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Abstract

A thermochemical nonequilibrium analysis was performed under the low enthalpy shock-

tunnel flows. A quasi-one-dimensional flow calculation was employed by dividing the flow

calculations into two parts, for the shock-tube and the Mach 6 nozzle. To describe the ther-

mochemical nonequilibrium of the low enthalpy shock-tunnel flows, a three-temperature

model is proposed. The three-temperature model treats the vibrational nonequilibrium of O2

and NO separately from the single nonequilibrium energy mode of the previous two-temper-

ature model. In the three-temperature model, electron-electronic energies and vibrational

energy of N2 are grouped as one energy mode, and vibrational energies of O2, O2
+, and NO

are grouped as another energy mode. The results for the shock-tunnel flows calculated

using the three-temperature model were then compared with existing experimental data and

the results obtained from one- and two-temperature models, for various operating conditions

of the K1 shock-tunnel facility. The results of the thermochemical nonequilibrium analysis of

the low enthalpy shock-tunnel flows suggest that the nonequilibrium characteristics of N2

and O2 need to be treated separately. The vibrational relaxation of O2 is much faster than

that of N2 in low enthalpy condition, and the dissociation rate of O2 is manly influenced by

the species vibrational temperature of O2. The proposed three-temperature model is able to

describe the thermochemical nonequilibrium characteristics of N2 and O2 behind the inci-

dent and reflected shock waves, and the rapid vibrational freezing of N2 in nozzle expanding

flows.

Introduction

Hypersonic vehicles experience thermochemical nonequilibrium phenomena, which are

induced by the hypersonic speed and the high enthalpy flow environment [1]. Real flight tests

are critically important when designing hypersonic vehicles, to ensure they can endure such

extreme flight conditions. However, real flight test is often impractical given the number of

tests under various flight conditions that need to be performed, and their cost. As a result,

hypersonic ground test facilities are widely used to supplement real flight tests. Among hyper-

sonic ground facilities, shock-tunnels are commonly employed to simulate hypersonic flight
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environments, due to their capability of simulating chemically reacting flows associated with

hypersonic speed [2]. The shock-tunnel primarily consists of two parts, a shock-tube and a

nozzle. In the shock-tube part, the gas in a driven tube is heated by incident and reflected

shock waves which produce high-temperature flows. In the nozzle part, the heated gas expands

drastically, while increasing the velocity of the flow to hypersonic speed. The test model is usu-

ally located at the nozzle exit and examined in hypersonic free-steam conditions.

To analyze the test results from a shock-tunnel facility, it is essential to rigorously diagnose

the flowfield inside the facility. Especially, the real-gas effects of the flow at the nozzle exit,

which the test model experiences, should be evaluated in detail, as the flow is chemically reac-

tive and in a thermochemical nonequilibrium state [3]. Because real-gas effects can influence

chemical reactions, the flow properties such as density, Mach number, and specific heat ratio

often differ from theoretical predictions based on an assumption of equilibrium. Conse-

quently, the shock shape around the sample as well as shock stand-off distance differ [4, 5]. In

addition to this, rigorous understanding for the flowfield is also important in practical aspects.

For example, the humid air could condense after the rapid expansion through the nozzle [6,

7]. In nozzle flow where the velocity gradient is large, the difference in time between the iner-

tial restoration and temperature restoration is significant, which leads to thermodynamically

nonequilibrium condensation [8, 9]. It has been reported that the liquid mass fraction, which

would influence the measurement accuracy [10], is mainly determined by nonequilibrium

condensation [11, 12]. Therefore, the accurate prediction of flowfield is important in analyzing

the test results.

Unfortunately, it is difficult to measure all flow properties, because the flow duration is typi-

cally only a few milliseconds. It is also difficult to install instruments inside the facility without

affecting the flow. Numerical simulations are therefore commonly performed to understand

and diagnose the thermochemical nonequilibrium state inside the shock-tunnel facility and

the hypersonic free-stream conditions at the nozzle exit. In numerical simulations, the three-

dimensional flow calculations have an advantage of the performance analysis of the shock-tun-

nel facility [13]. However, the computational costs of the three-dimensional calculations are

enormous to analyze the thermochemical nonequilibrium phenomena of the shock-tunnel

flows. In the work by Nomelis et al. [14], the two-dimensional axi-symmetric calculations of

the shock-tunnel flow were preformed, and it was compared with the results by the quasi-one-

dimensional calculations and the measured data of the shock-tunnel facility. The comparisons

confirmed that the quasi-one-dimensional calculations are acceptable to analyze the thermo-

chemical nonequilibrium of the shock-tunnel flows. Hence, the thermochemical nonequilib-

rium analysis of the shock-tunnel flows has been widely performed by using the quasi-one-

dimensional calculations [15]. In the present work, the Q1D calculations are employed to

analyze the thermochemical nonequilibrium of the shock-tunnel flows for the numerical

efficiency.

For the thermochemical nonequilibrium analysis, two-temperature model (2-T) [16] where

translational energy and rotational energy are grouped as one energy mode and electronic-

electron-vibrational energies are ground as another energy mode has been widely used. In

high enthalpy flow conditions above 10 MJ/kg, it is sufficient to adopt the 2-T model to

describe the thermochemical nonequilibrium state of the shock-tunnel flows, because the

shock heated temperature is over 10,000 K, and the electron-electronic-vibrational tempera-

ture of the 2-T model can adequately capture the thermochemical nonequilibrium state in the

shock-tunnel flows. However, in low enthalpy flow conditions, below 8 MJ/kg, the 2-T model

is less accurate when analyzing thermochemical nonequilibrium flows in a shock-tunnel facil-

ity. In general, at enthalpy flow conditions below 8 MJ/kg, the shock heated temperature is less

than 6,000 K, and the typical speed at the nozzle exit is below Mach number 6. In these low
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enthalpy flow conditions, N2 dissociation reactions rarely occur, and chemical reactions

related to O2 and NO are dominant. The chemical reactions related to O2 and NO are mainly

influenced by the vibrational temperatures of O2 and NO species, not by the electron-elec-

tronic-vibrational temperature in the 2-T model. The vibrational temperatures of O2 and NO

species can be evaluated from vibrational relaxation times of O2 and NO species, and in low

enthalpy flows where the shock heated temperature is below 10,000 K, the vibrational relaxa-

tion times of N2, O2, and NO are quite different [17]. This makes it necessary to treat the spe-

cies vibration temperature of O2 and NO separately from the single electron-electronic-

vibrational temperature in the 2-T model, when describing the thermochemical nonequilib-

rium state in low enthalpy shock-tunnel flows.

In the present work, a three-temperature (3-T) model is proposed for analyzing thermo-

chemical nonequilibrium flows below 8 MJ/kg in a low enthalpy shock-tunnel facility. In the

3-T model, the nonequilibrium energy is divided into two energy modes. The electron transla-

tional energy, the electronic energies of atoms and molecules, and the vibrational energy of N2

are grouped together as one nonequilibrium energy mode of the electron-electronic-vibra-

tional energy. The other nonequilibrium energy mode is the species vibrational energy. In the

species vibrational energy, the vibrational energies of O2, NO, and O2
+ are grouped and treated

as another nonequilibrium energy mode. In the present study, a thermochemical nonequilib-

rium flow analysis of the K1 shock-tunnel facility [18, 19] was conducted using the proposed

3-T model. In the shock-tunnel flow calculation, the Q1D method was employed by dividing

the flow calculations into two parts, the shock-tube and the Mach 6 nozzle. The results for the

shock-tunnel flows calculated using the 3-T model were compared with existing experimental

data [18, 20, 21] and the calculated results obtained from previous 1-T and 2-T models for var-

ious operating conditions in the K1 shock-tunnel facility.

Thermochemical nonequilibrium model

Chemical species and internal energies

In a typical shock-tunnel operation, dry air is used as a test gas in the driven tube to simulate

the Earth’s atmosphere, and He and Ar are mostly employed as the driver tube gas. Accord-

ingly, a total of nine chemical species of N, O, He, Ar, N2, O2, NO, O2
+, and e− were considered

to calculate the shock-tunnel flows in the present work. The other chemical species of N2
+,

NO+, N+, O+, Ar+, and He+ are ignored because they are rarely produced under the low

enthalpy flow conditions in a shock-tunnel operating up to 8 MJ/kg.

For the electronic energy of N and O, the energy grouping model proposed by Hyun [22]

was adopted, and the principal quantum number considered in this grouping model was lim-

ited to 10. Table 1 presents the electronic excitation levels of N and O adopted in the present

energy grouping model. n is a principle quantum number, Eex is an electronic energy, and g is

a multiplicity of the electronic state. In the present work, twenty and seventeen levels, respec-

tively, were adopted in the electronic grouping model to evaluate the electronic energy of N

and O. For Ar and He, only the electronic ground state was considered, because the driver

gases of He and Ar exist at room temperature, and they rarely engage in the chemical reactions

behind the incident and reflected shock waves.

Table 2 lists the electronic states of N2, O2, NO, and O2
+ considered in the present work.

The spectral data for each electronic state were obtained from the National Institute of Stan-

dards and Technology database [23], and the rotational and vibrational energies of each elec-

tronic state were calculated using the Dunham expansion model [24].

Fig 1 presents the calculated rotational and vibrational energies for N2 and O2 for the three

low-lying electronic states. The total number of rotational and vibrational states were 8,870,
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3,359, and 3,914 for N2(X1Sþg , A3Sþu , and B3Pg), and 5,117, 3,854, and 3,221 for O2(X3S�g ,

a1Δg, and b1Sþg ), respectively. For the electronic ground N2(X1Sþg ) state, the maximum vibra-

tional state vmax was 60, and the maximum rotational state Jmax was 266. For the electronic

ground O2(X3S�g ) state, vmax and Jmax were 36 and 222, respectively. In the present work, all

of the rotational and vibrational energies for each electronic state in Table 2 were adopted to

determine the average electronic, rotational, and vibrational energies of atoms and molecules,

and the average energies were determined using the partition function relations specified by

the nonequilibrium temperatures [24]. Then, the specific heats cv and cp were directly deter-

mined from the average energies of the atoms and molecules.

Three-temperature model

To describe the thermochemical nonequilibrium phenomena in low enthalpy shock-tunnel

flows, the present work introduces a 3-T model. In low enthalpy shock-tunnel flows below 8

MJ/kg, the chemical reactions related to N2 occur slowly, and chemical reactions related to O2

and NO occur more rapidly than the chemical reactions related to N2 [25]. The chemical reac-

tions related to O2 and NO are controlled by the species vibrational temperatures of O2 and

NO.

Fig 2 presents a schematic diagram of the nonequilibrium energies and temperatures in the

3-T model. In the 3-T model, the translational and rotational energies are treated as one equi-

librium energy mode, specified by trans-rotational temperature Ttr, because the rotational

energy rapidly equilibrates with the translational energy. Unlike the 2-T model, the nonequi-

librium energy mode of the electron–electronic-vibrational energy is divided into two non-

equilibrium energy modes: the electron–electronic-vibrational energy and the species

vibrational energy. In the electron-electronic-vibrational energy, the electron translational

Table 1. Electronic grouping energy levels [22] of N and O atoms.

N O

n Eex (cm−1) g n Eex (cm−1) g n Eex (cm−1) g n Eex (cm−1) g

2 0.0 46 4 110315.0 90 2 78.0 9 5 103869.0 24

2 19228.0 10 4 110486.0 126 2 15868.0 5 5 105394.0 168

2 28840.0 6 5 111363.0 54 2 33792.0 1 6 106639.0 288

3 83337.0 12 5 112851.0 90 3 73768.0 5 7 107583.0 392

3 87488.0 18 5 112929.0 288 3 76795.0 3 8 108117.0 512

3 95276.0 36 6 114298.0 648 3 86629.0 15 9 108478.0 648

3 96793.0 18 7 115107.0 882 3 88631.0 9 10 108734.0 800

4 103862.0 18 8 115631.0 1152 4 95757.0 8

3 104857.0 60 9 115991.0 1458 3 97745.0 40

3 104902.0 30 10 116248.0 1800 4 99313.0 24

https://doi.org/10.1371/journal.pone.0240300.t001

Table 2. Electronic states of N2, O2, NO, and O2
+.

Species Electronic States

N2 X1Sþg , A3Sþu , B3Pg, W3Δu, a01Pg, w3Δu, A05Sþg , G3Δg, C3Pu, b1Pu, b1Pu, b01Sþu
O2 X3S�g , a1Δg, b1Sþg , c1S�u , A03Δu, A3Sþu , B3S�u

NO X2P, a4P, A2S+, B2P, b4S−, C2P, D2S+, B02Δ, E2S+, F2Δ, H2S+, H02P
O2

+ X2Pg, a4Pu, A2Pu

https://doi.org/10.1371/journal.pone.0240300.t002
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energy, the electronic energies of atoms and molecules, and the vibrational energy of N2 are

grouped as one energy mode, and are represented by a Boltzmann distribution specified by the

electron–electronic-vibrational temperature Teev. In the species vibrational energy, the vibra-

tional energies of O2, NO, and O2
+ are grouped as one species vibrational energy, and are

described by a Boltzmann distribution specified by the species vibrational temperature Tv.

This is because nonequilibrium properties of NO, e.g. relaxation times for vibrational-electron

energy exchange and vibrational-translational energy exchange, are similar to those of O2 [26]

and also, the formation of NO is not significantly influenced by the species vibrational temper-

ature [27]. By grouping the vibrational energies of O2 and NO, the computational cost is

reduced. Then, the chemical reactions related to N2 and electrons are controlled by the elec-

tron-electronic-vibrational temperature Teev, and the chemical reactions related to O2 are

influenced by the species vibrational temperature Tv. The use of a 3-T model enables efficient

Fig 1. Rotational and vibrational energies for the three low-lying electronic states. (a) N2 and (b) O2.

https://doi.org/10.1371/journal.pone.0240300.g001

Fig 2. Schematic diagram of nonequilibrium energies and temperature in the 3-T model.

https://doi.org/10.1371/journal.pone.0240300.g002
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calculation of the thermochemical nonequilibrium flow, including the different vibration char-

acteristics of N2 and O2 and related chemical reactions in the low enthalpy shock-tunnel oper-

ating environment.

In order to describe the energy transferred among the three-energy modes of the 3-T

model, the vibrational-to-translational (V-T), vibrational-to-electron (V-e), vibrational-to-

vibrational (V-V), and electron-to-translational (e-T) energy transfers need to be considered.

V-T energy exchange. In the present work, the Landau-Teller model [17] is employed to

describe the V-T energy exchange as follows:

_wV� T
eev ¼ rN2

�ev;N2
ðTtrÞ � �ev;N2

ðTeevÞ

�tv;N2

; ð1Þ

_wV� T
v ¼

X

s¼O2 ;NO;Oþ
2

rs

�ev;sðTtrÞ � �ev;sðTeevÞ

�tv;s
; ð2Þ

where _wV� T
eev and _wV� T

v are the V-T energy exchange rate of the electron-electronic-vibrational

and species vibrational energy modes, respectively. ρ is the density, �ev is the average vibrational

energy per mass, and �tv is the average vibrational relaxation time in the V-T energy transfer-

ring. The average vibrational relaxation time for species i �tv;i is determined from the vibra-

tional relaxation time for the collision between species i and species j τv,ij as

1

�tv;i
¼

P
jrj=Mjtv;ij
P

jrj=Mj
; ð3Þ

where Mi is a molar mass for species i. The vibrational relaxation time for the collision between

species i and species j τv,ij can be determined using the Millikan-White (M-W) formula [17]:

ptv;ij ¼ exp ½AijðT
� 1=3
tr � BijÞ � 18:42�: ð4Þ

where p is pressure, Aij and Bij are the modified M-W parameters. In the present work, the

M-W parameters of the nine-species for the low enthalpy shock-tube flows were obtained

from the work by Park et al. [28, 29], Millikan and White [17], and Kim et al. [25, 30].

V-e energy exchange. In describing the V-e energy transferring by the collisions with

electrons, the model proposed by Lee [31] was adopted in the present work:

_wV� e
eev ¼ � _wV� e

v ; ð5Þ

_wV� e
v ¼

X

s¼O2 ;NO;Oþ
2

�ev;sðTeevÞ � �ev;sðTvÞ

te;s
; ð6Þ

where _wV� e
eev and _wV� e

v are the V-e energy exchange rate of the electron-electronic-vibrational

and species vibrational energy modes, respectively. τe,s is the relaxation time in the V-e energy

transferring. The relaxation time τe for O2 and NO were obtained using Lee’s work [31]. Since

the V-e energy coupling of O2 and NO is slower than that of N2, the relaxation time τe for O2

and NO were adopted by multiplying the value for N2 by 300, as proposed by Park and Lee

[32].

PLOS ONE Thermochemical nonequilibrium flow analysis in low enthalpy shock-tunnel facility

PLOS ONE | https://doi.org/10.1371/journal.pone.0240300 October 7, 2020 6 / 24

https://doi.org/10.1371/journal.pone.0240300


V-V energy exchange. The V-V energy exchange from the collisions between the

diatomic molecules was given by Candler and MacCormack [33]:

_wV� V
eev ¼

X

s¼O2 ;NO;Oþ
2

PV� V
N2 � sZN2 � s½�ev;sðTvÞ � �ev;N2

ðTeevÞ�; ð7Þ

_wV� V
v ¼

X

s¼O2 ;NO;Oþ
2

PV� V
N2 � sZN2 � s½�ev;N2

ðTeevÞ � �ev;sðTvÞ�; ð8Þ

where PV� V
N2 � s is the collision probability for V-V energy transferring between N2 and species s,

and Z is the collision number. For the collisions between species i and j, it is given by

Zi;j ¼
8kTtr

pmi;j
si;jninj

 !

; ð9Þ

where _wV� V
eev and _wV� V

v are the V-V energy exchange rate of the electron-electronic-vibrational

and species vibrational energy modes, respectively. k is the Boltzmann constant, ni is the num-

ber density of species i, and μi,j is the reduced mass between species i and j. The elastic collision

cross section σi,j was taken to be equal to 1.0 × 10−19 m2 as proposed by Park [32]. The collision

property PV� V
N2 � s for V-V energy transfer was determined from existing experimental data [34]

as:

PV� V
N2� O2

¼ 3:0� 10� 6ðTtr=1; 000Þ
2:87
; ð10Þ

PV� V
N2 � NO ¼ 5:5� 10� 5ðTtr=1; 000Þ

2:32
: ð11Þ

The probability of collision PV� V
N2 � s between N2 and O2

+ was treated as the same as the colli-

sions between N2 and O2.

e-T energy exchange. In the present work, the energy exchange between the electron and

heavy particle translational energies [35] is expressed by using the effective collision frequency

νe as

_we� T
eev ¼ 2kðTtr � TeevÞneMeSi

ne;i

Mi
: ð12Þ

where _we� T
eev is the e-T energy exchange rate of the electron-electronic-vibrational energy mode,

and the subscript e is electron. The effective collision frequency νe,i can be divided into two

types of collisions: electron-neutral and electron-ion. For collisions between the electron e and

neutral species i, the cross section σe,i of the effective electron energy exchange [36] is used:

ne;i ¼ nise;i

ffiffiffiffiffiffiffiffiffiffiffiffi
8kTeev

pme

s

; ð13Þ

where me is a mass of electron per particle. The cross section σe,i was obtained from the work

by Gupta et al. [37]. The collision between the electron e and charged species of O2
+ [36] was

evaluated as:

ne;O2
þ ¼

8

3

p

me

� �0:5

nO2
þee

4 1

2kT2=3
eev

log
k3T3

eev

pneee
6

� �

; ð14Þ

where ee is the magnitude of the electronic charge.
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Chemical reaction

In the present work, to describe the chemical reactions in the low enthalpy shock-tunnel flows

the dissociation, exchange reaction, and associative ionization of the nine chemical species

were considered. In the 3-T model, the chemical reactions are calculated using an Arrhenius

type equation with the geometrically averaged temperature concept [16, 28, 29, 32]. Then the

forward rate coefficients kf of the Arrhenius type equation can be expressed as

kf ¼ Cf T
Z

f exp �
y

Tf

 !

: ð15Þ

In Table 3, the Arrhenius parameters Cf, η, and θ are presented for the dissociation,

exchange reaction, and associative ionization of the nine-chemical species. The parameters

Table 3. Arrhenius parameters for the nine-chemical species in the low enthalpy shock-tunnel flows [25, 28–30, 38].

Reaction M Cf η θ Tf Tr

Dissociation

N2+MÐ N+N+M N 3.0 × 1022 −1.6 113, 200
ffiffiffiffiffiffiffiffiffiffiffiffiffi
TtrTeev

p
Ttr

O 3.0 × 1022 −1.6 113, 200
ffiffiffiffiffiffiffiffiffiffiffiffiffi
TtrTeev

p
Ttr

He 3.0 × 1022 −1.6 113, 200
ffiffiffiffiffiffiffiffiffiffiffiffiffi
TtrTeev

p
Ttr

Ar 2.0 × 1021 −1.5 113, 200
ffiffiffiffiffiffiffiffiffiffiffiffiffi
TtrTeev

p
Ttr

N2 7.0 × 1021 −1.6 113, 200
ffiffiffiffiffiffiffiffiffiffiffiffiffi
TtrTeev

p
Ttr

O2 7.0 × 1021 −1.6 113, 200
ffiffiffiffiffiffiffiffiffiffiffiffiffi
TtrTeev

p
Ttr

NO 7.0 × 1021 −1.6 113, 200
ffiffiffiffiffiffiffiffiffiffiffiffiffi
TtrTeev

p
Ttr

O2+ 7.0 × 1021 −1.6 113, 200
ffiffiffiffiffiffiffiffiffiffiffiffiffi
TtrTeev

p
Ttr

O2+MÐ O+O+M N 1.0 × 1022 −1.5 59, 500
ffiffiffiffiffiffiffiffiffiffi
TtrTv

p
Ttr

O 3.0 × 1021 −1.5 59, 500
ffiffiffiffiffiffiffiffiffiffi
TtrTv

p
Ttr

He 1.0 × 1022 −1.5 59, 500
ffiffiffiffiffiffiffiffiffiffi
TtrTv

p
Ttr

Ar 1.8 × 1018 −1.0 59, 500
ffiffiffiffiffiffiffiffiffiffi
TtrTv

p
Ttr

N2 2.0 × 1021 −1.5 59, 500
ffiffiffiffiffiffiffiffiffiffi
TtrTv

p
Ttr

O2 1.117 × 1025 −2.6 59, 500
ffiffiffiffiffiffiffiffiffiffi
TtrTv

p
Ttr

NO 2.0 × 1021 −1.5 59, 500
ffiffiffiffiffiffiffiffiffiffi
TtrTv

p
Ttr

O2+ 1.117 × 1025 −2.6 59, 500
ffiffiffiffiffiffiffiffiffiffi
TtrTv

p
Ttr

NO+MÐ N+O+M N 1.1 × 1017 0.0 75, 500
ffiffiffiffiffiffiffiffiffiffi
TtrTv

p
Ttr

O 1.1 × 1017 0.0 75, 500
ffiffiffiffiffiffiffiffiffiffi
TtrTv

p
Ttr

He 1.1 × 1017 0.0 75, 500
ffiffiffiffiffiffiffiffiffiffi
TtrTv

p
Ttr

Ar 5.5 × 1020 −1.5 75, 500
ffiffiffiffiffiffiffiffiffiffi
TtrTv

p
Ttr

N2 5.0 × 1015 0.0 75, 500
ffiffiffiffiffiffiffiffiffiffi
TtrTv

p
Ttr

O2 5.0 × 1015 0.0 75, 500
ffiffiffiffiffiffiffiffiffiffi
TtrTv

p
Ttr

NO 1.1 × 1017 0.0 75, 500
ffiffiffiffiffiffiffiffiffiffi
TtrTv

p
Ttr

O2+ 5.0 × 1015 0.0 75, 500
ffiffiffiffiffiffiffiffiffiffi
TtrTv

p
Ttr

Exchange reaction

N2+OÐ NO+N 6.4 × 1017 −1.0 −38, 400 Ttr Ttr

NO+OÐ O2+N 8.4 × 1012 0.0 −19, 450 Ttr Ttr

Associative ionization

O+OÐ O2
++e− 7.1 × 102 2.7 −80, 600 Ttr Teev

https://doi.org/10.1371/journal.pone.0240300.t003
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were obtained from the work by Park et al. [28, 29] and Kim et al. [25, 30], and the reference

data by Baulch et al [38]. In the present work, the charged exchange reaction, ionization, and

associative ionization except O2
+ are not considered because in low enthalpy flows below 8

MJ/kg, such types of reactions are ignorable [25]. In the 3-T model, the N2 dissociation is con-

trolled by the electron-electronic-vibrational temperature Teev, and the O2 and NO dissocia-

tion reactions are controlled by the species vibrational temperature Tv, as shown in Table 3.

In reverse reactions, an equilibrium constant Ke is employed to determine the backward

rate coefficients kb as

kb ¼
kf ðTtrÞ

KeðTtrÞ
: ð16Þ

In the present work, the equilibrium constants Ke for the dissociation, exchange reaction,

and associated ionization for the nine-chemical species were obtained from the work by Kim

[39] and Kim et al. [25].

In the species mass conservation, the mass rate of s-species production _os is expressed as

follows:

_os ¼ Ms

XNk

k¼1

ðbs;k � as;kÞðRf ;k � Rb;kÞ; ð17Þ

where Nk is the number of reactions, αs,k and βs,k are the stoichiometric coefficients for the

reactants and products in the k-th reaction. Then, the forward and reverse reaction rates, Rf,k

and Rb,k, of the k-th reaction are defined by

Rf ;k ¼ 1000 kf ;k

Yall

s¼1

ð0:001rs=MsÞ
ask

" #

; ð18Þ

Rb;k ¼ 1000 kb;k

Yall

s¼1

ð0:001rs=MsÞ
bsk

" #

: ð19Þ

In order to describe energy conservation due to dissociation, the preferential dissociation

model [16, 29, 32] is employed. In the preferential dissociation model, the losses of electron-

electronic-vibrational energy _wD
eev and species vibrational energy _wD

v due to dissociation can be

defined as follows:

_wD
eev ¼

X

s¼N2

_oD
s ðcv;sE

D
s þ �eex;sÞ; ð20Þ

_wD
v ¼

X

s¼O2 ;NO

_oD
s ðcv;sE

D
s þ �eex;sÞ; ð21Þ

where _oD
s is the mass rate of production by dissociation, ED

s is the dissociation potential of spe-

cies s per unit mass, �eex;s is an average electronic energy of species s, and ψv,s is the vibrational

energy loss ratio of molecule s due to dissociation. In the work by Park [28], the value of 0.3 is

proposed for ψv,s in the atmospheric gas species.

Consequently, the overall rates of change in the electron-electronic-vibrational and species

vibrational energies by the V-T, V-e, V-V, and e-T energy exchanges and chemical reactions
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are determined as follows:

_weev ¼ _wV� T
eev þ _we� V

eev þ _wV� V
eev þ _we� T

eev þ _wD
eev; ð22Þ

_wv ¼ _wV� T
v þ _we� V

v þ _wV� V
v þ _wD

v : ð23Þ

Quasi-one-dimensional flow solver

The governing equations of Q1D flows for the 3-T model were constructed using five-types of

equations; the species conservation, momentum conservation, electron-electronic-vibrational

energy conservation, species vibrational energy conservation, and total energy conservation

equations. The conservation equations for the Q1D system can be expressed as follows:

@Q
@t
þ
@E
@x
¼W; ð24Þ

where t is time and x is position. The conserved variables vector Q, the corresponding total

flux vector E, and the source terms vector W can be represented as follows:

Q ¼

rs

..

.

ru

Eeev

Ev

Etot

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

; E ¼

rsu

..

.

ru2 þ p

Eeevu

Evu

Etotu

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

; W ¼

_ws

..

.

_wvisc

_weev

_wv

0

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

; ð25Þ

where p is pressure, u is velocity, and Eeev and Ev is the electron-electronic-vibrational and spe-

cies vibrational energies per unit volume, respectively. In Q1D calculations, the viscous effects

are modelled as the viscous source term _wvisc in the momentum conservation equation. The

wall-skin force of the shock-tunnel flows are calculated as follows:

_wvisc ¼
p
A

dA
dx
�
pdt0

A
; ð26Þ

where A is area. In Eq 26, the area change and mixture viscosity are considered. For the deter-

mination of shear stress τ0, the Darcy-Weisbach friction factor f [15, 40, 41] for the pipe flow

has been widely used for Q1D calculations [13, 15], and can be represented as follows:

t0 ¼
� rfujuj

8
: ð27Þ

The Darcy-Weisbach friction factor f can be evaluated by Reynolds number [42, 43]. In this

study, the Darcy-Weisbach friction factor f for turbulent regime is obtained from Ref [44] for

high Reynolds number up to 105 as follows:

f ¼
1

L
½1:8 log 10Re � 1:5147�

� 2
; ð28Þ
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where Λ is compressibility factor, and the effective Reynolds number is defined as

Re ¼
r�ud
mðT�Þ

; ð29Þ

where μ is the mixture viscosity coefficient and d is diameter. The reference density ρ� and

temperature T� are determined by using the Eckert reference values [45] as,

T� ¼ T þ 0:5ðTw � TÞ þ 0:22ðTaw � TÞ; ð30Þ

r� ¼
rT
T�
: ð31Þ

The adiabatic wall temperature Taw is evaluated by using the compressibility factor Λ,

which compensates for the high-speed flow and is defined as

Taw ¼ LT; ð32Þ

L ¼ 1þ
g � 1

2
OM2; ð33Þ

where γ is specific heat ratio and M is Mach number. The recovery factor O is determined

from Prandtl number Pr, as Pr1/2 for laminar flow and Pr1/3 for turbulent flow. The viscosity

coefficient of the mixture gas μ is calculated using Gupta’s mixing rule [46],

mðT�Þ ¼ Si
mini

SjnjD
ð2Þ

i;j ðT�Þ
; ð34Þ

D
ð2Þ

i;j ðT
�Þ ¼

16

5

2MiMj

p�RTðMi þMjÞ

" #1=2

pO
ð2;2ÞðT�Þ
i;j ; ð35Þ

where mi is a mass of species i per particle and �R is the universal gas constant. The collision

integrals O
ð2;2Þ

i;j of the nine-chemical species in the shock-tunnel flows were obtained from the

work by Kim et al. [47] and Wright et al. [48].

The Q1D equations in Eq 24 were calculated using the finite volume method. The flow vari-

ables are stored at the cell centers, and the quantities Q at the cell faces were computed from

the solution reconstruction based on the cell-centered data. The modified Steger-Warming

flux vector splitting method [49] was employed in treating the reconstruction of the inviscid

flux. The speed of sound a for determining the characteristics of the inviscid flux was evaluated

from the equation as

ra2 ¼
Xall

s¼1

rs
@p
@rs
þ 2ru

@p
@ru
þ Eeev

@p
@Eeev

þ Ev
@p
@Ev
þ Etot þ pþ u

@Etot

@u

� �
@p
@Etot

: ð36Þ

In the present work, the fourth-order Runge-Kutta-Gill method was employed to perform

an explicit time integration of the conservative equations. To achieve numerical efficiency, the

flow solver was parallelized by using the MPI library.

Verification and validation

Fig 3 presents the shock-tube and nozzle flow calculations used to validate the present calcula-

tions, by comparison with existing experimental data [50, 51]. In the shock-tube experiments
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[50], the vibrational temperature Tv was modeled based on the UV absorption spectrum of the

Schumann-Runge band, in the wavelength range of 130–270 nm. A 2% O2-98% Ar mixture

gas was adopted as the test gas, and the pressure of the driven tube as p1 = 7.12 Torr. The

measured incident shock velocity was 1.174 km/s. The shock-tube had a driver section length

of 3,700 mm and a driven section length of 10,000 mm with a diameter of 152.4 mm. The

observation point was 2.0 cm away from the end-wall. In the present work, the shock-tube

flow calculation was carried out with a mesh of 5,000 elements, and the CFL number was set at

a constant of 0.01.

In Fig 3(a), the incident shock wave reached the observation point 8.56 ms after the dia-

phragm ruptured, and the reflected shock wave reached the point 0.05 ms after the arrival of

the incident shock wave. Accordingly, the calculated incident shock speed is 1.168 km/s. The

calculated trans-rotational temperature Ttr behind the reflected shock wave is 2,964 K, and this

value is in good agreement with the measured equilibrium temperature. It was observed that

the measured vibrational temperature behind the reflected shock wave was accurately repro-

duced by the present calculation.

Fig 3(b) shows a comparison between the calculated electron-electronic-vibrational tem-

perature Teev in the nozzle expanding flows and the experimental data [51] and the results cal-

culated by Park [32]. In experiments performed by Hurle et al. [51], the spectrum-line reversal

method with Na was employed to measure the electron-electronic-vibrational temperature

Teev. The electronic temperature of Na was modeled based on the emission spectra of Na. The

measured electronic temperature was then treated as the same as the vibrational temperature

of N2, because the interchange of N2 vibrational energy and electronic energy of a metallic par-

ticle is rapid and highly effective, so that electronic temperature of Na easily equilibrates with

the N2 vibrational temperature [31]. As seed species can enhance the rate of vibrational relaxa-

tion process [52], Park [32] employed the physically fastest vibrational relaxation time for the

collision between N2 and Na and calculated the nozzle flow. In that calculation, the concentra-

tion of Na was varied between 10 and 100 ppm by volume. In the present work, the nozzle

flow calculations were conducted using the initial conditions of p0 = 5 atm and T0 = 4,500 K.

The nozzle shape and the vibrational relaxation time for Na collisions were obtained from the

Fig 3. Comparison of temperatures from the present calculations and the experimental data [50, 51]. (a) Temperature at the observation

point of the shock-tube flows, (b) Temperature in nozzle expanding flows.

https://doi.org/10.1371/journal.pone.0240300.g003
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work by Park [32]. A mesh of 1,000 elements was used in the nozzle flow calculations, and the

CFL was set as a constant of 0.01. In Fig 3(b), the trans-rotational temperature Ttr decreases

drastically, and the electron-electronic-vibrational temperature Teev is frozen in the nozzle

expanding flows. In comparison with the experimental data, the calculated electron-elec-

tronic-vibrational temperature Teev agreed well with the measured temperature for a Na

concentration of 100 ppm. In addition, the trans-rotational temperature Ttr and electron-

electronic-vibrational temperature Teev in present calculation were similar to the calculation

results of Park [32].

Thermochemical nonequilibrium analysis in the K1 shock-tunnel

facility

K1 shock-tunnel facility

Fig 4 presents the experimental setup of the K1 shock-tunnel [18, 19], installed at KAIST. The

K1 shock-tunnel consists of four parts, the shock-tube, Mach 6 nozzle, test section, and dump

tank. The facility can operate in shock-tube mode or as a reflected shock-tunnel, depending on

the experimental requirements [53]. In the shock-tube part, the length of the driver and the

driven sections are 865 mm and 3,290 mm, respectively. The driver section has a diameter of

67.5 mm, and the driven section has a diameter of 47.5 mm. Two 0.35-mm-thick polyethylene

diaphragms, which are placed at both ends of the transition section, separate the driver from

the shock-tube. A secondary 0.04-mm-thick polyethylene diaphragm is used to separate the

shock-tube from the nozzle and the test section. In shock-tunnel operating mode, depending

on the test condition, the driver tube can be expanded to a length of 2,400 mm using double

diaphragms. Considering the connecting section between the shock-tube and the nozzle, the

length of the driven section is enlarged to 3,360 mm. Three PCB piezoelectric pressure trans-

ducers are installed to measure both the static and reservoir pressures, and the corresponding

shock speed. In Fig 4, pt1, pt2, and pt3 denote the flush-mounted transducers in the wall of

the driven tube used for pressure measurement. The pitot pressure is measured using a flush-

mounted flat-face model located approximately at the nozzle-exit center, with a PCB trans-

ducer. A 0.01-mm-thick polyvinyl-chloride film is attached in front of the transducer to pro-

tect the transducer from particle strikes which may be generated from the diaphragms. The

K1 shock-tunnel is designed to simulate an enthalpy range of 1.0-8.0 MJ/kg in dry-air gas. A

detailed explanation of the shock-tunnel’s operation can be found in Ref. [18] and Ref. [19].

The sample shock-tunnel flow calculations were conducted under initial conditions of

p4 = 3.1 MPa and T4 = 300 K in the driver section, and p1 = 40 kPa and T1 = 300 K in the driven

section, which were the reference operating conditions of the K1 shock-tunnel to produce

Mach 6 flows at the nozzle exit. He and dry air were employed as the driver and test gases,

respectively.

Fig 4. Configuration of K1 shock-tunnel facility.

https://doi.org/10.1371/journal.pone.0240300.g004
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Fig 5 presents the calculated x–t diagram of the pressure in the shock-tube part, and the

Mach number and trans-rotational temperature Ttr in the nozzle section. In Fig 5(a), it can be

observed that the incident shock wave arrives at the end-wall at 2.8 ms, and the propagation of

the expansion wave started at the diaphragm position. Near 2.50 m, the flow is disturbed by

the transition section. When the reflected shock wave is produced at the end-wall, the high-

pressure state is maintained until it interferes with the following contact surface. The steady-

state time of the post-shock condition before the interruption was calculated to be about 1.0

ms. The reservoir conditions behind the reflected shock wave were employed as the inlet con-

ditions of the nozzle: ρ = 6.539 kg/m3, p = 3.176 MPa, and Ttr = 1, 687 K. Fig 5(b) presents the

Mach number M and trans-rotational temperature Ttr in the nozzle expanding section. Fig

5(b) shows that the heated gas expands through the nozzle, while the temperature drops drasti-

cally to 260 K, and the flow velocity reaches M = 6 at the nozzle exit.

Thermochemical nonequilibrium analysis

A thermochemical nonequilibrium analysis of the K1 shock-tunnel was conducted using the

Q1D flow calculations for the various flow enthalpy conditions. Table 4 summarizes the initial

conditions of Cases A to D, used to simulate the low enthalpy flows in the shock-tube and

shock-tunnel modes. In the present work, the proposed 3-T model was employed in the Q1D

flow calculations to analyze the thermochemical nonequilibrium phenomena and estimate the

reservoir and nozzle exit conditions. In addition to the 3-T model, previous 1-T and 2-T mod-

els were adopted in the Q1D flow calculations to compare the results, and to investigate the

thermochemical nonequilibrium flows. For Cases A, B, and C, the calculated results for the

shock-tube and shock-tunnel operation modes were compared with existing experimental

data [18, 20, 21]. The shock-tunnel flow calculation was additionally performed for Case D, to

numerically investigate the thermochemical nonequilibrium flows in the maximum available

dry air gas operating condition.

Fig 6 presents the calculated results for the flow conditions in Case A in the shock-tube

operating mode. The shock-tube flow calculation was performed to obtain the thermodynamic

properties and oxygen mole-fraction at the end-wall in the shock-tube mode. In the shock-

Fig 5. Calculated results of the shock-tunnel flows. (a) x-t diagram of pressure in the shock-tube part, (b) Mach number and temperature

along the Mach 6 nozzle part.

https://doi.org/10.1371/journal.pone.0240300.g005
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tube flow calculation, a test gas of 21% O2 and 79% Ar was adopted, to match the shock-tube

experiments performed by Kim et al [20]. Since O2 is a single diatomic species, the calculated

results using the 3-T model yielded the same results as the 2-T model. Fig 6(a) presents a com-

parison of the calculated results and experimental data [20] of the pressure at the end-wall. In

the experiments [20], the pressure sensor was mounted at the end-wall, and the reflected shock

condition was observed. Before the contact surface arrives, the steady-state conditions remain

at about 200 μs at the end-wall. The pressure calculated using the 3-T model matches the mea-

sured pressure well. There was no significant difference in the pressure calculated by the 3-T

and 1-T models. After the pressure jump, immediately behind the shock wave, the pressure

rapidly falls due to the dissociation reaction of O2. Fig 6(b) presents the calculated results of

the temperatures at the end-wall. Due to the endothermic reaction of O2 dissociation, the tem-

perature peak is observed instantaneously after the shock wave arrives. In the species vibra-

tional temperature Tv in the 3-T model, the nonequilibrium phenomena of vibrational

relaxation of O2 is rapidly removed after the shock wave, and the 3-T model reaches steady

state faster than the 1-T model. In Fig 6(c), the species density at the end-wall is presented. It

shows that behind the shock wave the O2 density increases, because the flow is rapidly com-

pressed by the shock wave. Though the trans-rotational temperature Ttr in the 3-T model is

almost the same as the equilibrium temperature T in the 1-T model, the relaxation of the spe-

cies vibrational temperature Tv in the 3-T model leads to less pressure p and density ρ, and the

chemical reactions in the 3-T model appear to be faster than those of the 1-T model, because

of the lower O2 density.

Fig 7 presents the calculated results of the shock-tube flows for the flow conditions in Case

B. In the present work, the calculated results were compared with the experimental data [21]

to validate the 3-T model. In the experiment [21], the pressure sensors were installed in Chan-

nel 1, Channel 2, and the end-wall position. The pressures measured in Channels 1 and 2 were

used to determine the shock speed, and the pressure at the end-wall was utilized to determine

the reservoir conditions of the shock-tube part. The ultraviolet emission spectra of OH radicals

in the A-X band range of 280 nm to 330 nm were also measured, at a distance 3 mm from the

end-wall. The rotational temperature was determined using the P-Q branch ratio of the mea-

sured spectrum. Then, the trans-rotational temperature Ttr can be determined by using the

rotational temperature.

In Fig 7(a), the calculated pressure at the end-wall is compared with the measured data.

Before the contact surface arrives, a steady flow is maintained for 100 μs. At the initial pressure

Table 4. Initial conditions of low enthalpy shock-tunnel flows for thermochemical nonequilibrium analysis.

Case A [20] Case B [21] Case C [18] Case D

Mode Shock-tube Shock-tube Shock-tunnel Shock-tunnel

Driver gas He He He He

Driven gas 21% O2-79% Ar Dry air Dry air Dry air

p4(MPa) 1.65 1.60 3.1 3.1

p1(kPa) 1 0.25 40 0.5

T4(K) 288 288 288 300

T1(K) 288 288 288 300

Channel 1 (m) 3.615 3.615 5.22 -

Channel 2 (m) 4.115 4.115 5.72 -

Channel 3 (m) - - 5.8 -

End-wall (m) 4.215 4.215 - -

https://doi.org/10.1371/journal.pone.0240300.t004
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peak, the 3-T model results are closer to the experiment than the results calculated using the

1-T and 2-T models. In Fig 7(b), a comparison of the calculated and experimental tempera-

tures data is presented at the optical sensing point 3 mm away from the end-wall. The trans-

rotational temperature Ttr calculated by the 3-T model matches the measured temperature

well. Compared with the 1-T model, the trans-rotational temperature Ttr of the 3-T model is

higher than the equilibrium temperature T of the 1-T model after the incident shock arrives.

This is because, in the 1-T model, the relaxation process of the nonequilibrium temperatures

are neglected. Behind the reflected shock wave, the trans-rotational temperature Ttr peak of

the 3-T model is much higher than the equilibrium temperature T of the 1-T model, for the

same reason. It is observed that there were obvious differences between the nonequilibrium

temperatures from the 3-T and 2-T models. The electron-electronic-vibrational temperature

of the 3-T model was much lower than that of the 2-T model behind the incident and reflected

shock waves. In the 2-T model, the electron-electronic-vibrational relaxations of N2, O2, and

NO are treated as a single nonequilibrium relaxation mode. However, in the 3-T model, the

Fig 6. Results of the shock-tube flows for the flow conditions in Case A. (a) Pressure at the end wall, (b) Temperatures at the end wall, (c)

Species densities at the end wall.

https://doi.org/10.1371/journal.pone.0240300.g006
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vibrational relaxations of O2 and NO are separated from the single nonequilibrium mode of

the 2-T model, and the electron-electronic-vibrational relaxation in the 3-T model is domi-

nantly influenced by the vibrational relaxation of N2. Thus, in the 3-T model, the electron-elec-

tronic-vibrational relaxation occurred much more slowly than in the 2-T model. Behind the

reflected shock wave, the relaxation time of the electron-electronic-vibrational temperature

Teev and the species vibrational temperature Tv in the 3-T model were obviously different. This

is because, in the 3-T model, the electron-electronic-vibrational temperature Teev is mainly

influenced by the vibrational relaxation of N2, and the vibrational relaxation time of N2 is

much longer than that of O2 and NO in low enthalpy flows [17, 28, 29]. This shows that

treating the species vibrational temperature Tv of O2 and NO separately from the electron-elec-

tronic-vibrational temperature Teev is adequate for describing the thermochemical nonequilib-

rium of the low-enthalpy flows in the shock-tunnel facility. Fig 7(c) compares the species

density at the optical sensing point. In the 3-T model, the dissociation reaction of O2 is con-

trolled by the species vibrational temperature Tv, not by the electron-electronic-vibrational

Fig 7. Results of the shock-tube flows for the flow conditions in Case B. (a) Pressure at the end wall, (b) Temperatures at the optical sensing

point, (c) Species densities at the optical sensing point.

https://doi.org/10.1371/journal.pone.0240300.g007

PLOS ONE Thermochemical nonequilibrium flow analysis in low enthalpy shock-tunnel facility

PLOS ONE | https://doi.org/10.1371/journal.pone.0240300 October 7, 2020 17 / 24

https://doi.org/10.1371/journal.pone.0240300.g007
https://doi.org/10.1371/journal.pone.0240300


temperature Teev. Thus, the dissociation of O2 is different between the temperature models. As

the reaction speed of O2 dissociation determines the amount of O and O2 in the test section

within the test time, it could affect the shock-tube test results, e.g. wall ablation and surface cat-

alycity measurement. When comparing the NO species which is mainly produced by N2 and

O collisions, the amount of NO in the 3-T model was lower than in the 1-T and 2-T models,

because the amount of dissociated O was relatively small in the 3-T model.

Fig 8 shows the calculated results of the shock-tunnel flows for the flow conditions in Case

C. The experiments in the shock-tunnel mode were conducted by Kim et al [18]. In Fig 8(a),

the calculated pressure is compared with the experimental data which was measured at Chan-

nel 3. The pressure jumped two times behind the incident and reflected shock waves, and the

3-T model was able to accurately capture the pressure jump. Differences between the calcu-

lated pressure from the 3-T model and the 1-T and 2-T models were negligible. However,

there were obvious differences in temperatures. In Fig 8(b), the temperatures calculated by

the 3-T model are compared with the temperatures in the 1-T and 2-T models. Behind the

Fig 8. Results of the shock-tunnel flows for the flow conditions in Case C. (a) Pressure at the Channel 3, (b) Temperatures at the Channel 3,

(c) Temperatures in the nozzle section, (d) Velocity and Mach number in nozzle section.

https://doi.org/10.1371/journal.pone.0240300.g008
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incident shock wave, the electron-electronic-vibrational temperature Teev in the 3-T model

exists in a nonequilibrium state when the reflected shock wave arrives. However, the electron-

electronic-vibrational temperature Teev in the 2-T model almost converges to the equilibrium

values. Behind the reflected shock wave, it was observed that the nonequilibrium state of the

3-T model lasts longer than in the 2-T model. In the flow conditions of Case C, the chemical

reactions behind the reflected shock wave are ignorable, because the reservoir temperature

and enthalpy are low, at 1,686 K and 1.87 MJ/kg, respectively, and this is not enough to pro-

duce the chemical reaction. Fig 8(c) shows the calculated temperatures in the Mach 6 nozzle.

In the nozzle calculations, the reservoir conditions behind the reflected shock wave were

employed as the inlet conditions of the nozzle. In the nozzle, the heated gas is accelerated in

the expanding section, while the nonequilibrium temperatures and chemical reactions are rap-

idly frozen. Comparing the nonequilibrium temperatures in the 3-T and 2-T models, it was

observed that the frozen electron-electronic-vibrational temperature Teev in the 3-T model was

more highly distributed than in the 2-T model. In addition, the species vibrational temperature

Tv in the 3-T model was obviously different from the electron-electronic-vibrational tempera-

ture Teev in the 2-T model, due to the different vibrational relaxation times of N2 and O2 in low

temperatures below 2,000 K [17, 28, 29]. Due to the freezing of nonequilibrium temperatures

in 2-T and 3-T models, it is observed that the trans-rotational temperatures Ttr in the 2-T and

3-T models are higher that that that in the 1-T model.

In Fig 8(d), the calculated velocity and Mach number are presented. In the experiments by

Kim et al. [18], the shock stand-off distance of a spherical model was measured using the Z-

type shadowgraph method. From the ratio of the shock stand-off distance and the radius of the

sphere model, the Mach number can be the obtained using the theoretical model. It is observed

that the Mach number calculated with the 3-T model reached 6 at the nozzle exit, and this

agrees well with the experimental value. The measured Mach number was also reproduced

well in the 1-T and 2-T models. From the calculated results for the velocity, it is observed that

the velocity in the 3-T model is lower than those of 1-T and 2-T models. In the 3-T model, the

electron-electronic-vibrational temperature Teev, which includes the vibrational temperature

of N2, rapidly freezes. As the N2 is the major species of dry air, the energy locked in nonequilib-

rium state of electron-electronic-vibrational temperature Teev is not negligible, and this energy

is unavailable as kinetic energy [54]. Consequently, the velocity in the 3-T model is the lowest.

Fig 9 shows the calculated results for the flow conditions of Case D. Case D has the maxi-

mum operating conditions in the K1 shock-tunnel facility with dry air. In Fig 9(a), the temper-

atures calculated using the 3-T model are compared with the temperatures obtained with the

1-T and 2-T models at the location of Channel 3. Discernable differences are observed in the

nonequilibrium temperatures of the 3-T and 2-T models. The electron-electronic-vibrational

temperature Teev in the 3-T model relaxes slower than in the 2-T model behind the incident

and reflected shock waves. Before the contact surface arrival, the flows maintain a steady state

for 200 μs. In Fig 9(b), the calculated species densities are represented at the location of Chan-

nel 3. After the incident and reflected shock wave arrive, the species densities jump drastically,

due to shock wave compression. O2 is dissociated, and the exchange reaction occurs due to

collisions between N2 and dissociated O behind the reflected shock wave. The differences in

the species densities in the 3-T model and 1-T and 2-T models were negligible. Fig 9(c) shows

the calculated temperatures in the Mach 6 nozzle. The frozen electron-electronic-vibrational

temperature Teev in the 3-T model is drastically higher than the 2-T model. The difference in

the species vibration temperature Tv and the electron-electronic-vibrational temperature Teev

in the 3-T model is obvious. These results show that, in order to describe the nonequilibrium

free stream conditions at the nozzle exit, the vibrational temperatures of O2 and NO need to

be separated from the electron-electronic-vibrational temperature Teev. The results also
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indicate the 3-T model can more accurately capture the nonequilibrium state than the 1-T and

2-T models. Fig 9(d) shows the calculated velocity and Mach number in the nozzle. At the noz-

zle exit, the velocity calculated using the 3-T model is slightly lower than the values calculated

by the 1-T and 2-T models. The Mach numbers in 3-T and 2-T models are slightly lower than

the designed Mach number.

In Table 5, the results of the low enthalpy shock-tube and shock-tunnel flows are summa-

rized, showing the calculated results from the 3-T model, and the experimental data [18, 20,

21] for the flow conditions for Cases A to D. In the shock-tube flows for Case A and Case B,

the calculated reservoir pressure p5 agrees with the measured values, and the shock speed is

also accurately reproduced by the 3-T model. In the shock-tunnel flows for Case C and Case

D, the measured values of the flow enthalpy and Mach number are accurately reproduced by

the 3-T model. In the present work, the modified Rayleigh pitot formula [55] was adopted to

convert the flow properties to the total pressure p0. The modified Rayleigh pitot formula is

Fig 9. Results of the shock-tunnel flows for the flow conditions in Case D. (a) Pressure at the Channel 3, (b) Temperatures at the Channel 3,

(c) Temperatures in the nozzle section, (d) Velocity and Mach number in the nozzle section.

https://doi.org/10.1371/journal.pone.0240300.g009
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where γ is specific heat ratio. Then, the calculated total pressure from the 3-T model is found

to be in good agreement with the measured pitot pressure at the nozzle exit, for the flow

conditions in Case C. In the flow properties at the nozzle exit for Case C and Case D, a strong

nonequilibrium state exists, and a significant difference between the electron-electronic-vibra-

tional temperature Teev and species vibrational temperature Tv is observed. Also, the difference

between the nonequilibrium temperatures increased proportionally to the flow enthalpy of the

nozzle exit. In Case A, the Mach number at the nozzle exit is higher than the designed Mach

number 6, due to the different gas composition other than dry air.

Discussion and conclusions

In the present work, a thermochemical nonequilibrium analysis of the K1 shock-tunnel facility

was performed, for low enthalpy operating conditions below 8 MJ/kg. To accurately describe

the thermochemical nonequilibrium state in low enthalpy flows, a three-temperature (3-T)

model is proposed. In the 3-T model, the electron translational energy, the electronic energies

of atoms and molecules, and the vibrational energy of N2 are grouped as one nonequilibrium

energy mode of the electron-electronic-vibrational energy, and the vibrational energies of O2,

NO, and O2
+ are treated as another nonequilibrium energy mode of the species vibrational

energy. In the shock-tunnel flow calculation, a quasi-one-dimensional method was employed

by dividing the flow calculations into two-parts, consisting of the shock-tube and the Mach 6

nozzle. The calculated results of the shock-tunnel flows obtained from the 3-T model were

then compared with existing experimental data, and the calculated results obtained from previ-

ous one-temperature (1-T) and two-temperature (2-T) models, for various operating condi-

tions in the K1 shock-tunnel facility.

In the thermochemical nonequilibrium analysis in low enthalpy shock-tunnel flows, dis-

cernible differences were observed in the nonequilibrium temperatures behind the incident

Table 5. Reservoir and nozzle exit conditions of K1 shock-tunnel flows.

Case A Case B Case C Case D

Exp. [20] Calc. Exp. [21] Calc. Exp. [18] Calc. Calc.

Shock-tube part
p2 (kPa) 52.7±1.9 51.3 14.2±0.8 16.7 616.7±18.3 601.5 29.8

p5 (kPa) 276±3.0 279 110±6.9 114 3344±89.8 3391 221

T5 (K) - 4011 3750±215 3938 - 1686 3893

h5 (MJ/kg) - 4.23 - 6.13 - 1.87 7.32

ushock (km/s) 1.96±0.5 2.01 2.50±0.3 2.52 1.15±0.02 1.19 2.44

Nozzle part
he (MJ/kg) - 4.61 - 7.56 1.68±0.04 1.64 7.21

M1 (−) - 7.90 - 6.06 6.06±0.75 5.87 5.822

ppitot (kPa) - 5.62 - 2.50 85.0±1.69 80.7 2.648

Ttr (K) - 209 - 462 - 225 507

Teev (K) - 4006 - 2940 - 1610 2949

Tv (K) - 619 - 966 - 1238 1033

https://doi.org/10.1371/journal.pone.0240300.t005
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and reflected shock waves. The electron-electronic-vibrational temperature of the 3-T model

relaxes more slowly to the equilibrium temperature than the 2-T model behind the incident

and reflected shock waves. Depending on the flow conditions, the relaxation time for electron-

electronic-vibrational temperature of the 3-T model is 1.25 to 3 times slower than that of the

2-T model. This is because, in the 3-T model, the electron-electronic-vibrational temperature

is mainly influenced by the vibrational relaxation of N2, and the vibrational relaxation time of

N2 is much slower than that of O2 and NO in low enthalpy flows. In the chemical reactions

behind the incident and reflected shock waves, O2 dissociation is dominant, and the reaction

speed predicted by the 3-T and 2-T models is different. The differences of nonequilibrium

characteristics of N2 and O2 are also obviously apparent in the nozzle expanding flows where

the vibrational temperature freezes. In 3-T model, depending on the flow condition, the frozen

electron-electronic-vibrational temperature at the nozzle exit is 15–75% higher than that in the

2-T model. On the other hand, the species vibrational temperature of the 3-T model is around

10–40% lower than the electron-electronic-vibrational temperature in the 2-T model. Due to

the rapid freezing of electron-electronic-vibrational temperature in the 3-T model, some part

of energy is locked as nonequilibrium energies so that the trans-rotational temperature and

velocity in the 3-T model are lower than those of 1-T and 2-T models.

From the thermochemical nonequilibrium analysis of low enthalpy shock-tunnel flows, it is

suggested that the nonequilibrium characteristics of N2 and O2 need to be treated separately.

The present 3-T model was demonstrated capable of describing the nonequilibrium character-

istics behind the incident and reflected shock waves and at the nozzle exit.
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