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Ammonia is an important molecule in aeronautical and aerospace applications. Current
models for ammonia are mostly tuned against ignition delay time, laminar flame speed, and
speciation data, yet, there are few data available such as species time histories of intermediates
such as NHz. To assist in resolving ammonia kinetics pathways, an NH: diagnostic has been
developed at 597.375 nm, based on the known spectroscopy of NH:. The new diagnostic is
utilized with an NH3 laser stationed at 10440.17 nm to measure species concentration time
histories behind reflected shock waves. Using both systems, a 0.008/0.992 NHs/Ar mixture was
tested at 2089 K, 1.27 atm. This paper presents results that demonstrate the successful set up
of the absorption diagnostic and its application to a reacting flow field in a shock tube. From
the results, an absorption coefficient of 0.8751 cm!-atm™ was obtained. This method will be
applied to acquire a full temperature-dependent absorption coefficient curve for NH: and
ultimately for monitoring NH: in ammonia-based mixtures.

I. Nomenclature
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k, = absorption coefficient

P = pressure

Xabs = mole fraction of the measured molecule

L = inner diameter of the shock tube

Iy = voltage of the signal before crossing the shock tube
I; = voltage of the signal after crossing the shock tube
Sinitiat = Voltage offset of the original signal

A, = voltage imbalance of the Iy photodetector

YR = voltage imbalance difference between the Iy and I; photodetectors
S(T) = line strength at temperature T

[0) = line shape

Q((T) = partition function at temperature T

T, = reference temperature (296 K)

T = temperature in Kelvins

h = Planck’s constant

c = speed of light

k = Boltzmann constant

Vo = wavenumber of peak absorption
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v = wavenumber of measuring laser

E" = lower-state energy for v,

NLo = Loschmidt number at 273.15 K

oy = Voigt line shape

b¢ = Gaussian line shape

o = Lorentzian line shape

Avg = Gaussian full width half maximum of the line shape (FWHM)

M = molecular weight of measured molecule

Av; = Lorentzian FWHM

Yi-j = collision parameter between the measuring molecule, i, and the colliding molecule, j
n; = collisional broadening parameter based on temperature for molecule j
d = dimensionless parameter

Ce = weighted parameter for Gaussian (Doppler) effects

C, = weighted parameter for Lorentzian (collisional) effects

Av, = Voigt FWHM

II. Introduction

Ammonia currently is of interest for power generation as well as to the aeronautical and aerospace industry.
Ammonia is a potential replacement for methane, which is important due to the large emphasis on limiting the amount
of greenhouse gases released into the atmosphere [1, 2]. Ammonia is constructed with a single nitrogen and three
hydrogen atoms, resulting in post-combustion products that exclude a large global warming contributor, carbon
dioxide. Additionally, ammonia provides some advantages in terms of production compared to other alternative fuels
like hydrogen. Ammonia has a well-defined production process and is easy to store. This set of advantages contributes
to the transportation of the fuel as well, thereby making ammonia easier to transport compared to hydrogen [1]. In
addition to being a potential replacement for methane, ammonia is also seen in the propellant community since it is
an intermediate species in the combustion of many nitrogen-containing propellants. For example, ammonium
perchlorate (AP) is an oxidizer comprised of an ammonia molecule connected to perchloric acid. AP exhibits good
performance and uniformity with sufficient availability, making it widely used in propellant combustion [3]. With the
high dependence on ammonia, a fundamental understanding of ammonia kinetics is necessary to understand the
breakdown pathways of ammonia during combustion.

Current models do well at predicting NH3 decomposition in high-temperature ammonia pyrolysis [4, 5].
Additionally, there have been many studies that provide data for ammonia oxidation and ammonia blends. Past and
recent studies have focused on NHs, N>O, H>O, or CO absorption spectroscopy [4-10]. These data are beneficial for
validating models; however, current models still struggle to predict many radicals such as NH,. For example, Fig. 1
presents a comparison of NH, time histories obtained from 0-D chemical kinetics simulations (using Chemkin) for
four different chemical kinetics models of ammonia combustion. The conditions in Fig. 1 correspond to typical
conditions for a reflected-shock experiment for the pyrolysis of NH3 highly diluted in Ar, at 2000 K and 1 atm. As
seen in Fig. 1, there are noticeable differences amongst the predictions from each of the models. Experimental data on
NH, time histories would provide material for further refinement of ammonia pyrolysis and oxidation at high
temperatures.

Therefore, this study employs an NH, diagnostic developed at Texas A&M University to help resolve NH,
chemical kinetics. The system utilizes a laser diode positioned at 8370.7 cm™! at an output power of 160 mW. The
laser diode is connected to an HC Photonics frequency doubler to reach 16741.3 cm™! at an output power of ~8mW at
a frequency of 501.84 THz. The laser is being employed in conjunction with NH3 and CO laser absorption diagnostics
on the Aerospace Shock Tube at the TEES Turbomachinery Laboratory for simultaneous tracking of multiple
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molecules. This paper provides an overview of the operation and post processing of the NH; diagnostic, followed by
the theory of NH, absorption and details the theory for calibrating the new NH, diagnostic.
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Fig. 1 Calculated NH2 comparison at 2000 K, 1.0 atm between various chemical kinetics models (Okafor et al.
2019 [4], Alturaifi et al. 2022 [5], CRECK 3 [7], NUIG 1.1 [8], and Otomo et al. 2018 [9]).

III. Methodology

A. Shock-Tube Facilities

The aerospace shock tube (AST) available at Texas A&M University (TAMU) was used for this study. The AST
features a driven section with a 16.2-centimeter diameter at 7.88-meters long, and a driver section with a 7.62-
centimeter diameter at 3.25-meters long. The AST is a pressure-driven shock tube; that is, it utilizes a pressure
difference between the driver and driven section to deform a polycarbonate (Lexan) disc into a sharpened cutter. Upon
rupture, an incident wave is produced towards the test mixture, compressing it from the initial temperature and pressure
(T: and Py) to the post-incident shock temperature and pressure (T, and P»). When the incident wave reaches the
endwall of the driven section, the wave reflects and travels back towards the diaphragm section. This reflected wave
further increases the temperature and pressure from T and P, to Ts and Ps. Once the post-reflected shock conditions
occur, the test has started.

The AST was chosen specifically for its diagnostic capabilities. First, the AST is made of high-purity stainless
steel, which limits the amount of impurities present during chemical kinetics and laser spectroscopy tests. Second, the
AST has 5 PCB Piezotronics pressure transducers (model 113A22) placed along the last 1.56 meters before the
endwall. Lastly, the AST features 8 ports evenly spaced circumferentially, 1.6 cm from the endwall, thereby allowing
for multiple laser, emission, and pressure measurements to occur simultaneously and at the same axial location. For
this study, one port houses a sapphire window which transmits light into a focusing mirror and photomultiplier tube
to obtain NH," data through a 430 + 10 nm FWHM narrow bandpass filter. A second port features one of the PCB
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pressure transducers to obtain sidewall pressure 1.6 cm from the endwall. The last six ports are a combination of
optical window pairs used for laser spectroscopy. A general schematic of this setup is shown in Fig. 2. Currently, NH3,
NHo, and CO lasers are set up on the AST, but these lasers can easily be interchanged for other laser diagnostics like
N>O and H,O. This study only be utilized the NH; and NH, lasers.
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Fig. 2 Schematic of the diagnostic setup on the AST at TAMU, 1.6 cm from the endwall.

B. NH3 QCL Laser Absorption

As shown by Alturaifi et al. [10,12], direct measurement of the NH3 concentration within the test section prior to
each shock-tube experiment utilizing ammonia as the fuel should be done to compensate for potential adsorption of
NH; onto the vessel walls. The NH; laser diagnostic is shown in Fig. 2. The diagnostic consists of a quantum cascade
laser (QCL) operating at 10440.17 nm (957.839 cm™"), which produces ~27 mW of power at 31.1°C. The absorption
of NHj3 is measured by sending the QCL laser through a 50/50 beam splitter, with one end being the baseline (or
incident) signal, and the other beam being sent through the shock tube (transmitted signal). Both beams enter into
separate IR photodetectors, where both signals are recorded at a rate of 1 million samples a second. These signals are
then used in the Beer-Lambert relationship shown in Eq.1. Note, Eq.1 does not account for any offsets or imbalances
resulting from the photodetectors. To account for detector offsets, Mulvihill created the relationship shown in Eq. 2
to account for these biases [11]. These imbalances do not scale the signals, but rather just shift the lines, thereby
making the signals true. Mulvihill witnessed a 4.2% error when neglecting to include this in his processing results,
therefore emphasizing the necessity of Eq. 2 [11].

In (j—f) = —k,PX L (1)

0

I
i =1- ((10 - It)measured - dinitial)/(((lo)measured - AIO) - (5initial - AIO—It)) (2)
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During an experiment, the raw signals of the photodetectors, the pressure, and the inner diameter of the AST are
known. Additionally, the deltas present in Eq. 2 are obtained before and after each test, therefore leaving the absorption
coefficient in Eq. 1 the only unknown needed to solve for the mole fraction of ammonia. NH; absorption at this
wavelength is well known, with HITRAN and Alturaifi et al. providing key parameters such as line strength and
collisional parameters [12, 13]. The absorption coefficient can be written as the product of the line strength and the
line shape. The line strength is calculated in Eq. 4, where the line strength at Ty is simply multiplied by a scalar. Q
and B” for 957.839 cm™! are both available in HITRAN [13]. Using this definition of line strength requires modifying
the absorption coefficient in Eq. 3 to the definition seen in Eq. 5. This revision includes the Loschmidt number, which
converts the line strength units from cm-molecule™! to cm™-atm™! and the Voigt line shape. The Loschmidt number is
2.6867811x10" molecules per cm?® at 273.15 K. A temperature term is also included in Eq. 5 to account for the effect
of changing temperature on the Loschmidt number.

k, = S(T)¢ (3)
S(T) = S(T) S0 exp(~ "5 (2 = £))(1 - exp (F2)) (1 — exp (o)) @
ko = Nio (55) ST by 6)

Replacing the absorption coefficient with the line strength requires some knowledge of the line shape. To best
model the line shape, a convolution of a Gaussian and Lorentzian profile, often referred to as the Voigt profile, can be
used. The Gaussian portion incorporates the thermal motion of the molecule (Doppler broadening), while the
Lorentzian profile accounts for the collisional effects of the molecule. The common definition for the Voigt profile is
give in Eq. 6. Calculating a convolution of the Gaussian and Lorentzian profiles for subtle changes in temperature and
pressure is computationally intensive. Liu et al. has calculated a simplification of the Voigt profile by utilizing the
Gaussian and Lorentzian full width half maximum (FWHM) shown in Eqgs. 7 and 8 [14]. The FWHMs are based on
the molecular weight of the molecule, the wavenumber, the initial mole fractions of the mixture, post-reflected shock
temperature and pressure (Ts and Ps), and the collisional parameter. The collision parameter is determined
experimentally and is calculated for the measured molecule, i (in this case is NH3), and the colliding molecule, j, which
are the other molecules in the mixture at the reference temperature. The collisional parameter is multiplied by a
temperature correction which utilizes a collision broadening variable, nj, to properly scale the collisional parameter to
different temperatures.

by = b X b, (6)
Avg = 7.162E — 7 v [T/M (7)
Av, = 2P Zj X;vi—j(To) ()
Vies (T) = ¥iey () (D)™ ©)

The pseudo-Voigt profile takes the Gaussian and Lorentzian FWHMs and constructs a dimensionless parameter
d, shown in Eq. 10. The parameter d is then used in Eqs. 11 and 12 to create two weighted coefficients (Cg and Cy).
Additionally, Eq. 13 shows the pseudo-Voigt FWHM parameter which is calculated using a combination of the
Gaussian and Lorentzian FWHMs. Utilizing the weighted coefficients, the pseudo-Voigt FWHM, and the
wavenumber, the Voigt line shape is estimated as shown in Eq. 14 [14].

C; = 0.68188 + 0.61293 xd — 0.18384 x d? — 0.11568 * d* (1)
C, = 0.32460 — 0.61825 = d + 0.17681 * d? + 0.12109 = d3 (12)
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Av, = \/AULZ + Avg?/In(2) (13)

_CL__ by CeyIn@) o ~In@)(v=v0)?
by = T (v—v9)2+Av;,2 AvpT exp( Avy? ) (14)

C. NH: Laser Setup

Ideally, NH, measurements would be processed in a similar fashion as NH3, however the full spectra absorption
of NH; is relatively unknown. In addition to the relatively unknown absorption bands of NHo, it is an intermediate
radical (NH; needs to be produced to be measured). Thankfully, there have been a few key studies in the past which
have measured NH, absorption in the visible wavelength region. Dressler and Ramsay detailed the electron absorption
spectra of NH» between 513.5 to 630 nm in 1959 [15]. Although the uncertainty was high, Dressler and Ramsay set
up the study done by Sandia National Laboratory which refined the spectra data between 597.1 to 603.3 nm. In the
same report, Sandia also investigated relative NH> concentrations in a burner back in 1981 [16]. Sandia used a
wavenumber of 16739.9 cm! for their study as it showed the highest absorbance in the 597.1 to 603.3 nm band. It
would not be until 1988 when Kohse-Hoinghaus et al. utilized the same absorption band to create an NH, diagnostic
for ammonia pyrolysis in a shock tube. The findings from Kohse-Hoinghaust et al. were used within the same research
group in Davidson et al. provide the only NH; spectroscopic data for ammonia pyrolysis [17, 18]. Nearly a decade
later, Votsmeier et al. would revisit the study by Kohse-Hoinghaus et al. and revise the absorption coefficient, which
was estimated to be off by 30% in the lower-temperature region of 1600-2000 K [19].

Therefore, a new NH, diagnostic has been developed at Texas A&M University to obtain NH, Chemical
spectroscopy data. The new diagnostic is based on a MOGLabs tunable diode laser (TDL) producing 420 mW of
power at 1197.75 nm. The output of the TDL enters a fiber coupler which transmits the laser light into a HC Photonics
waveguide mixer. The waveguide mixer takes the incoming signal at 1197.75 nm and 420 mW and outputs the beam
at 597.375 nm at 8.7 mW. Similar to the NH3 laser diagnostic, the beam is split through a 50/50 beam splitter, with
one beam traversing the shock tube into a photodetector, I;, and the other beam directed into a separate photodetector
as the control, Io.

As mentioned before, many of the variables for NH, are unknown. Green and Miller used relative signals to get
around this issue, while Kohse-Hoéinghaus et al. and Votsmeier et al. defined an NH, absorption coefficient based on
a compiled chemical kinetic model [16, 17, 19]. Traditionally, both methods are seen as unfavorable since relative
signals do not provide any information of the concentration, and chemical kinetic models could be seen as unreliable
depending on the molecule and the size of the mechanism. This means that if a chemical mechanism was used, it
would have to be well reviewed and thoroughly validated. Alturaifi et al. has done just that with his mechanism on
NHj; pyrolysis. Not only is it a full mechanism, it is tuned based on NHj traces taken with the same NH; diagnostic in
section 2.B. This mechanism has a high accuracy in NH; chemistry, but the accuracy of the NH, chemistry is unknown.
As a result, a similar procedure to Kohse-Hoinghaust et al. is taken, where there is a limit to the amount of time the
model and the raw signals are correlated. For the case of Kohse-Hdinghaus et al., the limit is based on a linear region
apparent in the first 50 ps of the signal, with the maximum calibration time being around 50-60 ps [17]. This technique
would be ideal for lower-temperature cases, where the decomposition of NH, would take longer than 50 ps before
occurring; however, the uncertainty at higher temperatures would make this method unrealistic. To improve the
method to provide more reliable results, a sensitivity analysis was run at each condition. The time at which the
summation of all NH,-consuming reactions equal 5% is determined to be the maximum correlation time. This criterion
is an arbitrary value chosen by the decrease seen in the linearity of the NH, concentration. Therefore, the chosen result
is to process the data using Eqgs. 1 and 2, and using the Alturaifi et al. NH3 pyrolysis model to correlate the model to
the signal for the time specified in the sensitivity analysis.

IV. Results

A 0.008/0.992 NH3/Ar mixture is made for this experiment. The mixture composition is similar to that of Davidson
et al. for comparison purposes to the previous NH, study [18]. Figure 3 depicts the sensitivity analysis for ammonia
pyrolysis at conditions of 2089 K and 1.27 atm. The production of NH, occurs very rapidly, with the NH; + M —NH,
+ H + M and NH3 + H, — NH; + H reactions being the only two NH, production pathways. With NH3 pyrolysis
kinetics being well refined within the Alturaifi et al. model, therefore reinforcing that NH, concentrations are accurate
prior to the destruction of NH». As such, using the calibration methodology stated in section III.C, the conditions
below have approximately 33 ps of test time for calibrating the NH, absorption coefficient.
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Fig. 3 Sensitivity analysis of NH: using Alturaifi et al. at 2089 K, 1.27 atm.

The same conditions shown in Fig. 3 were taken using the NH3 and NH; diagnostics in the AST, and the results
are presented in Figs. 4 and 5. Before each test, 10 torr of the test mixture was inserted into the shock tube. This initial
amount of ammonia is used to passivate the stainless steel. The mixture was left for 10 mins before being vacuumed
to 1 torr, after which the driven section was filled to the initial desired pre-test driven pressure. Passivation prevents
ammonia from adsorbing onto the stainless steel by saturating the stainless steel prior to a test. However, over
passivation can occur, where the ammonia adsorbed into the stainless steel after passivation can be re-released into
the pre-test mixture prior to (or during) an experiment. Thankfully, a NH; diagnostic was available for correcting
initial concentration issues at lower temperatures, but this correction is difficult to do at higher temperatures since
NH3 pyrolysis occurs too quickly to verify the initial amount of NHj3 after reflected-shock arrival.

Currently, an additional study is being performed by the authors to further investigate and minimize this
interference effect, but since 2089 K is a low enough temperature, the amount of ammonia that leaked is calculated to
be around 950 ppm higher than the original mixture (or about 10% of the original NHs). The sensitivity analysis in
Fig. 3 has accounted for this effect. Additionally, the ammonia pyrolysis model from Alturaifi et al. [5] was run for
both the initial and over passivation concentrations shown in Fig. 4. The higher-NH; concentration model was used
for estimating the NH; for the calibration. The test shown herein is, thus, mainly for demonstration purposes. Once
the over-passivation issue is minimized, a thorough NH, absorption coefficient calibration study can be conducted.



Downloaded by Texas A&M University on January 16, 2025 | http://arc.aiaa.org | DOI: 10.2514/6.2025-1767

10000 - . - . .

8000 =
‘E 6000
(o}
o i
It")
= 4000 +
2089 K, 1.27 atm
2000 + Experiment i
—— Alturaifi et al. 2022
|—— Over Passivation Correction Alturaifi et al. 2022
0 . . : . . : .
0 200 400 600 800

Time (us)

Fig. 4 NHs concentration time history at 2089 K, 1.27 atm showing the correction for over-passivation in the
experiment.
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Fig. S Measured NH: concentration time history at 2089 K, 1.27 atm.

NH; results show good correlation with the results from the Alturaifi et al. model, as expected, particularly at
earlier times (Fig. 5). The NH> result is use to calibrate the absorption coefficient with the first 33 ps, and the obtained
absorption coefficient is 0.8751 cm™-atm™. At similar conditions, Kohse-Héinghaus et al. predicts the absorption
coefficient to be 3.161 cm™'-atm™' [17]. As shown in Fig. 5, NH; displays a peak lower than that of Alturaifi et al. [5].
However, the Alturaifi et al. model was calibrated to the peak NH, ppm values obtained from Davidson et al. Note,
the NH» peak ppm values by Davidson et al. were taken in a temperature region between 2000 and 3200 K and used
the absorption coefficients from Kohse-Hdinghaust et al., not the correction by Votsmeier et al. This new measurement
of the absorption coefficient presents some issue with the previous study by Davidson et al., since ammonia models
significantly improved since the initial study from Kohse-Hoinghaust et al., and the absorption coefficient at lower
temperatures (1600 - 1950 K) showed a near 30% deviation from the original study, according to the follow up study
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from Votsmeier et al., hence implying the absorption coefficient might also deviate in the higher-temperature region
[19]. Additionally, NH3; was not tracked during the literature experiments, and no passivation was applied before
testing, so the peak NH» concentrations present in Davidson et al. [5, 17, 18] should be revisited with more experiments
using the present setup.

Based on the methodology outlined in this paper, the next steps regarding the NH, diagnostic are to comlete an
absorption curve and create a comparison between the data provided in Davidson et al. Upon completion, other key
studies such as ammonia oxidation and ammonia-hydrogen mixtures can be studied using the new NH, setup.

V. Conclusion

A NH; laser absorption diagnostic was developed and tested to assist in resolving ammonia kinetics by providing
temporal concentrations of NH» during NH3 pyrolysis. Additionally, an NHj3 laser setup previously demonstrated in
the authors’ laboratory was used along with the NH, diagnostic. NH3; and NH; laser absorption measurements were
taken at 2089 K and 1.27 atm behind the reflected shock wave. Per the sensitivity analysis from the Alturaifi et al.
model at the relevant conditions, the NH, absorption coefficient was calibrated using the first 33 ps of the data,
resulting in an absorption coefficient of 0.8751 cm!-atm™! at 2089 K. Future plans for the new NH, diagnostic are to
continue obtaining absorption coefficients for a wide variety of temperatures and construct an absorption coefficient
curve.
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