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Fig. 1. Schematic diagram of the CARS.
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Table 1.  Nitrogen molecular constants used in
transition energy terms.

W HifE/em™! e Hife/cm™?
W, 2358 Ve —0.315x10*
T 14.29 D, 0.5774x10°
Yoo -0.0059 Be 0.155x10°7
ZeWe 0.00024 S 0
B, 1.998 H, 0.3x10 1
a, 0.0173 H, 0.18x10° 1
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Table 2. Structural parameters of capillary of dif-

ferent kind of fluid.
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T, 205 K 3 1.67
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m 0.1487
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Fig. 2. Schematic diagram of vibrational-rotational temper-

ature retrieval process.
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Fig. 3. (a) Schematic diagram of the CARS measurement system; (b) schematic diagram of the spatial positions of various beams in

the USED phase matching method; (c) experiment on the measurement of vibrational-rotational temperature of non-equilibrium

plasma.
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Fig. 4. (a) Calculation results of Raman linewidth; (b) theoretical spectra in thermodynamic equilibrium and non-thermodynamic

equilibrium; (c), (d) theoretical spectra with different (c) rotational temperature and (d) vibrational temperature.
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R T SR AR AT AT LR I T 2 B e v
Pk, BT EIRE R McKenna 2 AR AT i
TIRUFSLE, AR T 00T REE 20 I CARS Ot
T I HAR G IR I A AT e . e,
iR A EIPR T 1000—1700 K JEREN 7 %
SEMRBET (B IR RIBE 100 K) Y445 1 B2 )
5% X EE BT e McKenna T4 22
1700—2300 K ¥t Fil N (Y i LR B, 45 5 A2 da ds vl
P A BT SR ) 2 KO, I LA KA
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M T AR SO IR
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PGB (T, = T, = Ty B —/ T, AR
B G) Xy T, A T,) T 20 MG R, T,
T e FERIRSRE T, MEEshiR g T, 2%

#3  WER T

Table 3.  Test conditions for different cases.
Wi /(Lomin )
Case Tt/ K Teq/ K T,/K T./K
CH, Air 0O,
1 1.100 15.00 — 1706 1713427 1634441 1691466
2 1.420 15.00 — 1799 180027 1675440 1772458
3 2.287 15.00 — 1915 1920419 1726+29 1822443
4 2.550 24.14 — 2009 2040435 1977429 2090447
5 3.420 32.40 — 2100 2092435 2051447 2174463
6 4.480 28.32 3.02 — 2267426 2169+46 2295467
7 4.930 26.67 4.21 — 2302465 2261441 2457468
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Abstract

How to characterize thermodynamic non-equilibrium characteristics of flow field accurately and reliably is
the key to solving the thermal and chemical non-equilibrium problem, which is one of the most basic scientific
problems in hypersonic aerodynamcis. Based on the principles of coherent anti-Stokes Raman scattering
(CARS) and modified exponential gap (MEG) Raman linewidth model, a CARS spectral computation and vib-
rotational temperature inversion program is proposed for characterizing the thermodynamic non-equilibrium
properties of high-temperature gas flow field. The influence of vibrational temperature and rotational
temperature on Raman linewidth and CARS spectral characteristics are studied theoretically. A CARS system
is built and the corresponding accuracy in a wide temperature range is verified in a static environment that is
established by using a high-temperature tube furnace and a McKenna burner. The results show that the average
relative deviation of the vibration temperature 7, and rotational temperature 7, from the equilibrium
temperature T, are 4.28% and 3.34% respectively in a range of 1000 to 2300 K, and the corresponding average
repeatability is 1.95% and 3.03% respectively. These results indicate that the vibrational temperature and
rotational temperature obtained by the non-equilibrium program are in good agreement with those obtained
from the thermal equilibrium program. Finally, a non-equilibrium microwave plasma flow is built and its
vibrational temperature and rotational temperature are obtained by using the developed program. The results
show that the microwave plasma is in thermodynamic non-equilibrium, and the vibrational temperature and
rotational temperature are proportional to microwave power, while the thermodynamic non-equilibrium degree
exhibits an opposite trend. With microwave power increasing from 80 to 180 W, the vibrational temperature of
plasma increases from (2201 + 43) K to (2452 + 56) K, the rotational temperature increases from (382 + 20) K
to (5635 4+ 49) K, for which the principal reasons are that the increase in microwave power leads to an increase
in electron number density, and neutral particles obtain energy through collision with electrons, resulting in the
increase of vibrational temperature, rotational temperature, and translational temperature. The thermodynamic
non-equilibrium degree decreases from 0.83 to 0.78 with the microwave power increasing, which is due to the V-T
relaxation rate increasing. The molecules in the excited vibrational states lose energy through collision with
ground state molecules (i.e. V-T relaxation process), leading the vibrational energy to be converted into
translational energy. For N, molecules, the V-T relaxation rate is directly proportional to the temperature,
which causes the difference between vibrational temperature and rotational temperature to decrease with
microwave power increasing, and non-equilibrium degree to decrease with microwave power increasing as well.

Keywords: thermodynamic non-equilibrium, vibrational temperature, rotational temperature, coherent anti-

Stokes Raman scattering
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