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Advancements in Tunable Diode Laser Absorption Spectroscopy for
Hypersonic Wind Tunnel Testing

Fang Hongxin'*", Zhi Dong*”, Wu Xuecheng', Li Yunfei*’, Chang Yu**, Chen Wei**,
Kong Rongzong™
'Polylechnic Institute, Zhejiang Universily, Hangzhou 310015, Zhejiang, China;
‘Hypervelocily Aerodynamics Institule, China Aerodynamics Research and Developmen! Cenler,
Mianyang 621050, Sichuan, China;
‘Labovratory of Aerodynamics in Multiple Flow Regimes, China Aerodynamics Research and Development
Cenler, Mianyang 62 1050, Sichuan, China

Abstract  Iypersonic wind tunnels play a crucial role in acrospace research, and tunable diode laser absorption
spectroscopy (TDLAS) serves as an invaluable diagnostic method in this field. TDLAS offers no-contact, highly
sensitive, and mulliparameler measurement capabilities coupled with a simple structure. cosi-e(lectiveness. and high
spatiotemporal resolution. This study introduces the measurement principle and typical optical design ol TDLAS.
highlighting its widespread use for measuring paramcters such as temperature, component concentration. and airflow
velocity in extreme environments such as hypersonic wind tunnels. Furthermore. this study provides an overview of recent
applications of TDLAS in hypersonic wind tunnel llow lield diagnosis globally. Additionally, it summarizes the current
development stalus and challenges of TDLAS in hypersonic wind tunnel flow [licld diagnosis in China. It concludes with a
briel outlook on the prospective development of TDLAS flow field diagnosis technology in hypersonic wind tunnels.
offering valuable insights [or future advancements and related experiments in this domain.

Key words rtunable diode laser absomption spectroscopy: hypersonic wind tunnel; flow field diagnosis: temperature;
concentration: veloeity
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A glow discharge plasma system for TDLAS calibration

Hongxin Fang®®¢, Dong Zhi**", Xuecheng Wu®, Yu Chang®®, Zhiguo Lv**
aPolytechnic Institute, Zhejiang University, Hangzhou 310015, China; *Hypervelocity Aerodynamics
Institute, China Acrodynamics Rescarch and Development Center, Mianyang 621000, China,
“National Key Laboratory of Aerospace Physics in Fluids, Mianyang 621000, China
Email: zhidong38173103@163.com

ABSTRACT

The glow-discharge plasma static calibration system described in this study was meticulously designed lo address Lhe
pressing nced for Tunable diode laser absorption spectroscopy (TDLAS) measurcments of concentration and temperature
paramcters involving non-stationary componcnt such as oxygen and nitrogen atoms in the investigation of high-
temperaturc gas cffects. Employing high-frequency high-voliage alternating current (HF-HVAC), the system efficiently
dissociates low-pressure gas within the discharge tube, swiftly generating a plasma rich in the targeted components.
Notably, when a gas mixture consisting of 5% NO and 95% He is introduced into the discharge tube, and the output
power of Lhe discharge power supply is optimized 1o its maximum, alongside mainlaining a gas pressure of 200 Pa within
the discharge tube, the concentration of metastable oxygen atoms reach 3.66x109 cm-3. However, the detection of
absorption peaks corresponding to N atoms was not feasible, attributed to the greater instability of N atoms compared to
O atoms. [n contrast, when a mixture containing 1% N2, 99% He, and trace amounts of air was introduced into the
discharge tube, absorption peaks attributable to both O and N atoms were observed simultancously. By adjusting both
the gas pressure and discharge current within the discharge tube, precise control over the concentration of the targeted
component is achieved, facililating accurate calibration of the modulated laser absorption spectrum. The plasma system
furnishes a potent instrument for diagnosing high cnthalpy flow ficlds and contributes 1o the investigation of high-
temperature gas effects.

Keywords: Tunable diode laser absorption spectroscopy (TDLAS), plasma, atoms, concentration

1. INTRODUCTION

Tunable Diode Laser Absorplion Spectroscopy (TDLAS) has emerged as a polent method for highly sensilive gas
sensing across diverse fields such as environmental monitoring [1], industrial process control [2,3], and medical
diagnostics [4,5]. Leveraging the Beer-Lambert law, TDLAS assesses the concentration of target gases by quantifying
the absorption of laser light at precise wavelengths [6]. However, the precision of TDLAS measurements hinges
significantly on meticulous calibration procedures, guaranteeing traceability to established standards [7].

Traditional calibration approaches for TDLAS typically entail utilizing gas cylinders containing predetermined
concentrations of target gases [8]. While thesc methods are reasonably cffective, they exhibit limitations in terms of
stability, repeatability, and the ability to precisely replicate real-world conditions. Morcover, transporting and handling
pressurized gas cylinders pose safety risks and logistical challenges. Furthermore, unstable components such as oxygen
(0), nitrogen (N), and hydroxyl (OH) radicals are challenging to store in gas cylinders because of the harsh environment
in which they exist.

O and N atoms constitute the primary constituents of the high enthalpy air flow field. The concentration and state of
these atoms serve as crucial indicalors, offering fundamental insights into the velocily and lemperature of the [low [ield.
S. Kim et al. [9] utilized TDLAS to concurrently monitor nitrogen and oxygen atoms within an air plasma, enabling the
inference of gas tempcraturc in a heated facility. Similarly, S. Fang ct al. [10] mcasurcd the number density and
translational temperature of O atoms al dillerent axial positions in a plasma wind tunnel.

Given the practical demand for temperature and concentration parameter mcasurcments of non-stationary
components, notably O and N atoms, within high-lemperature gas effect studies, there arises a critical need for Lhe
calibration system. This paper introduces an approach utilizing Glow Discharge Plasma Systems (GDPS) for TDLAS
calibration, GDPS offers a promising alternative by providing a controlled environment for the generation of reference
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Abstract

Tunable diode laser absorption spectroscopy has proven to be highly advantageous in the
diagnostics of high enthalpy air plasma due Lo its exceptional sensitivity, selectivity, rapid
response, and adaptability to harsh environments. However, measuring dissociated atoms
remains challenging because these atoms are short-lived reactive species that quickly react with
surrounding particles or collide to form stable molecules, making it difficull to prepare an
alomic gas source capable of generaling sustained, concentration-stabilized, and high
signal-lo-noise absorption spectroscopy. In this study, we have developed a laboratory-based
glow discharge plasma static calibration system designed for time-resolved measurements of the
number density of specific electronic states of O atoms. Experimental results indicate that a
low-pressure glow discharge of NO can generate a substantial number of metastable O atoms at
relatively stable concentrations. The concentration of these metastable O atoms within the
discharge tube can be controlled by adjusting gas pressure and discharge current. As the gas
pressure in the discharge tube increases, the concentration of metastable O atoms rises to a peak
value of 3.66 x 10° cm—3 before declining. The system'’s stability was assessed using Allan
variance analysis, revealing the detection limit of metastable O atom number density is

8.0018 x 10° cm™ when the average time is 3.2 s. By varying the input gas, the system is also
capable of generating significant quantities of stable N and OH radicals. The system’s stability,
conirollability, and versatility in producing reference gases of known composition make it a
reliable tool for diagnosing high enthalpy Mow fields.

Keywords: tuncable diode laser absorption spectroscopy (TDLAS), oxygen atom,
glow discharge, concentration, diagnosis

1. Introduction atomns and molecules [ 1, 2]. Understanding the behavior and
properties of plasmas is crucial in various scientific and
The plasma is considered as a gaseous mixture of pos- technological applications, including space and astrophysics,
itive ions and electrons. possibly co-existing with neutral fusion research, materials processing, and plasma-based
technologies [3-5). Measuring plasma quantities is a demand-
ing challenge in experimental plasma physics [6]. Commonly
* Author 1o whom any correspondence should be addressed. used plasma diagnostic methods include invasive probe
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