Experiments in Fluids (2024) 65:112
https://doi.org/10.1007/500348-024-03841-w

RESEARCH ARTICLE q

Check for
updates

Measurements of no rotational and vibrational temperatures
behind a normal shock in hypervelocity flow via absorption
spectroscopy

Samuel E. Feltis' - Zhili Zhang" - Tyler S. Dean? - Rodney D. W. Bowersox? - Farhan Siddiqui'= - Mark Gragston'3

Received: 26 October 2023 / Revised: 17 June 2024 / Accepted: 18 June 2024 / Published online: 12 July 2024
This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2024

Abstract

Tunable Diode Laser Absorption Spectroscopy (TDLAS) measurements of nitric oxide (NO) using a Quantum Cascade
Laser (QCL) in the vicinity of 5.26 pum were conducted in a hypervelocity flow generated in the Texas A&M Hypervelocity
Expansion Tunnel (HXT). The nascent NO was produced downstream of symmetric Mach reflections generated in Mach
8.5 flows with stagnation enthalpies from 6.9 to 11.1 MJ/kg. Path-averaged flow parameters of rotational and vibrational
temperatures and NO concentration at a measurement rate of 30 kHz were obtained. By probing the R-branch of the funda-
mental absorption band in NO, thermal nonequilibrium and NO concentration levels in the post-shock region were measured.
Measurements are compared to equilibrium calculations. NO equilibrium values during the 1 ms test period differ from the
experimental rotational and vibrational measurements across the same time period. The experimental measurements of the
rotational temperature show a consistent value around 3000 K larger than the recovered vibrational temperature across any
run. The NO concentrations in all runs are near to the reported equilibrium value; often beginning higher than, and over time
decaying to, the equilibrium concentration value of the specific tunnel run.

List of symbols h Planck constant
A Einstein A-coefficient 1 Moment of inertia
A Ist spin-splitting energy term I, Transmitted signal
B,  Rotational constant for vibronic level I Baseline signal
C 2nd spin-splitting term J Rotational quantum number
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Cy Constant of x broadening L Laser pathlength
) 2nd radiation constant M Molecular weight
D,  Centrifugal stretching term for the vibronic level v M,  Mach number
d Lorentzian—Gaussian ratio m Mass
F"”  Lower-state rotational energy N,  Avogadro constant
fv Voigt convolution function n Molecular density
G"”  Lower-state vibrational energy n,,  Temperature dependence coefficient
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Term in the ground electronic state rotational
energy
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1 Introduction

Strong shockwaves are ubiquitous in hypersonic flight condi-
tions and the increase in gas temperature through such strong
compressions can result in the generation of nitric oxide
(NO), the activation of vibrational energy modes of mol-
ecules, and possibly dissociation chemistry depending on the
flow conditions. The molecular dissociation and redistribu-
tion of energy among the available vibrational energy modes
leads to changes in the physical and transport properties of
the gas that have a significant impact on the calculation of
important engineering quantities such as the amount of sur-
face heat transfer (Park 1989; Wada et al. 1993). As ground
testing facilities are key to development of hypersonic flight
systems, it is important to quantify these high-temperature
gas effects during testing.

Tunable diode laser absorption spectroscopy (TDLAS)
is a non-intrusive diagnostic technique for measuring
species concentrations and obtaining information about
molecular internal energy states. As an overview, every
molecule and compound is able to absorb light at some
wavelength and the resulting absorption spectra allow for
the determination of material properties of the absorb-
ing medium such as molecular concentration, pressure,
and temperature. Often, an assumption of thermal equi-
librium along the interacting pathlength of the laser with
the absorbing medium is made for simplicity. However,
TDLAS can be modeled to account for nonequilibrium
temperatures through the use of a two-temperature model
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approximation; this assumes independent rotational and
vibrational temperatures and states. This is important, as
a common approach to modeling nonequilibrium flows in
CFD is to use a multi-temperature approach where each
internal energy mode (translational, rotational, vibra-
tional, and electronic) is given a corresponding tempera-
ture. Using this two-temperature model, it is assumed that
translational and rotational temperatures are identical due
to similar relaxation rates, the vibrational differs due to
its relatively long relaxation time, and that the electronic
is negligible so long as the absorbing medium remains in
the ground state. Such models and their applications in
CFD are discussed in literature (Park 1989; Wada et al.
1993; Bond et al. 2021; Passiatore et al. 2022; Sweetland
et al. 2018).

Thermal nonequilibrium flows stem from the varying relax-
ation timescales of the rotational and vibrational energy modes
(Hanson et al. 2016). To wit, high energy environments may
maintain, for brief periods of time, several different tempera-
tures based on the mode of excitation. NO is a good meas-
ure of these varying excitation modes as it readily forms in
hypersonic environments and contains ample variation in its
absorption peaks allowing for mode differentiation (Girard
et al. 2021). The use of TDLAS in hypersonic flows has been
rigorously tested and shown in various experiments and litera-
ture to be a reliable measurement technique to describe such
flows (Girard et al. 2021; Wehe et al. 1997; Chang et al. 2011;
Schultz et al. 2014; Parker et al. 2006; Finch et al. 2020; Weis-
berger et al. 2016). By using TDLAS within the fundamental
band R-branch of NO, the rotational and vibrational tempera-
tures may be recovered.

In this work, nascent NO that formed behind a nor-
mal shock in a Mach 8.5 flow was analyzed via TDLAS
to recover the rotational and vibrational temperatures.
A two-temperature model was used to understand the
effect on nonequilibrium flow behind the shockwave.
Similar assumptions were also made in work by Girard
et al (2021). Furthermore, all excited states are presumed
to be in the X°II ground state of NO, allowing for the
approximation of a constant electronic partition func-
tion, removing the need to consider the electronic tem-
perature (Hanson et al. 2016). It should be noted that
the experiments were conducted in a hypersonic wind
tunnel, where the inherent noise and turbulent flow are
evident. The experimental TDLAS signals are raw data
from the measurements, without any filtering, reflecting
the reality of the conditions. This work was primarily
focused on establishing a baseline analysis for TDLAS in
the Texas A&M Hypervelocity Expansion Tunnel (HXT),
with future interest focusing on measuring thermochemi-
cal nonequilibrium in the shear flow region of a Mach
stem interaction.
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2 Experimental setup
2.1 Facility and test conditions

Experiments were performed in the HXT which is
described in detail by Dean et al. (2022) and depicted in
Fig. 1. The 30.5 m long facility features a 0.48 m diam-
eter pipe in the driver, driven, and expansion sections and
a nozzle with a 0.92 m exit diameter is used to further
expand the flow to achieve increased Mach number range,
test time, and test core size. Typical facility run times are
on the order of 1 ms but vary based on the target flow
conditions.

The testing conditions for this work are shown in
Table 1. In each test, helium was used for the driver gas;
while, air was used in the driven section.

2.2 Model geometry

The model geometry used in this work is described by Dean
et al (2023) and shown in Fig. 2. Measurements were carried
out at approximately 30 mm behind the resulting normal
shock region. The model is easily moved streamwise, which
allows the TDLAS setup to remain in a fixed position dur-
ing condition changes. An advantage of this geometry is
its ability to generate a normal shock without a test object
in the post-shock region. Similar axisymmetric concepts
have been used by others (Zander et al. 2012), but the two-
dimensional design of the model allows for better compat-
ibility with optical diagnostics. The normal shock is well
illustrated in Fig. 2.
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Fig.1 The components of the Texas A&M HXT facility (Dean et al. 2022)

The origin of the system is defined in Fig. 2a as the top of
the bottom wedge. As stated previously, measurements were
done in the post-normal shock region. Equilibrium condi-
tions of the flow in this region are shown in Table 2. These
calculations were done assuming a 7-species model using
the JANAF thermochemical data (Chase 1998).

2.3 Tunable diode laser absorption spectroscopy
setup

A schematic showing the beam path of the diode laser beam
is shown in Fig. 3. The diode laser (LD-PD DFB-QCL)
emission is centered around 5.26 um with a nominal tuning
capability of 30 nm depending on modulation parameters.
The spectral width of the laser is below 1 MHz. The 5.26 um
beam was guided into the tunnel using a silver mirror and
then turned onto a detector using another silver mirror. A
bandpass filter (Thorlabs FB5250-500) was placed in front
of the detector to reduce any potential contributions from
other light sources. The laser current was modulated at
30 kHz to perform the necessary wavelength sweeping on a
timescale comparable to the facility run time. The 30 kHz
modulation and nominal facility run time of 1 ms provides
around 30 cycles during the steady state.

3 Ro-vibrational model

A ro-vibrational temperature (RVT) model was created
to better understand how the absorbance spectrum of NO
changes in both rotational and vibrational temperature.
The translational temperature is assumed to be equal to
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Table 1 Initial gas pressures

. o HXT run Driver pres- Driven Expansion Mach  ho[Ml/kg] T,[K] pm[kg/m3] U [m/s]

fmd resulting flow conditions number sure [MPa] pressure pressure [pa]

in the HXT for the TDLAS [kPa]

measurements
219 9.65 7.24 28.93 8.6 6.9 440 0.0091 3616
220 9.31 0.59 2.67 8.5 11.1 700 0.00083 4508
221 8.34 1.93 8.80 8.5 8.8 570 0.0027 4068
222 8.34 1.93 8.80 8.5 8.8 570 0.0027 4068
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Fig.2 a Dimensioned drawing of the Mach stem generator with
representative flow structures and laser location, b a photograph

as installed in the HXT test section (viewed from the side), and ¢

b)

Frame: 87 Time:0.001243

<)

Schlieren image visualizing Mach stems in steady state from run 221
(with mirrors for NO and atomic oxygen silhouetted)

Table2 Equilibrium conditions gy Ruyy  EQ. T, [K] E.Q. p, [kPa] E.Q. p, [ke/m’] E.Q.NOMole E.Q.NO

for Fhe post-normal shock number fraction Mass frac-

region tion
219 3780 107.94 0.0888 0.049 0.057
220 4931 15.42 0.0087 0.008 0.010
221 4285 40.85 0.0282 0.023 0.028
222 4285 40.85 0.0282 0.023 0.028

Fig.3 A diagram showing the Schlieren Mirror
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that of the rotational; while, the electronic temperature
component is considered negligible. This is because the
transitions are all assumed to occur in the ground elec-
tronic state of NO. Beginning with the foundation of
absorption spectroscopy, the Beer—-Lambert Law, write,

ﬁ = e_a =T
Iy ey
T, = e—no',-L

where [, is the transmitted signal through the absorbing
medium and /, is the baseline, the signal with no absorbing
species present. The ratio of these two signals relates the
absorbance a to the experimental data. The transmission 7 is
a function of the molecular density n in cm™, the absorption
cross section ¢ in cm?, and the pathlength L in cm. The cross
section is a function of temperature and pressure. For some
transition i, o; is calculated via a Voigt approximation (Liu
etal. 2001) as shown in Egs. (2-4),

o; = Z Sj<Tr’ Tv)gvil, (2)
J

Y
v, tanh ( 7 >

j
8v, =fV[._ 3)
v "Vo.i tanh <C2V0.[ )
2T,
2
exp (_1112(\//2—\/0,,-) )
Qy, In2 i
fv,./. =qy > + ¢g, o a
ﬂ((vj - VO,i) + a%,_) Vi
4

Here, S is the line strength intensity described in
Eq. (14), c, is the 2nd radiation constant, vy ; is the wave-
number of transition i in cm™', and v; is an accounting
of all wavenumbers from —oo to +00 cm™!; realistically
this is roughly the wavenumber bounds of the laser scan
range. The broadening term ay; is the Voigt broadening
defined in Eq. (7). The ¢;, and cg terms are the Gaussian
and Lorentzian constants of the broadenings shown in

Eq. (5). These terms are also found in (Liu et al. 2001).

cr, =0.6818817 +0.6129331d, — 0.1838439di2 - 0.1156844a’i3
cg, = 0.3246017 — 0.6182531d, + 0.1768139di2 + 0.1210944ali3

®)
where d is a dimensionless ratio of the Lorentzian and Dop-
pler/Gaussian broadenings,

a;, —ap,
. ©
L[ D[
All broadening terms are in units of cm~!. The Voigt
broadening is given by,

ay, = 0.53460; + /0.2166(12‘ + a%[ (7

The Doppler/Gaussian and Lorentzian broadening coef-

ficients are found then in Eqs. (8—14).
— 2 2

D, = \/ Faser + ®hermal,i (®)

Thermal broadening, given in Eq. (9), is the standard
Doppler broadening uninfluenced by the laser broadening.
It is presumed to depend solely on the translational tempera-
ture, here assumed equal to the rotational. The laser broad-
ening is a product of the laser itself and is often negligible

due to the small size. Regardless, the recovery is shown in
Eq. (10).

Voi |2NkgT,In2

Qthermal,i = 7 Mi (&)
Af
aser = TTATZ (10)

Here the optical linewidth Af is given in Hz, the wave-
length A is in cm, and the speed of light c is in units of cm/s.
The optical linewidth and the wavelength are properties of
the laser itself and are known. The molecular weight M, is in
g/mol and is the most prominent isotopologue at the transi-
tion i centered at v, ;; the constants N, and k;, are the Avoga-
dro and the Boltzmann constants, respectively.

Accounting for the Lorentzian broadening next, it is listed
in Eq. (11) as the sum of the pressure broadening and the
natural broadening. The pressure or collisional broadening
will depend on the concentration of NO, the total pressure of
the gas, and the rotational temperature as shown in Eq. (13).
The natural broadening is a consequence of the Einstein
A-coefficient seen in Eq. (12).

aLi = aPressure,i + anatural,i (1 1)
A (12)
a —_ —
natural,i 27rc

where the Einstein-A coefficient A; is tabulated in the
HITRAN database (Gordon et al. 2022) for measured lines
of NO in terms of s

TO Rair
Opressure,i — [(1 - )()yair,i + Iyself,i]P F (13)

r

In Eq. (13) the y,;, and y; are the air-broadened and self-
broadened HWHM per transition i given in cm™!/atm in the
HITRAN database alongside the temperature dependence

coefficient n,;, ;. This broadening uses P in atm and 7, in K.
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With the broadenings accounted for, to recover the
absorption cross section, the line strength intensity
is required. This is given by Eq. (14), modified from
HITRAN for the separation of assumed equilibrium tem-
perature into rotational and vibrational components. The
units of the line strength intensity S are given in cm~!/
(molecule-cm™2). A note may be made that if 7, = T, in
Eq. (14) the equation used on the HITRAN website is
recovered.

Ty, T,
5,(1.7,) =8,(1) 200 T0)
o(7,.T,)
o e \]-ew e (5 + )
exp [“‘2<T—' + g = )] S(AFa5)
r v 0 1 —exp [_LZI#
(14)

where the partition function Q is calculated in Eq. (15) taken
from Hanson (Hanson, Spearrin, and Goldenstein 2016).

1 —exp (—% O

3 T

Q(Tr’ Tv) = Qelechierot = (4) —> <_r>

s)
where 0, and 6, are the vibrational and rotational characteris-
tic temperatures in K, respectively. The ‘3’ in the vibrational
partition function comes from the HITRAN database and
the statistical degeneracy of the most abundant isotopical
vibrational band. The value of the electronic partition func-
tion comes from Eq. (16).

Qutec = 2S +1)(2+ 6 5) (16)

The value of 6, , depends on the quantum number A as
described in reference (Hanson et al. 2016). The g , value
for ground state NO is zero while the value for 25 + 1 for the
X°TT transition of NO is 2. The recovery of the characteristic
temperatures of the vibrational and rotational modes are,
respectively, shown in Eq. (17).

h2
9\/ = CZCOE; er = 87[’21]{3 (17)
mmy 5
/= ——

where w, is the 1st harmonic oscillator vibrational constant
of NO and m, and m, are the masses of the oxygen and nitro-
gen atoms in kg, r, is the distance between them in m, and
and kg are the Planck and Boltzmann constants, respectively.
The vibrational and rotational energies are found from the
1992 work of J. Reisel et al. (Reisel et al. 1992) summarized
in Egs. (19-25) for the lower-state energies.
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2 w, WX,
GV)=w,v+05) —wx,(v+05)°" - —+

2 4 (19)

where v is the vibrational number of the transition and w,x,
is the anharmonicity constant of NO. The vibrational energy
G, given in cm™!, is reduced by the zero-point energy with
v =0. This is to more closely model the HITRAN data-
base and the energies listed there. The rotational energy is
more complex in the calculation but is gone through in Eqgs.
(20-24).

F'(J") = B;’[(J” +05)° - 1]
. 5 20)
=D [(77+05) = (7" +05) 1] =BT

The terms B, and D, are vibronic constants for NO
documented both in Reisel’s work (Reisel et al. 1992)
as well as in the NIST database. In the equation, the top
symbol of the F is for the Q = 1/2 state, with the bot-

tom symbol being for the Q = 3/2 state; similarly for the
double-symbol in Egs. (22, 24). The main bulk of the
rotational energy calculation is shown below, with the
symbol &@" defined in Eq. (21), the ground state rota-
tional energy term ¥!" in Eq. (22) and the subsequent
terms for hyperfine transitions in Eqgs. (23-25).

2
1 (Y"" — 2)
4

+ @ +os5)* -1 (1 + 24" 20" +05) - V] +;4”2{ 207 +05)" - 1]2 - 1})

2D
. Axc()-05)
e (22)
DH
no_ v
K =5 (23)
¢(J.Y,, @)

+ g[(1+0.5)2 - 1]}

05(J+05){ [2_Y" —1] [P+Q
= . . + —_—
2o 2 Vo

Fo,=Fo—¢

(24)

(25)

where e and f represent the positive and negative parity
recorded from the HITRAN/HITEMP databases. The val-
ues of the constants mentioned in the equations above and
below are all tabulated in Reisel’s work (Reisel et al. 1992).
The upper-state vibrational energy is calculated in the same
means as Eq. (19) only using v’ in lieu of v"" alongside the
corresponding constants; the upper-state rotational energy
is found with Eq. (26):
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F' (/) =B.(J'+05)(J = 0.5) = D/(J +0.5)°

Q=3
(' = 0.5)* +0.57(J' = 0.5)

! ! (] 4 1 2 (26)
Fos (') = B/ +05)(J' + 1.5) = D{(J' +05)

(/' +1.5)° =057 (J' + 1.5)

With the parity being accounted for in the same manner
as the lower-state energies, simply substituting the upper-
state values where within Eqgs. (21-25), the lower-state are
written. Shown in Fig. 4 are the results of this model.

The two absorbance curves in Fig. 4 (from using the ro-
vibrational model and the equilibrium model) show how the
model responds to different temperature inputs maintaining
the NO concentration and the pressure constant at 0.02 mol
fraction and 0.4 atm.

Now that transmission has been modeled for both vibra-
tional and rotational temperatures, the data may be fit to

T,=1000K | T, =1000K | T, =1000 K |n=5.9e+16 cm™|P=0.4 atm

25 T T
‘RVT

2k 4
=
815f 4
C
[0}
2
o 1F b
(72
Q
<

0
1899.9 1900 1900.1 1900.2 1900.3 1900.4 1900.5 1900.6 1900.7
Wavenumber [cm'1]

recover the two values through an iterative technique. The
data are taken from an oscilloscope (sampled at 200 MHz),
both the transmitted signal and the baseline, and analyzed in
MATLAB using Eq. (1); the two signals are shown in Fig. 5
with the vibrational and rotational bands shown in Fig. 6.
The data are broken into up-cycles and down-cycles depend-
ent on whether they occur on the rise or the fall of the carry-
ing sinewave. The periodic cycles were minimally averaged
S0 as to better preserve the shape of each spectrum in time.

In Table 3, the subscript 1 in the Rotational Transitions
column is for the value Q = 1/2; likewise, 2 for Q = 3/2.
Each signal is analyzed independently through an iterative
process with starting conditions equal to that of the equi-
librium values shown in Table 2. Upon convergence of an
answer, results are graphically plotted to confirm the success
of the convergence.

T, =2500K|T, =1200K | T, =2500 K | n=23e+16 cm?|P=0.4atm

0.6 T T
HITRA
RVT |

0.5

e

o
IS
T
>

o
w
T

o©
)

Absorbance («)

°
=

0 : .
1899.9 1900 1900.1 1900.2 1900.3 1900.4 1900.5 1900.6 1900.7
Wavenumber [cm'1]

Fig.4 Comparison of two modeled absorbance curves showing the agreement between the RVT and HITRAN (Equilibrium) models at equal

temperatures and disparity at unequal temperatures

Fig.5 Baseline signal and
transmitted NO signal from

Run 219 Signal
Line Labels (v", J")
T T

Run 219 16

15

14

-
w

Intensity [au]
2 R

-
o

©

Baseline

1.52 1.53 1.54 1.55 1.56
Time [ms]
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Fig.6 Measurable bands by the

QCL 4 T
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i
T
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T

6.

Ro-Vibrational Band Information
T T T T T

J'=16.5

5

Il

0
1899.9 1900

Table 3 Transitional band information for the three main NO peaks

Vibrational level  Rotational transitions Extant range [em™']

(v// - v/)
0-1 R,(6.5),R,(6.5) 1900.071 — 1900.518
1-2 R,(16.5) 1900.324 — 1900.339

4 Data processing

To begin the data processing, the baseline spectrum is divided
out from the transmitted spectrum in order to recover the trans-
mission in accordance with Eq. (1). The baseline spectrum is
taken from the early measurements of steady state of the tunnel
as shown in Fig. 7. The baseline remains constant; while, the
transmitted spectra are moving along the time axis.

The scans are split into up-cycles and down-cycles, and
then analyzed under an equilibrium assumption to obtain ini-
tial spectral shapes. These shapes are then normalized and

Raw Scope Signal

1900.1

Raw Scope Signal

1900.2 1900.3 1900.4
Wavenumber [cm‘1]

1900.5 1900.6 1900.7

used as an initial guess prior to being passed through to the
fitting function.

The fitting function used is a simple scan across a large
range of rotational and vibrational temperatures to find a
range where the residual error is within a set tolerance.
When a range of minimum error is found, the sweep scans
again with a smaller sweep range centered now on the
prior range of minimum error.

Beginning with initial temperature guesses taken from
the final equilibrium temperature of the system, a range of
5000 K centered on the equilibrium temperature is swept
across for both rotational and vibrational temperatures.
When a new range of minimum error is found, the center is
set as the new starting point and a new sweep of just 1250 K
occurs. This process repeats with each sweep comprising a
smaller range of degree changes than the prior until error
is below the tolerance, the temperature change would be
less than 1 K, or when the temperature change oscillates
between two values. This process is visualized in Fig. 8.

Raw Scope Signal

Detected Signal

) =
Detected Signal

N = >

-
o

-

o

8 8

1
L IW |

Time [ms]

0 0.5 0 0.5

i
L IUJ “

Time [ms]

Detected Signal
o

10

8

i
i I\U “

Time [ms]

0 0.5

Fig.7 Baseline spectrum is in blue and the transmitted spectrum is in red. Shown are progressive (not consecutive) selections of the transmitted

spectra
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Measured:
L. Iy, L, P

Tabulated:
Af, A, Vo. S(To),

Yair: Yseif: Mair

a

max(a)

Normalized Absorbance

1900 19002 19004 19006
Wavenumber [cm™')

Calculated:

Try = Toy = Toq: Xeq

Fig. 8 Flowchart showing the operations for data processing

5 Experimental results

The four runs tested in the HXT were fitted with the above
method. Most of the fits are well natured yielding minimal
residual errors throughout. This is shown in Figs. 9, 10 and
11 with recovered spectra shown for illustration. Shown
in black are the experimental data and in red are the RVT
model fits using the equations hitherto described. Beneath
each figure are the residuals for the individual spectrum.

A note will be made about run 222: an apparent sharp
increase in NO concentration toward the end of steady
state has been considered anomalous and has given rise to
the exclusion of the run from the complete dataset. Other
data points have also been disregarded. As the steady state
began to decay toward the later periodic cycles, the sig-
nal to noise ratio diminished greatly as shown in Fig. 12.
As such, the data just prior to the end of steady state
have been discarded as correctly analyzing the rotational

Fig.9 Run 219, 6th down-cycle

Normalized Absorbance

Does it Fit?

1900 19002 19004 1900.6

Wavenumber [cm™')

and vibrational temperatures from such spectra became
impossible.

As the noise level reached the measured height value
of the peaks, it became difficult to accurately model the
temperature and the concentration of NO present in the
system. This is reflected in Fig. 19 where the NO con-
centration tapers off toward the end of the steady state
conditions.

As a fidelity check for the convergence of the tempera-
ture values, a ratio is created from the integrated absorb-
ances of the peaks. This ratio follows the form of Eq. (27)
and comes about as a means of creating a function depend-
ent solely on the rotational and vibrational temperatures.

Ay Sl(Tr’ TV)
R(T.T)=—=——""—=fI(T,T
1) =% $,(7,.7,) ST 7

By comparing this ratio to a theoretical ideal, the tem-
perature may be recovered for both the vibrational and the
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Fig. 10 Run 220, 5th down-
cycle measurement

Fig. 11 Run 221, 4th up-cycle
measurement

Fig. 12 Best fit for noisy, low-
concentration NO data in run
221, 14th up-cycle measurement
shown here as an illustration of
data that were discarded
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Run 1 Down-cycle 6
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Absorbance («

1900.2 1900.4  1900.6
Wavenumber [cm'1]

Fig. 13 Highlighted peaks for integration resulting in a ratio purely as
a function of temperature

Fig. 14 R(Tr, Tv) as shown in
Eq. (27) and the recovered Tr
and 7v values

5680

5660

rotational values. This is shown in Figs. 13 and 14 by taking
aratio of the 2nd (middle) peak over the 3rd (right) peak.

For every temperature combination there is a unique value
of R allowing for a recovery of the rotational and vibrational
temperatures. The recovered temperatures match the values
obtained through spectral fitting.

Figures 15, 16 and 17 show the recovered rotational and
vibrational temperatures against time from the data, the
trendlines of either, the calculated equilibrium temperature
taken from Table 2, and the frozen temperatures for three of
the four runs. As has been noted, the temperature and con-
centration analyses of the fourth run, numbered 222, have
been discarded. The uncertainty bounds are taken using Egs.
(28-29).

Tsim — Texp

dtr = maximum (28)

Texp

Tr=5635 K| Tv=3635 K | R =2.5474
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Fig. 16 Temperature evolution
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ot ot at ot HITRAN database. The calculated value is added onto the
dr =—dI, + —dT, + —dS+ —dv, . .
oT, oT, 07 i uncertainty from the SNR & and the final uncertainty of the
+ ot dy + ot d 29 rotational temperature d7, is recovered. A similar process is
07 seif Vself ony, " performed for dT,. The transmissions are found in the man-
ner shown in Eq. (1) as just the exponential of the negative
AT, = dT, +& dT, =dT, +¢ (30) absorbance «; the partial derivatives are numerically solved.
0 0

where 7, is the transmission of the simulated model, 7y, is
the transmission of the experimental data, and & is the aver-
age noise level in the spectrum ratioed over the spectrum
maximum. The presence of £ is to account for interfering
shock structures the laser may pass through. As TDLAS is a
path-integrated measurement, such structures are entangled
in the data. The lower values of & however indicate these
structures minimally interfere with the overall measurement.

To recover the maximum uncertainties for the rotational
temperatures, dr is calculated from Eq. (28) and dT, is set
to zero; the value of dT, is then calculated from Eq. (29).
Uncertainties for HITRAN values are tabulated in the

@ Springer

Transmission is considered in place of absorbance to remove
any division by zero.

The error bounds on either side of the datapoints then
are the resultant answers for dT, and dT, which result in the
definition of dz in Eq. (28). Any datapoints with an error
bound beyond the frozen temperature or below 0 K have
been discarded.

With all three analyzed runs, the rotational and vibra-
tional temperature are plotted with an associated trendline.
This trendline remains constant for the duration of steady
state, indicating that the NO remains in thermal nonequi-
librium for this time. To note as well, throughout any given
run there would be occasional disturbances or fluctuations in
the post-shock region as illustrated by the opaqueness of the
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Frame 69
t=0.986 ms

Frame 76
t=1.086 ms

Frame 87
t=1243ms

Frame 82
t=1.171 ms

Fig. 18 Schlieren images throughout steady state of run 221 from 0.986 to 1.243 ms with beam-posts for NO and atomic oxygen detection sil-

houetted

Fig. 19 Concentration changes
for NO across steady state for

NO Concentration Evolution
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Table 4 Recovered frozen temperatures for each analyzed run

Run Mach Freestream tempera- Frozen
ture [K] temperature
(K]
219 8.6 440 6742
220 8.5 700 10,494
221 8.5 570 8545

flow in frames 69 and 76 of Fig. 18. Fluctuations like these
are probably what causes the oscillations in the temperature
and concentration data in Figs. 15, 16, 17 and 19.

The frozen temperature, the temperature assuming ideal
post-shock conditions, has been calculated for all runs using
Eq. (31) and the temperature data have been compared. This
temperature is calculated for ideal conditions to create an

upper-limit for real temperature values. For runs 220 and
221, the frozen temperature far exceeds the highest meas-
ured rotational temperature. However, in run 219, the frozen
temperature is only a few hundred degrees higher than the
maximum rotational temperature. This analysis is shown in
Table 4.

(2rM? =y +1)((r - DM? +2)
(v + 1’ M2

T €29

frozen —

With y approximated to 1.4 and freestream temperature
T, and Mach number M, coming from Table 1. The approxi-
mation of y is to give an absolute maximum temperature
ceiling as the practical y will have a lower value than this,
though not by a significant margin. As shown in Fig. 19 the
concentration evolution across steady state follows similar
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trends, with the NO concentration diminishing during the
test time.

The concentration of NO is recovered by solving for n
and y in Eqgs. (1) and (13) using the conversion in Eq. (32)
to reduce the number of variables as the pressure is assumed
known from the tests as the equilibrium pressure calculated
in Table 2. The error bounds shown in Fig. 19 are the simple
maximum of the absolute value of the percent error recov-
ered from the comparison of the theoretical fits of the trans-
mission to the experimental results in Eq. (28) added with
the noise uncertainty &. If only the datapoints where the
bounds of uncertainty remain strictly positive are consid-
ered, then Fig. 20 is recovered.

kT,
P (32)

€q

x=n

Fig.20 Reduced NO concentra-

The removal of concentration datapoints with error
bounds that are strictly positive may be applied to the tem-
peratures recovered in Figs. 15, 16 and 17 to further reduce
possible erroneous datapoints. Performing this analysis
results in Figs. 21, 22 and 23 where “reduced” indicates the
poor fit concentration datapoints have been removed.

To note, for the later runs, the low concentration data had
too high a noise level to be plotted in the reduced scale. Even
with the reduced scale, there are still violent temperature
swings in the uncertainty as highlighted in Fig. 21 where the
uncertainty for at least one point exceeds 1000 K. This is not
to say that the temperature is unstable at this point, rather the
quality of the spectrum at that point in time leaves a large
margin of error to consider. The high uncertainty bounds on
the figure are there to reflect that.

To discuss whether these results hold up to scrutiny,
the approximate equilibrium distances have been esti-
mated using Table 5 and Eqs. (33-35), Landau-Teller
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Fig.22 Reduced run 220 rota-
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Table5 Approximate equilibrium distances for the HXT runs ) C %
2
t=—| C,ex 34
Run Mach P, [Pa] Xequilibrium + 20 P, 1 €Xp ( Thopen ) (34
[mm]
219 8.6 1149.148 22.289
220 8.5 166.747 29.005 xequilibrium ~ tMa yRTfrozen (35)
221 8.5 441.693 24.395

The values of C, and C, for NO are 4.86x107> atm/ps and
1.37x10° K, respectively

approximations, to estimate how far into the flow nonequi-
librium should follow and hold.

2YM? -y +1

P, =
2 y+1

Py (33)

where P, is the freestream static pressure in Pa estimated
from the driver, driven, and expansion pressures listed in
Table 5 along with the NO values for C; and C,. The pres-
sure measurements are taken in the manner shown by Dean
(Dean et al. 2022). From previous wind tunnel campaigns,
the predicted static pressures are shown to be only 5% off
measured pressures. These values then give the approxi-
mate distances the thermal nonequilibrium will bleed into
the flow. The addition of the 20 mm in the total distance is
to reflect that the shock forms ~20 mm (Bryan et al. 2023)
from the back of the bottom wedge shown in Fig. 2. The
NO laser was aimed directly through the tunnel at an offset
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distance of 29 mm from the back of the bottom wedge, so
the laser was well around the distances to measure thermal
nonequilibrium for the three analyzed runs.

6 Conclusions

TDLAS, alongside an RVT model of NO, has been utilized
to characterize the rotational and vibrational temperature
evolution, as well as the concentration evolution of flow
behind a normal shock in an expansion tunnel. From the
measurable wavelengths of the IR laser, only NO was
measured with negligible interference from other molecu-
lar species. These measurements were temporally resolved
to provide progression data for rotational and vibrational
temperature as well as NO concentration during the approxi-
mately 1 ms run time for the facility. From the data and the
methodology described in this paper, it is shown that the
rotational and vibrational temperatures while under steady
state conditions for the HXT do not converge or decay
quickly and are slightly stable around the starting condi-
tions. Likewise, the concentration of NO in the system for
the duration of steady state is consistent until the degrada-
tion of steady state begins. In total, most of the test condi-
tions show thermal nonequilibrium between the vibrational
and rotational energy states for NO behind the normal shock.
Future work will seek to replicate and add on to these data
for the more complete quantification of high enthalpy flows
and characterization of the HXT.
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