion blurred results compared to the theoretical values and also showed the impact motion blurring can
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have on skin-friction values determined from MTV data. Finally, he also demonstrated his model, which naturally
included considerations of finite emission lifetimes, simplified back to the gate centering approach discussed by Danehy
et al. if MTV line emissions were long-lived compared to the camera gate widths. It is worth noting that both the
motion blur and signal decay effects drop out if the intensifier gates used for capturing the MTV original and convected
line position are of equal widths (C⌧1 = C⌧2).

Fig. 17 (Left) Effect of motion blur on velocity extraction for slow emission decay and (right) fast emission
decay. Calculations are based on synthetic MTV data as discussed by Gragston [106]. Note that "M1 No Decay
Corrected Case 1" is identical to the gate centering approach, while "M2 Corrected Case 1" is the method
recommended by Gragston. Adapted with author permission from [106] © Mark Gragston.

D. Estimating Secondary Quantities
While MTV provides velocity values and typically profiles, there is often a need to know additional fluid dynamic

quantities. This section focuses on using the velocity information to infer those additional quantities (e.g., skin-friction,
static temperature, or density).

1. Wall Shear Stress
Wall shear stress is an important engineering quantity since it directly provides information about drag forces and,

when converted to skin-friction, it can be used in many situations with the Reynolds analogy to estimate surface heating.
This section focuses on basic approaches to calculating wall shear stress from MTV velocity profile data (though these
methods apply to any velocity measurements).

For laminar boundary layers, there is no preferred or sophisticated approach to obtaining the wall shear stress. Since
high-speed laminar boundary layer profiles with zero or mildly favorable pressure gradients are largely linear in shape
near the wall, the simplest approach is to apply a linear fit in the suitable region and determine the wall shear stress
from the slope, gF = `

3D

3H
, where ` is the dynamic viscosity. In strong pressure gradients (favorable or adverse) a

Pohlhaussen [109] type of polynomial can be used instead or scaled forms of Falkner-Skan [109] style profiles.
For turbulent boundary layers, estimation of the wall shear stress can be done in two ways: the Clauser method

[85, 110] and the fitting to a theoretical profile, which for this work will be the Sun-Childs profile [111, 112] (the authors
note that there is a significant typo in Sun and Childs’ original formulation for the theoretical profile). Both approaches
are in fact fundamentally fit procedures, but the Clauser method is more restrictive.

The most basic form of the Clauser method utilizes the inner (viscous) coordinates formalism of the turbulent
boundary layer profile, which in its simplest form, uses the basic log-law:

D
+ =

1
^

ln(H+) + ⌫ (10)

For this relation, D+ = D/Dg , ^ is a constant (usually taken as 0.41), H+ = DgH/aF , and ⌫ is a constant (usually taken
as between 5 and 5.5). Since Eq. 10 gives a "universal" piece of the turbulent boundary layer profile, the Clauser
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method seeks to fit it to velocity data by adjusting gF , which changes Dg , until the data and log-law overlap. This is best
accomplished via least-squares procedures, but note that the log-law applies to a limited range of H+ values.

However, this formalism can only be extended to compressible flows by means of the van Driest transformations,
which are [113]:

D4 5 5 =
*4

�

sin�1

 
2�2 D̄

*4
� ⌫

⇠

!
+ *4

�

sin�1
✓
⌫

⇠

◆
(11)

� =
✓
A

W � 1
2

"
2
4

)4

)F

◆1/2
(12)

⌫ =
)0F

)F

� 1 (13)

⇠ = (⌫2 + 4�2)1/2 (14)

These equations can then be applied to the log-law with D+ = D4 5 5 /Dg and Dg =
p
gF/dF . Figure 18 summarizes

the basic steps for using the Clauser method, and Fig. 19 shows an example of the technique applied to MTV data to
determine the friction velocity and wall shear stress [85].

Fig. 18 A flowchart describing the steps for using the Clauser method to determine wall shear stress.

Fig. 19 Results from application of the Clauser method to krypton tagging velocimetry measurements of a
turbulent boundary layer by Zahradka et al. [100]. Adapted with permission from [100] © Springer-Verlag
Berlin Heidelberg 2016.

As discussed by Wei et al. [110] there are limitations to the Clauser method for high-speed flows. First, the
log-law region must be resolved in the measurement. Second, the van Driest transformation fundamentally relies on the
Morkovin hypothesis [113] that compressible turbulence can be treated similar to incompressible turbulence, which can
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be invalid at very high edge Mach numbers. Finally, it assumes the log-law (or whichever base profile is used in the
theoretical calculation) holds over some finite region, and ignores effects at locations closer to the wall. To circumvent
the latter of these restrictions, one may use Spalding’s law of the wall [109, 114] instead as the fit in the (H+, D+) domain.

H
+ = D+ + 4�^⌫


4
^D

+ � 1 � ^D+ � (^D+)2

2
� (^D+)3

6

�
(15)

Spalding’s law uses the entire inner-layer velocity profile information for fitting, making the residual calculation
much simpler for the least squares fitting. This approach is highly recommended over use of the log-law if much of
the inner layer is resolved, but it is restricted to zero pressure gradient flows. If only the outer layer and log-layer are
resolved in the measurements, Coles’ law [109, 115], which has a wake term, might be best, as hypersonic turbulent
boundary layer flows are known to exhibit strong wake features.

The Sun-Childs [111] curve fitting approach directly tries to fit the velocity data with a theoretical compressible
turbulent profile. It is a semi-empirical extension of the Cole’s wake law combined with the van Driest transformation
and works best for near-adiabatic wall conditions. The profile is expressed in terms of a dimensionless wall coordinate
[ = H/X:

D̄

*4

=
⇠

2�2 sin
✓
sin�1

✓
2�2 � ⌫
⇠

◆ 
1 + 1

^

Dg

*
⇤
4

✓
ln([) + 2(1 � [0)1/2

0

� 2
0

ln(1 +
p
(1 � [0))

◆

� ⇧
^

Dg

*
⇤
4

(1 + cos(c[))
� ◆

+ ⌫

2�2

(16)

The quantities ⇧/^ and*⇤
4
/Dg are given by the relations:

⇧
^

=
1
2


*
⇤
4

Dg

� 1
^

ln(X+) � 5.1 + 0.614
0^

�
(17)

*
⇤
4

Dg

=
*4

Dg

1
�

sin�1

2�2 � ⌫
⇠

�
(18)

With the parameter 0 fixed to unity or infinity (i.e. a large number), the fit technically only requires X and gF (the
latter is in the shear velocity Dg =

p
gF/dF). Therefore, assuming that the boundary layer thickness is known, the only

fit parameter is the wall shear stress. This fit can then be implemented in a least squares process.
For transitional boundary layer profiles, there is no theoretical formalism for profile fitting via the Clauser method

approaches discussed previously. As discussed in the recent work by Webber et al. [102], there is precedent [116, 117]
to fit data to D+ = H+ in the viscous sublayer region of H+ < 10, but this approach requires a resolution near the surface
that is often difficult to obtain. Webber et al. [102] utilized a Clauser method profile fitting scheme based on scaling of
nondimensionalized, CFD generated transitional profiles, which compared well with (limited) theory and agreed well
with the viscous sublayer fitting approach. The benefit of this approach was the ability to use more data throughout the
boundary layer for fitting, and it was also shown to have less uncertainty than just fitting the viscous sublayer.

2. Temperature and Density
While velocity is often a key quantity, information about temperature and density can be just as valuable. For both

laminar and turbulent boundary layer flows, a useful relation exists to provide a relatively accurate mapping of the
velocity profile to a temperature profile ) (H). This relation is called the Crocco-Busemann relation and is given by
White and Majdalani [109]:

)̄ ⇡ )F + ()0F � )F)
D̄

*4

� A D̄
2

22?
(19)

In Eq. 19, )F is the wall temperature, )0F is the adiabatic wall temperature, A is the temperature recovery factor,
D(H) is the velocity,*4 is the local boundary layer edge inviscid velocity, and 2? is the specific heat of the gas. This
relation holds for %A near unity (such as for air) and for weak pressure gradients. It is common to use A =

p
%A for

laminar flows and A = %A1/3 for turbulent flows. Another minute detail to remember is that the thermal boundary layer
thickness is not equal to the velocity boundary layer thickness, and for air, it is actually slightly larger than the velocity
boundary layer thickness. For laminar flows, it can be shown through similarity solution that the ratio of thermal and
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velocity boundary layer thicknesses is approximately %A�1/3. Thus, the temperature profile given by Eq. 19 will not
have the correct thermal boundary layer thickness.

With temperature information given by the Crocco-Busemann relation, the density profile can be determined from
utilizing the fact that both laminar and turbulent boundary layers have negligible wall normal pressure gradients, which
implies the static pressure is constant in the wall normal direction. Thus, the ideal gas law can be used to relate the
temperature ratio )/)4 to the density ratio d/d4:

d

d4

=
)4

)

(20)

Hence, if the Crocco-Busemann relation is used to determine the velocity profile and the inviscid edge conditions
are known, the density profile can be determined.

These exact methods were used in MTV work by Smith et al. [112] on fitted MTV data, as shown in Fig. 20. The
combined velocity and temperature data was then used to estimate the Mach number profile. The Mach number profile
can be used to determine information about the sonic point in the boundary layer, which has important implications for
the dynamics of shockwave-boundary layer interactions.

Fig. 20 Application of the Crocco-Busemann relation calculation to fitted acetone MTV data from Smith et al
[112]. Adapted with permission from the authors [112]. Copyright 2023 by the American Institute of Aeronautics
and Astronautics.

For inviscid flow regions like the freestream in a wind tunnel, temperature estimation can be inferred from either the
known Mach number of the facility (typically found via pitot probes or total-to-static pressure ratios) or via the adiabatic
assumption for inviscid flow. In the first case, the static temperature is determined by the known local Mach number and
gas properties using:

) =
D

2

W'"
2 (21)

For the adiabatic assumption approach, the total enthalpy relation gives the static temperature for a known total
(specific) enthalpy:

) =
⌘C

2?

� D
2

22?
(22)

.
Equation 21 is useful if the Mach number of the tunnel is well characterized and is especially useful if pitot probe

measurements are done in tandem with MTV to characterize a freestream flow since it provides the freestream static
temperature. Equation 22 can also be used if the total temperature or the total enthalpy ⌘C is better known than the
Mach number (for example, in an expansion tunnel). These equations provide a natural framework for using MTV
alongside traditional pressure probes to characterize wind tunnel flow. An example of Eq. 21 being applied to analysis
of a Ludwieg tube is shown in Fig. 21, where the static temperature from Eq. 21 is compared to stagnation probe
measurements.
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Fig. 21 Application of 1 kHz FLEET velocimetry to analyze the temporal evolution of static and total
temperatures in a Mach 7 Ludwieg tube, with comparison to stagnation probe measurements. Note that the
large drops in velocity signify wave passage dynamics, which occur around every 100 ms.

V. Example Applications in High-Speed Flows

A. Freestream Flows and Tunnel Characterization
In this section, we will discuss a few examples of freestream flow characterization in high-speed ground testing

facilities, presented in chronological order. These examples will represent a gradual evolution of convenience and
measurement frequencies for MTV techniques, from 10 Hz dye lasers to kHz-rate femtosecond lasers, and finally
to hundreds of kHz burst-mode lasers. Achieved advancements in ground testing will also be highlighted. Precise
freestream flow characterization is of utmost importance for the community to provide accurate inputs for CFD validation
studies and to develop trustworthy empirical scaling equations. Since none of the high-speed experimental facilities
are capable of perfectly simulating the true flight environment, facility characterization is instrumental in identifying
potential limitations, properly interpreting experimental data, and validating computational models.

In the first example, Inman et al. present the very first application of molecular tagging velocimetry in an arcjet
facility [58]. Overall, arcjets are capable of producing high-enthalpy flows to study interplanetary entry conditions
and test thermal protection system materials. However, this presents a challenge for laser diagnostic applications as
the freestream flow in arcjets often possess high levels of dissociation and background luminescence. Here, nitric
oxide molecular tagging velocimetry was applied to provide the baseline for both Earth and Mars atmospheric entry
test conditions in the long-runtime 400 kW Hypersonic Materials Environmental Test System (HyMETS) at NASA
Langley. In comparison to other MTV methods, NO-MTV has the advantage of strong signal intensity, enabling the
use of very short camera gates, which helps to overcome the strong background luminescence produced by the facility.
The MTV experimental setup was similar to those presented earlier in Sec. II.C, consisting of a nanosecond 10 Hz
Nd:YAG-pumped dye laser producing a 226 nm output and an intensified UV-sensitive PIMAX-II camera. Figure 22
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presents a summary of the experimental results with (a) and (b) clearly showing the spatial shift in the tagged lines
between the undelayed image and the one delayed by 550 ns, respectively. The resulting axial velocity 2D field is
presented in Fig. 22(c) and shows the velocities as high as 3400 m/s with around 8% fluctuations in the core flow. The
maximum velocity uncertainty was quantified at 62 m/s. The radial velocity component, shown in Fig. 22(d), was
measured with Doppler-resolved NO-PLIF. While performed in the same test entry, the techniques were not applied
simultaneously. The important outcomes of the paper were the quantification of the uneven spatial distribution of nitric
oxide and large velocity gradients in the radial dimension of the flow.

(a) (b) (c) (d)

Fig. 22 Summary of the NO-MTV results from the arc-jet campaign by Inman et al.: (a) undelayed average
image; (b) delayed image showing the tagged lines spatial shift induced by the flow; (c) extracted axial velocity
field; (d) extracted radial velocity field. Adapted with permission from [58]. Work of the U.S. Government.

Validation of predicted flow conditions is another common goal for MTV applications in freestream flows, especially
when these conditions are expected to change during the test time. The experimental investigations performed by
Mustafa et al. [118] and Dogariu et al. [103] at the Arnold Engineering Development Complex (AEDC) Hypersonic
Wind Tunnel 9 are such examples. Hypersonic Wind Tunnel 9 is a large-scale (5 feet in diameter) facility capable
of generating high Mach numbers (up to 18) and Reynolds numbers (up to 1.6 ⇥ 108 1/m) by expanding heated and
compressed nitrogen through a contoured nozzle over a long test time (a few seconds). However, due to the tunnel
construction and plenum heating, while the Mach number is held constant through the test time, the static temperature
within the core flow is predicted to increase, resulting in a varying freestream velocity. To verify such behavior,
Mustafa et al. applied Krypton Tagging Velocimetry to measure the freestream velocity at 10 Hz with measurement
uncertainty of 3% and achieved good agreement with predicted values to within approximately 2% across the test time.
This method required two independent high-power Nd:YAG-pumped dye lasers for a "write-read" MTV configuration
and 1% krypton flow seeding to achieve the result. Later, Dogariu et al. [103] improved on the previous work by
applying a 1 kHz FLEET system across a similar range of conditions, with selected results shown in Fig. 23. In general,
FLEET benefited from low static temperatures (⇡55 K) and a pure nitrogen flow environment produced by Tunnel 9,
which produced MTV lines traceable for tens of microseconds. Such a long temporal separation of the camera gates, in
combination with high SNR, allowed for a reduction in single-shot relative measurement uncertainty to below 0.5%.
Additionally, FLEET’s experimental setup consisted of a single femtosecond laser and an intensified camera capable of
collecting data at a 1 kHz rate, making it easier to operate and capture temporal flow fluctuations.

25

D
ow

nl
oa

de
d 

by
 N

ic
k 

Pa
rz

ia
le

 o
n 

Fe
br

ua
ry

 2
0,

 2
02

6 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

02
6-

06
72

 



Fig. 23 Single-shot velocity measurement in AEDC Tunnel 9 with 1kHz FLEET for Mach 14 (a) and Mach 10
(b) flow conditions shown in black and the predicted velocity overlaid in red. From [103]; reprinted by permission
of the American Institute of Aeronautics and Astronautics, Inc.

.

A similar FLEET system was also utilized by Gopal et al. to characterize the freestream flow in the 1.6 MW
ONR-UTA arcjet plasma wind tunnel at the University of Texas at Arlington [119]. Similarly to the HyMETS example
above, the ONR-UTA arcjet produces high-enthalpy hypersonic flow with a substantial level of background luminescence
from plasma and molecular de-excitation within the flow itself, which causes problems for long-exposure diagnostic
implementation, such as FLEET. Since the arcjet is capable of running with a variety of test gases, for this first
demonstration of FLEET in an arcjet, Gopal et al. opted for lower bulk enthalpy within the operation range (2.2 MJ/kg),
Mach 6.5, and pure nitrogen to mitigate some of the issues associated with FLEET, as outlined in Sec. II.B. Additionally,
one of the unique features of the work was tailored spectral filtering that the authors employed to overcome strong
background luminescence. Figure 24(a) shows the result of the optical emission spectroscopy collected from the
region of interest and indicates the 725 nm to 900 nm spectral region chosen for optimal collection of FLEET signal.
Such filtering suppressed the background luminescence by nearly 72% and allowed collection of around 32% of all
single-shot images with sufficient SNR for velocity measurement. Figure 24(b) presents the single-shot tagging results
with the "first" camera gates shown on the top and the "second" gates delayed by 4 `B shown on the bottom. Overall, the
time-averaged velocity was measured to be 1788 m/s for these test conditions with the standard deviation of 209 m/s and
the measurement uncertainty of 2.6%, indicating a significant freestream velocity fluctuation in the shock-diamond
region.

Fig. 24 Results from the FLEET implementation in the 1.6 MW ONR-UTA arcjet plasma wind tunnel at the
University of Texas at Arlington. (a) Optical emission spectroscopy from the region of interest with indicated
spectral region for FLEET signal collection; (b) a set of representative single-shot FLEET images with high SNR.
Adapted with permission of authors from [119].
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Another type of hypersonic ground-testing facility that is challenging for conventional MTV implementation is
shock-driven facilities, including shock tubes, reflected-shock tunnels, and expansion tunnels. The challenges are
typically associated with their short run time (on the order of a few milliseconds) and highly transient test conditions, in
addition to the overwhelming chemiluminescence and optical quenching effects discussed above for arc-jet facilities.
Such a short test time often implies a single laser pulse generation during the run for conventional laser systems, limiting
the amount of useful data extracted from a single run. This was the case for the KTV application for the freestream
characterization of the T5 Reflected-Shock Tunnel at Caltech reported by Shekhtman et al. [120, 121]. The goal of
the campaign was to experimentally measure freestream velocity profiles and validate the anticipated facility test
conditions, which are calculated based on the shock velocity and pressures in the driver and expansion sections of
the tunnel at the time of run. Such characterization and anticipated condition validation are of utmost importance for
future computational efforts in nonequilibrium thermochemistry and Navier-Stokes equations, which heavily rely on
currently limited experimental data. For this experimental campaign, the authors simplified the KTV experimental setup
compared to the AEDC example above, utilizing a single UV pulse at 216.67 nm from a tunable Nd:YAG-pumped dye
laser to "write" the line and a continuous-wave laser diode outputting 769.455 nm to "read" the tagged line displacement.
Despite only a single velocity profile being extracted from a given tunnel run, the campaign yielded an extensive
characterization of the facility across its operation envelope. An example of the experimental results from the highest
stagnation enthalpy run conditions tested (16 MJ/kg) is shown in Fig. 25. There, the freestream velocity was measured
at 4940 m/s. Overall, the measurements conducted in both synthetic air/krypton and nitrogen/krypton flows agreed well
with the computationally predicted test conditions to within the experimental uncertainty, which ranged between 5-10%.

Fig. 25 KTV implementation results from one of the T5 Reflected-Shock Tunnel runs showing both post-
processed MTV image and the extracted velocity profile. Adapted with authors’ permission from Shekhtman et
al. [121].

All the freestream characterization examples above represented low-repetition-rate implementations of MTV in
high-speed ground testing, which are incapable of capturing some of the high-frequency phenomena, such as mixing and
embedded acoustic disturbance propagation, which may have frequencies exceeding 100s of kHz [122]. Additionally,
low acquisition rate measurements in short runtime ground-testing facilities, such as shock-driven tunnels, are incapable
of providing sufficient statistics required for RANS-based modeling validation. However, as ultra-high-speed pulse-burst
technology started to mature, the MTV techniques advanced to the required repetition rates to address the aforementioned
need [123]. For instance, in the work by Jiang et al. [124], the authors present both 100 kHz PLEET and 100 kHz
KTV measurements performed at the AEDC Tunnel 9. A custom 100-picosecond pulse-burst laser outputting 1064 nm
radiation was used for the high-speed PLEET part of the work and successfully tagged the Mach 18 nitrogen flow
after focusing the beam with a 1000 mm focal length lens across a 10 ms burst. For KTV, the authors utilized a
modified "single UV pulse + CW Near-IR beam" scheme by producing a 1 ms burst of 212.6 nm radiation with a custom
burst-mode OPO and re-exciting krypton atoms with a CW 769 nm diode laser for enhanced MTV signal. The results
of these measurements are summarized in Fig. 26. Overall, the velocity measurements agreed well with the tunnel
estimates and suggested maximum freestream velocity fluctuations do not exceed 1.5% in time. The computed velocity
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fluctuation was limited by the measurement uncertainty and as a result represents the upper bound of the true flow-field
temporal fluctuations.

Fig. 26 Experimental results summary of 100 kHz PLEET (a)-(b) and 100 kHz KTV (c)-(d) measurements
performed in the AEDC Tunnel 9 Mach 18 nitrogen freestream. Subfigures (b) and (d) show the instantaneous
velocity fluctuations averaged over the whole region of interest for PLEET and KTV, respectively. Adapted with
author permission from Jiang et al. [124]. © 2023 Optica Publishing Group.

The most recent example of this section continues the theme of temporal characterization of high-frequency
freestream fluctuations and doubles as the first experimental demonstration of Nitric-oxide ionization-induced Flow
Tagging and Imaging (NiiFTI). In the work by Leonov et al. [69], the authors implemented two-photon resonant
ionization of nitric oxide with subsequent observation of long-lived visible/near-IR fluorescence for 250 kHz velocimetry.
The work was done in a low-enthalpy Mach 6 air flow seeded with nitric oxide in the Texas A&M Actively Controlled
Expansion Tunnel (ACE). Seeding levels did not exceed 1%. The experimental setup consisted of a Spectral Energies
QuasiMODO Nd:YAG MOPA pulse burst laser pumping a custom OPO to generate the 226 nm radiation and a single
intensified high-speed camera equipped with 500 nm long-pass filters. Figure 27 summarizes the results of NiiFTI
implementation for 250 kHz flow tagging. The persistence of the phosphorescent emission, which lasts for 45 `B under
the freestream conditions of 57 K and 413 Pa, enables multiple lines to be tagged and followed, with preceding lines
seen displaced by the flow. Additionally, the long fluorescence lifetime alleviated the need for fluorescence decay
correction discussed in Sec. IV.C. The camera gate times are delayed by 200 ns and 1.4 `B with respect to the laser
pulse, thereby avoiding direct exposure to the scattered laser light and strong nitric oxide ultraviolet fluorescence. The
spatially-integrated single-shot freestream velocity of 860 m/s was measured with a shot-to-shot standard deviation of
as low as 3.4 m/s, corresponding to 0.4% velocity fluctuations. Considering that the typical freestream fluctuations
measured in this tunnel are around 1.5%, this measurement suggests a small spatial scale and low temporal frequency of
the dominant freestream fluctuations.
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Fig. 27 Summary of 250 kHz NiiFTI demonstration in Mach 5.7 flow: (a) average NiiFTI image, (b) schematic
of the experimental setup and the time diagram, (c) spatially integrated NiiFTI signal showing line displacement,
(d) single-shot velocity measured across the laser burst. Adapted with permission from Leonov et al. [69] ©
Optica Publishing Group.

.

B. Boundary Layers
Boundary layers are perhaps the primary area of aerodynamic concern in modern high-speed aerothermodynamics

because they are directly in contact with the vehicle surface and set the boundary conditions and requirements for
thermal protection systems, vehicle control systems, and other key aspects of high-speed vehicles. From a measurement
perspective, high-speed boundary layers present numerous challenges, including their relatively small scale, the reduced
density as temperature increases while flow slows due to frictional forces, and the potential for transitional and turbulent
fluctuations at a range of temporal and spatial scales. The following examples provide a small sample of the successful
applications of molecular tagging velocimetry for characterization of high-speed boundary layer flows. Many other
works also feature boundary layer measurements [85, 86, 99, 101, 125–127].

One of the early successes of the FLEET technique in an applied environment was its application for measuring the
turbulent boundary layer on a hollow cylinder model in AEDC Tunnel 9 at Mach 10 conditions, which was done by
Dogariu et al. [103]. Results from the measurement are shown in Fig. 28, with comparisons to PIV and basic RANS
CFD showing excellent agreement. This experiment was also among the first to utilize a tangent orientation of the beam
to mitigate laser-surface interactions (see Section V for more on this topic). The FLEET technique was especially well
suited for Tunnel 9 due to its operation with pure molecular nitrogen as the test gas instead of air to avoid liquefaction.
However, the large scale of the tunnel still made signal collection a challenge.
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Fig. 28 Results from Dogariu et al. [103] showing FLEET measurements of a turbulent boundary layer on a
hollow-cylinder model in Mach 10 flow at AEDC Tunnel 9. Adapted from Dogariu et al. [103] © 2019 by the
American Institute of Aeronautics and Astronautics. Work of the U.S. Government.

Figures 29 and 30 show results by Segall et al. [128], where the turbulent boundary layer region on a hollow-
cylinder-flare geometry was measured in the Stevens Shock Tunnel [129]. The tagging was done by targeting acetone
seeded into the driven tube prior to the tunnel firing. The velocity profiles are presented in viscous units in Fig. 29
utilizing the van Driest transformation (see Section VII for a general discussion of that process) and show that near-wall
measurements were able to be made as low as H+ ⇡ 3. Figure 29 also shows that the data was in good agreement
with log-law and viscous sublayer expected trends, as well as results for DNS. Figure 30 provides information from
analysis of instantaneous measurements from the same experiment to examine the validity of Morkovin’s hypothesis.
The acetone tagging results show good agreement with PIV and DNS, but show slightly better agreement with DNS
than the PIV does near H/X ⇡ 0.1. Values at H/X ⇡ 0.04 are believed to be corrupted by laser-surface interactions and
measurement uncertainty.

Fig. 29 Acetone tagging velocimetry results by Segall et al. [128], with the mean turbulent velocity profile
plotted in viscous units and compared with PIV and DNS results. Measurements are made as low as H+ ⇡ 3.
Adapted with author permission from [128] © B. Segall, D. Shekhtman, A. Hameed, J. Chen, and N. Parziale.
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Fig. 30 Work by Segall et al. [128] comparing measured turbulent boundary fluctuations with an applied
Morkovin scaling to DNS and PIV results. Adapted with author permission from [128] © B. Segall, D. Shekhtman,
A. Hameed, J. Chen, and N. Parziale.

Segall et al. [130, 131] report boundary-layer profiles of the streamwise mean and streamwise/wall-normal RMS
fluctuations, (D, E, D0RMS, , E

0
RMS), obtained with Krypton Tagging Velocimetry (KTV) at 100 kHz in a hypersonic,

turbulent, zero-pressure-gradient boundary layer. A novel wall-normal measurement strategy is included as Fig. 31.
They examine two operating conditions: a ‘cold-flow’ case with ("1 = 6.4, )F/)A = 0.54, '4g = 450) and an
‘enthalpy-matched’ case with ("1 = 6.0,)F/)A = 0.17, '4g = 780). Nondimensional profiles down to H+ ⇡ 3 � 6 are
available Fig. 32. After applying Morkovin scaling to account for mean-density variation across the boundary layer,
they show that the KTV and DNS data collapse onto incompressible laser-Doppler anemometry (LDA) benchmarks
within experimental uncertainty down to H/X ⇡ 0.1. They conclude that these, shown in Fig. 33 , support Morkovin’s
hypothesis for supersonic and hypersonic compressible turbulence and constitute, to their knowledge, the first wall-normal
fluctuation measurements to substantiate the 1962 hypothesis.

Write Line

Read Line

Fig. 31 Schematic of KTV wall-normal fluctuation measurement in Segall et al. [131]. Top: Side view of HCF
and wall-normal fluctuation setup. Bottom: Sample wall-normal exposure with fitted line.
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Fig. 32 van Driest non-dimensionalization of KTV data from Segall et al. [131] and comparison to DNS.
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Fig. 33 Morkovin scaled D0RMS and E0RMS for KTV experimental data (present work plotted every fifth point)
compared to DNS, LDA, and PIV (plotted every other data point) from Segall et al. [131].

MTV has also been used to study high-speed transitional boundary layers [102, 132]. Hill et al. [132] used FLEET
velocimetry to study the effect of nose bluntness on boundary layer transition in a Mach 6 Ludwieg tube. Work by
Webber et al. [102] is shown in Fig. 34, where FLEET velocimetry was used to measure the boundary layer velocity
profiles at several positions in the transitional region on a hollow cylinder in Mach 7 flow. The velocity data is presented
as a color map in Fig. 34(b) to show that the redistribution of momentum towards the surface coincides with increasing
skin-friction values determined from the fitting of velocity profiles.
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Fig. 34 FLEET velocimetry results by Webber et al. [102, 133] in the transitional boundary layer region on a
hollow-cylinder model in Mach 7 flow. (a) Shows normalized velocity profiles at each location and (b) shows a
color map of the transitional region based on velocity, with skin-friction computed from the velocity data shown
on the right axis. Adapted with author permission from Webber et al. [102, 133].

Recently, NiiFTI was also applied for near-surface boundary layer velocimetry in both low and high enthalpy
conditions in a blowdown and expansion tunnels [73, 74]. An ogive hypersonic model was chosen as it provides a
favorable pressure gradient, and a platform for studying competing mechanisms in turbulence production processes. In
this example, a 10 Hz dye laser was employed to generate the 226 nm beam, while the rest of the optical and diagnostics
setup remained the same as in the example in the section above. By passing the laser at grazing incidence across the
ogive test article, the flow was tagged simultaneously at varying distances up to less than a millimeter from the model
surface while avoiding laser generated surface ablation, which is typical in experiments where the laser beam intersects
with the model surface. Figure 35 shows the tagged flow at two temporal delays from which the boundary layer velocity
profile can be acquired. Here, the velocities near 870 m/s were calculated outside the boundary layer. The boundary
layer was profiled as close as 0.25 - 0.5 mm from the model surface, corresponding to the minimum recorded velocity of
122 m/s.

Fig. 35 Near-surface flow tagging and boundary layer velocimetry for an ogive mode using 10 Hz NiiFTI.
Adapted with permission from Leonov et al. [74]

.
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C. Wakes
Wakes are an extremely important region of many high-speed-flow fields, as they often are associated with flow

separation, transitional-turbulent free shear layers, nonequilibrium thermochemistry, and potentially even sparse gas
behavior, all of which are still challenging phenomena for modern CFD. Measurements in wakes are therefore critical to
developing better computational modeling tools, and several researchers have used MTV to extract velocity information
in these regions [59, 60, 134, 135].

Figure 36 shows an excellent example of MTV being used to study the wake region behind a hypersonic sphere in
the Sandia reflected shock tunnel [60]. Due to the total enthalpy of the flow, the measurement made use of naturally
produced NO, eliminating the need for gas seeding. Qualitative comparison of results with CFD in Fig. 36(c) shows
relatively good agreement. Note that for such a facility, it would be impractical to attempt a PIV measurement due to the
nature of the impulse-style tunnel as well as the high Mach number.

Another successful application of MTV for wake measurements is shown in Fig. 37, based on work at the NASA
Langley Research Center. This measurement was done in the NASA Langley Mach 10 blowdown facility, which
lacks the total enthalpy to naturally produce NO via dissociation of air molecules. Thus, NO was seeded into the
flow. A diffractive optic was used to split the single excitation beam into 75 laser beams, which greatly increased the
measurement field per laser shot. Radial profiles of the streamwise velocity component are shown in Fig. 38 for several
axial positions from the velocity map in Fig. 37.

Fig. 36 Work by Jans et al. [60] in the Sandia reflected shock tunnel where NO molecular tagging velocimetry
was used to measure the wake on free-flight sphere. (a) shows images of the tagging relative to the sphere, (b)
shows an actual image of the model during the tunnel run, and (c) shows a comparison of the data with CFD.
Conditions were at Mach 8.8 with a total enthalpy greater than 10 MJ/kg. Adapted with permission from [60] ©
2025 Optica Publishing Group.
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Fig. 37 Work by Rodrigues et al. [59] in the NASA Langley Mach 10 facility using NO tagging to measure the
wake region behind a sphere-cone model. A diffractive optic was used to simultaneously write over 70 lines with
one pulse. Adapted with author permission from [59]. Work of the U.S. Government.

Fig. 38 A plot of wake velocity profiles from various axial locations in Fig. 37. Adapted with author permission
from [59]. Work of the U.S. Government.

D. Propulsion Related Flow-Fields
There is limited application of MTV to high-speed propulsion flow-fields, especially with active combustion.

However, the technique is extremely well suited for such measurements, given that water and OH can be naturally
generated by hydrogen and hydrocarbon combustion.

An example of OH tagging applied in a non-reacting high-speed flow relevant to hypersonic air-breathing propulsion
comes from the work of Lahr et al. [90]. The flow-field of interest in that work was a relatively large cavity, which is
typically used in ramjet and scramjet propulsion to increase fuel residence time, increase mixing, and as a flame holder
to stabilize ignition. As shown in the schlieren image and diagram in Fig. 39(a), the backward-facing step results in a
large free shear layer across the top of the cavity and the cavity itself has a recirculation aspect to it, along with some
degree of vortex shedding. In all, it is a very complicated flow-field with various scales of unsteadiness and transport.
As shown in Fig. 40, a two-dimensional OH tagging approach was used to obtain mean and instantaneous velocity fields
across the span of the cavity, with measurements repeated at several wall-normal heights relative to the top of the cavity.
The resulting velocity profiles for several positions in the cavity are presented in Fig. 41, which the reversed flow inside
the cavity associated with the recirculation region and the forward flow in the free shear layer.
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Fig. 39 (a) A schlieren image and (b) illustration of the cavity flow studied by Lahr et al. [90]. Adapted with
from [90] © 2010 by the American Institute of Aeronautics and Astronautics. Work of the U.S. Government.

Fig. 40 Examples of mean and instantaneous images of the two-dimensional OH tagging used in the experiment
by Lahr et al. [90]. Adapted from [90] © 2010 by the American Institute of Aeronautics and Astronautics. Work
of the U.S. Government.
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Fig. 41 Velocity profiles obtained by Lahr et al. [90] for the flow-field near the flame holder cavity in Fig. 39
using OH tagging. Adapted with from [90] © 2010 by the American Institute of Aeronautics and Astronautics.
Work of the U.S. Government.

Another propulsion-related flow-field of interest for the Aerodynamic Measurement Technology community is a
transverse jet in a supersonic or hypersonic crossflow. The two most common scenarios to encounter such a flow-field
are: 1) fuel-oxidizer mixture injection into the core flow of scramjet combustors, and 2) control jets as part of either
reaction or thrust vectoring systems. Such wide utilization and importance for high-speed propulsion and maneuvering
applications make transverse jets in a high-speed crossflow an important area of both experimental and computational
research for more than a few decades [136, 137]. In addition to a complicated shock structure with multiple recirculation
regions, these jets are characterized by high frequencies of mixing processes, strong multi-dimensional vorticity, and
overall highly transient behavior, setting high requirements for MTV applications. Recently, single-shot NiiFTI was
applied to study the interaction of a Mach 3 overexpanded transverse jet of nitrogen and a "low-enthalpy" Mach 5.7 core
flow, as shown in Fig. 42 (left) [75]. Due to the low temperature of both flows, the nitrogen jet was seeded with 2% nitric
oxide. In this work, Leonov and Miles demonstrated the use of a tunable Nd:YAG 5th harmonic output at 213 nm for
molecular tagging velocimetry for the first time. Despite negligibly low theoretical NO absorption of 213 nm radiation
at temperatures below 300 K, NiiFTI benefited from the quasi-resonant two-photon ionization and proved to tag the
flow with this excitation scheme effectively as represented with a sequence of raw NiiFTI images in Fig. 42 (right).
Here NiiFTI was implemented at a 200 kHz laser repetition rate and benefited from a long fluorescence lifetime of
around 40 `s. As a result, each camera frame in Fig. 42 shows multiple tagged lines corresponding to previous laser
pulses convecting downstream despite having only a single camera exposure synchronized with the laser. Since each
frame contained information about a few previously tagged lines, the authors were able to trace the evolution of each
individual tagged fluid element across a number of frames and measure the velocity changes in space from Lagrangian
stand-point. The results for one of the tagged fluid elements are presented in Fig. 43. Figure 43(a) shows line positions
extracted from five consecutive images in red and normalized velocity vectors in blue. Figures 43(b-c) present extracted
horizontal and vertical velocity components, respectively, in blue. Given successful velocity measurement at multiple
spatial locations for a single fluid element, the authors were able to calculate flow acceleration similarly to the previous
work by Danehy et al. [138], where the authors measured three components of velocity and acceleration using FLEET
and stereoscopic imaging.
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Fig. 42 Supersonic crossflow flow-field schematic with one of the raw images overlaid to show the measurement
location (left); six consecutive representative images (right). Adapted with permission from [75] © Optica
Publishing Group.

Fig. 43 Results for one of the flow tags: a) Measured velocity vectors (blue) overlapping the tagged line positions
(red); b) measured horizontal "u" velocity component with appropriate confidence intervals; c) measured vertical
"v" velocity component. Adapted with permission from [75] © Optica Publishing Group.

E. Shear Flows
Similarly to wakes, when high-speed geometries feature an inward-deflection of the flow along the surface it can

lead to separation and an associated separated shear layer. Particularly for the semi-canonical cone-slice-ramp geometry
studied at Sandia (Fig. 44), which features an expansion in the form of a planar slice along the axis of a cone followed by
a 2D compression ramp, the expansion separates the flow due to the influence of the downstream ramp. For the case of a
turbulent boundary layer, the separation itself can lead to relaminarization of the flow near the wall [139]. This presents
challenging conditions for MTV, not only because the velocimetry is performed in proximity to a wall, but also because
the flow features strong gradients in density and velocity across the shear layer that impacts the local signal-to-noise ratio.
Profiles of streamwise velocity extracted along the wall-normal direction for three locations along the cone-slice-ramp
geometry using FLEET are shown in Fig. 44. Although the reduced separation with increasing Reynolds number is
evident from the profiles along the slice, the velocimetry was limited by the single-exposure multiple-gate approach, see
Fig. 15(a), that prevented velocities below approximately half of the edge velocity from being resolved. In addition, the
gradients in density adversely impacted the local signal-to-noise ratio near the wall: highlighting the challenging nature
of MTV in shear layers with strong gradients.
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Fig. 44 The Sandia expansion-compression cone-slice-ramp geometry with measurement locations indicated
(left) and extracted profiles of streamwise velocity from FLEET (right) at three Reynolds numbers corresponding
to laminar (solid), transitional (dashed), and fully turbulent (dotted) boundary layers along the cone, from Carter
et al. [127]. Adapted with permission from [127] © The American Institute of Aeronautics and Astronautics.

Another example of a high-speed shear flow is that of a turbulent shockwave-boundary layer interaction (SBLI), for
example at a 2D compression corner. In Mustafa et al. [140, 141, 142], the authors quantify how compression-corner
angle influences streamwise turbulent kinetic energy (sTKE) and coherent structure in Mach 2.8 flow. Krypton Tagging
Velocimetry (KTV) measurements are acquired in the incoming turbulent boundary layer and over 8�, 16�, 24�, and
32� compression corners. Experiments employ a 99% N2/1% Kr mixture in the AEDC Mach 3 Calibration Tunnel
(M3CT) at '4⇥ = 1750. They introduce a wall-normal integral measure, sTKE, that combines the root-mean-squared
streamwise fluctuations with the local shear-layer width to capture net turbulence amplification across geometries. To
interrogate organization in the velocity field, they applied snapshot proper orthogonal decomposition (POD) to the KTV
data, extract the dominant modes, and compare cases via mean-velocity maps conditioned on the largest positive and
negative POD coefficients.

Fig. 45 shows sample KTV read exposures for Mach 2.8 shock-wave/turbulent boundary layer interaction. This is
the visualization of the 5? [3/2]1 ! 5B[3/2]>1 (829.8 nm) transitions. Mach 2.8 flow is left to right and the walls in
each corner flow are marked in black. Animations of instantaneous fluorescence exposures and corresponding velocity
profiles are provided as supplementary material in [142].
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Fig. 45 Sample instantaneous shock-wave/turbulent boundary-layer interaction fluorescence exposures for
the (a) 8 degree, (b) 16 degree, (c) 24 degree and (d) 32 degree corners, respectively. These are ostensibly
boundary-layer profiles traces with a 500 ns prescribed delay between the write and read step. Major tick marks
are 10 mm. Flow is left to right. Inverted intensity scale. Wall marked as black. Animations of instantaneous
fluorescence exposures and corresponding velocity profiles are provided as supplementary material in [142].

VI. MTV Associated Challenges

While molecular tagging velocimetry is becoming more widespread in use for high-speed flow measurements, it still
has many challenges to overcome before reaching the level of use and regularity of particle image velocimetry (PIV).
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A. Gas Seeding
Molecular tagging velocimetry techniques that don’t require seeding, such as FLEET in nitrogen/air tunnels and

NO-MTV in arc jet tunnels, are highly desirable. However, most MTV techniques will require the seeding of some
trace target species that will be excited by intense laser light. Most hypersonic facilities are, in fact, impulse facilities,
which utilize pressurized tubes filled entirely with the test gas prior to the run. Here, the seeding can be relatively
straightforward, but care has to be taken to avoid depletion of a tracer gas through chemical reaction (e.g. NO interacting
with the oxygen in air and decreasing in concentration), and some tracer elements may not stay homogeneously mixed
after long periods of time associated with pre-run experimental preparations (such as pumping the test article to vacuum).
In some cases, seeded gases can pose occupational risk, such as NO (highly toxic) or acetone (flammable). Also, in
hypersonic flows with sufficient enthalpy, chemical reactions can occur in stagnation regions or even upstream of the
nozzle in the stagnation chamber. Unless chemically inert (such as krypton or molecular nitrogen), there is the potential
for seeded gases to interfere with these chemical reactions and perhaps change the thermochemistry of the hypersonic
flow. Therefore, among seeded MTV techniques, those that rely on seeding with an inert gas are more desirable.

For blowdown tunnels, gas seeding for MTV is similar to particle seeding practices for PIV, which are typically
referred to as "much more art than science." The primary consideration for these types of facilities is seeding uniformity,
which is very much dependent on the nozzle mass flow rate. Figure 46 shows an example of a seeding wand used in the
9" by 14" Texas A&M ACE tunnel, which is discussed by Buen et al. [53]. This seeding wand was placed upstream of
the flow screen to minimize turbulence in the flow upstream of the nozzle.

Fig. 46 Example of the gas seeding system used in the Texas A&M ACE tunnel, as described by Buen et al. [53].
Adapted with permission from [53] © 2020 by the American Institute of Aeronautics and Astronautics.

While the above concerns should be considered in any application, it is also important to note that most techniques
require relatively low concentrations of the target molecules, approximately 1-2% by volume.

B. Increased Measurement Capabilities: Space and Time
Another challenge for MTV is increasing spatial measurement capabilities, which includes both higher-dimensional

measurements (simultaneous 2-component velocity rather than only 1-component velocity) and measurements at
multiple locations. Particle image velocimetry typically provides a global, planar snapshot of the velocity field in
two components, which greatly increases its value for flow field measurements and enables derived quantities such as
vorticity to be measured. Generally, MTV is not capable of providing the same level of spatial information as PIV. Some
work has been done using arrays of MTV lines to get two velocity components in high-speed flows [90, 104, 105] (see
for example, Fig. 40.). Point array and multiline techniques have also been demonstrated for basic flows [126, 143, 144],
and even tomographic measurements have been demonstrated [145]. However, even the processing of typical 1D MTV
data is relatively underdeveloped compared to widely used PIV data processing packages, and these higher dimensional
data sets are even more cumbersome to work with. Hence, more work is needed to develop experimental configurations
that enable planar (or even volumetric) and 2-component (or even 3-component) measurements. Better data analysis
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tools are also needed to make MTV data processing simpler, particularly for higher dimensional data sets.
While increasing spatial measurement capability is highly desirable, even just developing consistent and simple

approaches to get surface normal velocity in a boundary layer will be beneficial, since this is precisely the type of
measurements PIV cannot provide in high-speed flows due to particle response effects. Such measurements are extremely
valuable for validating production and dissipation terms in turbulence models and validating conceptual frameworks
such as the Morkovin hypothesis.

In consideration of time scales, it is important to note that many ground testing facilities in hypersonic flow research
operate as impulse tunnels, including expansion and shock tunnels, which operate with durations on the order of
milliseconds. With imaging being the primary mode of detecting MTV lines, there is a significant challenge in obtaining
enough data for converged statistics during the steady flow period. Even with state-of-the-art pulse burst laser systems,
this challenge remains, as the thermal stability and damage thresholds of laser components used in optical parametric
oscillators (OPOs) limits burst durations to a few hundred pulses per burst at high pulse energies. While megahertz rate
capabilities do exist, they cannot directly tackle this issue since the cameras needed to image at that rate only record for
a limited number of frames with the current technology.

Fig. 47 Normalized vertically-binned ensemble-averaged conventional FLEET image of a Mach 8 freestream
flow (a) and normalized intensity distributions of each of 16 streamwise-oriented photodiode array elements from
the same flow (b) with multi-Gaussian (MG) fits shown in red dashed lines (adapted from [146]).

To overcome the limitations imposed by imaging at very high speeds, recent work by Carter et al. [147, 148]
demonstrated the use of a linear photodiode array to track the advection of the excited gas at MHz rates by orienting the
array along the streamwise direction. In their case, FLEET was used in a pure-nitrogen flow at Mach 8. A comparison
between conventional MTV and the time-domain photodiode array method is shown in Fig. 47 in a uniform free-stream
flow. The sequential-in-time peak locations of the photodiode elements demonstrates the feasibility of the time-domain
approach, however two sources of significant uncertainty were noted that lead to substantial 7% disagreement with
conventional image-based MTV. First, that the transfer function imposed by the image intensifier (that was placed
in front of the photodiode) is unknown and likely introduced a bias due to the finite response time of the internal
photocathode. Second, that the bi-exponential decay of the FLEET excitation may also impact the apparent peak
location in time. The latter was approximated to impact the estimated freestream velocity by 1%, indicating that the
image intensifier is dominating the uncertainty. Further disagreement was found when comparing conventional and
time-domain measurements in the wake of a seven-degree cone at Mach 8 [146], indicating that flow accelerations
are problematic for the photodiode elements whose “pixel” size is significantly larger than the pixels of a typical
image sensor. Future efforts on so-called time-domain MTV are recommended to avoid using image intensifiers ( e.g.,
using avalanche photodiodes), as well as photodiodes with as small of a photosensitive area as possible. The use of
microlenses in combination with photodiodes may also improve performance.
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C. Laser-Surface Interactions
Most MTV-based boundary layer measurements are done with the intent to measure a wall-normal velocity profile,

but depending on the laser excitation requirements for the trace species, the laser impingement on the surface can lead to
significant local surface damage, creation of artificial flow disturbances, or creation of a weak plasma, as shown in Fig.
48. In this regard, single-photon MTV techniques such as NO-MTV are better suited for near-surface measurements,
compared to multi-photon MTV techniques that require significant laser intensity to drive the excitation process. While
this area remains a challenge, especially given the importance of near-wall data to CFD validation, a few strategies have
been demonstrated. First, several researchers have aimed focused MTV excitation beams into small holes typically used
for high-response pressure sensors in the surface of models to help mitigate surface interaction effects. This approach
was successfully applied by Hill et al. [132], shown in Fig. 49, and Pehrson et al. [99]. While such open flows surely
introduce some level of flow disturbances, simple RANS computations simulations suggest no significant impact on the
local mean flow. However, holes can promote boundary layer instability and affect overall boundary layer transition
dynamics. Another issue with this approach is that measurements become limited to regions on the model near the
holes. Furthermore, some hypersonic impulse facilities may have appreciable movement during operation, which may
cause the beam to miss the target hole, resulting in significant laser scatter and potentially model damage.

Fig. 48 An example of a laser-surface interaction in the work by Dogariu et al using FLEET velocimetry [103].
The black dotted line represents the model surface and the red dotted line represents the inbound laser. Adapted
from [103] © 2019 by the American Institute of Aeronautics and Astronautics. Work of the U.S. Government.
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Fig. 49 An illustration from Hill et al. [132] demonstrating the use of a small hole in the model to terminate a
FLEET excitation beam. Adapted with permission from [132] © 2021 Optical Society of America.

Another approach to avoiding laser-surface interactions applies specifically to axisymmetric flow-fields and models.
As shown in Fig. 50, if the flow is truly axisymmetric, then an MTV line can be created tangent to the surface, and
each point along the line can be mapped to a specific surface normal height using trigonometry. This approach was
used by Dogariu et al. [103] for FLEET measurements on a cone in AEDC Tunnel 9, by Leonov et al. [73] for
NiiFTI measurements of boundary layers on an ogive in Texas A&M’s HXT, and by Webber et al. [101] for FLEET
measurements of a laminar boundary layer on a hollow-cylinder mach in UTSI’s Mach 7 Ludwieg tube. The technique
has also been used successfully with krypton [125] and acetone [128] tagging velocimetry.

Fig. 50 The generalized geometry of tangent MTV and an example of a FLEET image acquired with this setup.
Adapted with author permission from [102] © Nicholas Webber, Sophia Edwards, and Mark Gragston.

Equation 23 can be used to map a position . on the line in the MTV image to a wall normal position H= under the
assumption that the surface offset � was measured as shown in Fig. 50, even with some angle U between the MTV line
and vertical axis. 'B is the model radius and U is the angle of the beam relative to an ideal vertical orientation.

H= =

s
('B + �)2 + .

2

cos2 (U) � 2('B + �). tan(U) � 'B (23)
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Note that Eq. 23 reduces to the simplified expressions given by Leonov et al. [73] if U = 0°. Webber et al. [101]
showed that this approach gives very good agreement with CFD values for velocity profile and skin-friction, as shown in
Fig. 51. It was also shown that the results are highly dependent on the accuracy of the beam angle, thus, significant
effort should be made to quantify this during alignment. Sensitivities of this technique are discussed by Webber et al.
[149], where synthetic MTV data was used to better isolate parametric effects.

Fig. 51 A laminar velocity profile on a hollow cylinder in Mach 7 flow measured by Webber et al. [101] using
the tangent method and compared to laminar CFD. Adapted with author permission from [101] © Nicholas
Webber, Sophia Edwards, and Mark Gragston.

D. Broad Usage Barriers
Finally, a major challenge for MTV is associated with its ability to be integrated into standard usage for hypersonic

ground testing at both the university scale and at research centers. Unlike PIV, which requires minimal technical
knowledge of laser hardware and photophysical processes to obtain reasonable measurements, MTV is very specialized
from a technical knowledge perspective. This is also true regarding data processing for MTV measurements, as discussed
previously. Therefore, effort is needed to make MTV techniques more accessible to users with limited knowledge of
laser systems and laser hardware (like optical parametric oscillators or "OPOs") and improving the data processing
workflow (perhaps with robust, standardized software packages or with machine learning approaches that can process a
wide array of data).

Also under this category is the barrier introduced by cost. Compared to PIV, MTV has significantly higher potential
costs, which may include specialized laser systems (e.g., burst-mode lasers with OPOs or femtosecond lasers), intensified
cameras, and more. This cost must also be viewed in context of the cost of building, maintaining, and operating
high-speed wind tunnels. Hence, it is generally expensive for users to acquire MTV measurement hardware while
also running high-speed facilities, which has likely slowed the development and implementation of the technique. For
investigators looking to start making use of MTV, lasers such a dual-head Nd:YAGs (that output a frequency-doubled
532 nm beam) that are commonly used for PIV can be frequency-quadrupled with a single additional BBO crystal and
used for acetone MTV. Another emerging possibility is a frequency-quintupled laser via two additional BBO crystals for
nitric oxide based MTV.
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VII. Summary and Conclusions

Molecular tagging velocimetry has developed tremendously over the recent decades due to advances in both laser
and imaging technology, but also because of continued research in developing new approaches. These advances have
directly translated to improved velocimetry capabilities that support ground testing efforts related to high-speed and
hypersonic flows and validation of computational tools.
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