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Abstract

The thermal non-equilibrium state of the gas at the exit of shock tunnel nozzles can have a significant

effect on the flow over the test article. The most common modeling of thermal non-equilibrium for hyper-

sonic nozzle flows represents the non-equilibrium state using two temperatures: one for the translation

and rotation; and one for the average vibrational energy of all the molecules. In this paper, we extend

this model to account for a vibration temperature for each molecule, and compare to the more common

approach of using two temperatures. Simulation of nozzle flows of conditions in the T4 shock tunnel

facility was conducted using the extended multi-temperature model. It was found that the individual

molecular vibration temperatures could vary from the two temperature model. For example, NO was

found to relax significantly faster than N2 and O2 in all the conditions considered. The effect could be

important for comparing against measurements of individual molecular temperatures, but the overall

effect on the gas dynamics is small.
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Nomenclature

ω̇ Chemical source (kg s−1)

Q̇ Energy source term (J kg
−1

s−1)

ρ Density (kg/m3)

E Total energy per unit mass (J kg
−1

)

p Pressure (Pa)

q Heat conduction vector

TD Characteristic dissociation temperature (K)

u Velocity (m s−1)

1. Introduction
Shock tunnels are one of the few methods for producing high-speed flows in a laboratory to study hy-

personic vehicles, albeit only for a few milliseconds. Shock tunnels operate by expanding a slug of

high-temperature and pressure gas through a converging-diverging nozzle, which then flows over the

test article. By tuning the conditions of the slug of gas, and expanding it through an appropriate nozzle,

flows replicating interesting high-speed flight conditions can be achieved.

The gas slug is often hot enough for the gas molecules to begin vibrating. As the gas cools in the

nozzle, the molecules lose their vibrational energy through collisions. However, the expansion process

may be so fast that the molecules do not undergo sufficient collisions to decrease their level of vibra-

tional energy substantially, leaving them in a higher vibrational energy state as compared to equivalent

flight conditions. In such a case, the gas is said to be in a frozen state of thermal non-equilibrium, as

the vibration of the molecules appears to be frozen at a higher temperature relative to the translation

temperature.

One fairly high-fidelity approach to predict the state of the gas exiting the nozzle is to use a Navier-Stokes

simulation with thermochemical nonequilibrium effects. A common assumption is that the energy of the

gas can be separated into two modes: one mode for the translational and rotational motion; and another

for the vibration of all the molecules. The energy in each mode is assumed to follow a Boltzmann
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distribution, governed by a temperature unique to the mode. This gives two temperatures: Ttr is the

translation-rotation temperature, and Tvib is the average vibration temperature. At thermal equilibrium,

Ttr = Tvib.

Understanding the non-equilibrium state of the gas exiting the nozzle has proven to be important in

analysing the flow over the test articles. For example, Nompelis et al. [1] found that not accounting

for the non-equilibrium state at the nozzle exit led to a 20% over prediction of the heat transfer on a

hypersonic double cone in a shock tunnel-produced test flow. Shen et al. [2, 3] use a two-temperature

model developed by Park to account for thermal non-equilibrium effects in shock tunnel nozzles. They

found that the importance of the non-equilibrium state varies from case to case. Separately, Gehre

et al [4] found that although the vibration temperature at the nozzle exit was elevated, the total amount

of energy in vibration was still low, and an equilibrium treatment of the nozzle was sufficient to model

flow through a scramjet. In any case, predicting the impact of non-equilibrium is an important step in

interpreting the results of shock tunnel campaigns.

Some diagnostic techniques have been used on shock tunnel nozzles to measure the vibration tempera-

ture of a specific molecule. However, the common two-temperature model does not indicate the amount

of non-equilibrium between the vibration of different molecules. Therefore it is not clear that measure-

ments of a particular molecular species are representative of the average vibration temperature across

all molecules. Recent work from Caltech [5, 6] has measured the vibration temperature of NO behind

a cylinder, which was found to be in equilibrium with translation, despite the two temperature model

predicting non-equilibrium. Gross et al [6] argued a multi-temperature model would better predict the

NO temperature since the two-temperature model is biased towards the abundant, but slowly relaxing

N2. Initial research into this discrepancy using the model developed here has proved promising.

In this paper, we extend the two temperature model to an arbitrary number of energy modes, allowing

for a different vibration temperature for each molecule. This permits a more detailed exploration of

the validity of the two temperature model for modeling shock tube nozzles. In particular, the validity

of the two temperature model for modelling the nozzles of the University of Queensland’s T4 shock

tunnel will be evaluated. Section 2 outlines the governing equations and modeling of the source terms.

Section 3 shows verification and validation of the new models, and section 4 presents simulations of T4

nozzles.

2. Governing Equations
The simulations in this paper will be performed using the hypersonic flow solver Eilmer [7], developed

at the University of Queensland. Eilmer has been upgraded for this work to allow an arbitrary number

of energy modes, allowing for one vibration temperature per molecule.

2.1. Governing equations

The compressible, chemically-reacting Navier-Stokes equations are solved, along with additional energy

conservation equations to model the non-equilibrium distribution of energy. In the case of simulating

modeled turbulence, the equations are augmented by additional equations for modeling turbulence in a

Reynolds-averaged sense.

∂ρs
∂t

+
∂

∂xj
(ρsuj) = ω̇s (1)

∂

∂t
(ρui) +

∂

∂xj
(ρuiuj) = −

∂p

∂xj
+

∂τij
∂xj

(2)

∂

∂t
(ρE) +

∂

∂xj
[ρ (E + p)uj ] = −

∂qj
∂xj

+
∂

∂xj
(τijui) (3)

∂

∂t
(ρen) +

∂

∂xi
(ρenui) = −

∂qi,n
∂xi

+ Q̇chem,n + Q̇V−T,n + Q̇V−V,n (4)

where ρ is total density of the gas, ρs is the partial density of species s, ui is the bulk velocity in direction

i, ω̇s is the chemical production source term for species s, p is the pressure of the gas, τij is the viscous

HiSST-2024-276

R. Watt and R. Gollan and N. Gibbons

Page | 2

Copyright © 2024 by the author(s)



HiSST: International Conference on High-Speed Vehicle Science & Technology

stress tensor, E is the total energy of the gas, en is the energy stored in mode n, and qi is the total heat

conduction in direction i, and qi,n is the heat conduction of mode n in direction i. The equations of state

to close eqs. (1) to (4) are presented in section 2.2, while the chemical and energy exchange source

terms, ω̇s, Q̇chem,n, Q̇V−T,n, and Q̇V−V,n are described in sections 2.3 and 2.4.

2.2. Thermodynamics

The total energy of the gas has contributions from each of the energy modes. Each energy mode is

assumed to follow a Boltzmann distribution, at its own unique temperature.

E = etr +

N∑
n=1

en (5)

where en is the energy in mode n, and N is the total number of energy modes modelled. en may have

contributions from the vibration of molecules or electronic excitation:

en =
∑
i

ei,n (6)

where i represents the ith energy mode contributing to mode n. For example, mode n = 1 could have

contributions from N2 vibration (i = 0) and N2 electronic excitation (i = 1).

The translational/rotational energy of species s is computed assuming this mode is fully excited

etr,s = cv,s(Ttr − Tref ) + e◦s (7)

where cv,s is the specific heat at constant volume of species s. e◦s is the formation energy of species s
evaluated at the reference temperature (Tref ). This is computed from the thermodynamic curve fits of

McBride et al [8].

The electronic energy is calculated via the partition function

ee,s(Te,s) = Rs

∑
i g

s
i θ

s
e,i exp

(
−θse,i/Te,s

)∑
i g

s
i exp

(
−θse,i/Te,s

) (8)

where Te,s is the temperature governing the electronic excitation of species s, θse,i is the characteris-

tic temperature of the ith electronic excitation state of species s, and gsi is the degeneracy of the ith

electronic excitation state of species s.

The vibrational energy of each species is calculated using the thermodynamic curve fits from McBride

et al [8], subtracting off the electronic and translation components.

evib,s = es(Tvib,s)− ee,s(Tvib,s)− etr,s(Tvib,s) (9)

where Tvib,s is the temperature governing the vibrational excitation of species s.

The mixture energy is computed using a mass fraction weighted sum of the contribution from each

species

en =
∑
s

Ysen,s (10)

where en,s is the energy of species s in mode n, and Ys is the mass fraction of species s, in an approach
similar to that described in Gnoffo [9].

2.3. Chemical rates

The chemical source terms appearing in eq. (1), ω̇s, have contributions from all the reactions being

modeled, which involve species s. In general, a chemical reaction is represented as

N∑
s=1

αsXs ←−→
N∑
s=1

βsXs (11)
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where αi and βi are the stoichiometric coefficients of the reactants and products. For this reaction, the

mass production rate of species s is given by

d[Xs]

dt
= (βs − αs)

(
kf
∏
i

[Xi]
αi − kb

∏
i

[Xi]
βi

)
(12)

where kf and kb are the forward and backward rate constants respectively, [Xi] is the concentration of

species i, and i represents each species taking part in the reaction. Estimating kf and kb forms the

basis of the modeling of chemical reactions, and can be done with varying levels of sophistication, and

varying levels of coupling with thermal non-equilibrium.

The work-horse chemical reaction rate model is the Arrhenius model. The Arrhenius model curve fits

the rate constant to the translation-rotation temperature of the gas and does not account for any non-

equilibrium effects.

karr (Ttr) = ATn
tr exp

(
− C

Ttr

)
(13)

where A, C, and n are model parameters.

The Arrhenius model can be modified to account for non-equilibrium effects with various approaches.

One such approach is the Marrone-Treanor model. In the Marrone-Treanor model, the forward rate

constant is the product of the Arrhenius rate constant and a non-equilibrium correction factor

kf (Ttr, Tv,i) = karr (Ttr)Z (Ttr, Tv,i) (14)

Z (Ttr, Tv,i) =
Q (Ttr)Q (TF )

Q (Tv,i)Q (−U)
(15)

Q is an approximation to the vibrational partition function, U is a model parameter describing how pref-

erential the dissociation is, and TF is a pseudo-temperature

Q (T ) =
1− exp (−TD/T )

1− exp (−θv/T )
(16)

1

TF
=

1

Tv,i
− 1

Ttr
− 1

U
(17)

The Modified-Marrone-Treanor model introduces a temperature dependence on U

1

U
=

aU
Ttr

+
1

U?
(18)

where aU and U? are now the model parameters.

Each dissociation removes some energy from the vibration energy of the dissociating molecule,

−εvib
kB

=
θvib

exp (θvibTF )
− TD

exp (TD/TF )
(19)

In this work, the Modified-Marrone-Treanor model is used, with parameters from [10].

2.4. Energy exchange rates

2.4.1. Vibration-translation exchanges

Vibration-translation energy exchanges occur when a molecule collides with another molecule or atom

and leaves the collision in a different vibrational energy state. This energy exchange type is denoted

V-T. V-T energy exchanges are modeled using the Landau-Teller model:

Q̇V−T,s =
∑
j

e?s − es
τsj

(20)

where e?s is the vibrational energy of species s at equilibrium with the translation/rotation temperature,

and τs,j is the relaxation time. The relaxation time can be approximated using various models, including

Millikan-White [11], and a recent model developed by Torres et al [10].
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2.4.2. Vibration-vibration exchanges

A vibration-vibration energy exchange occurs when two molecules collide, one molecule exits the col-

lision in a higher vibrational energy state, and the other leaves the collision in a lower vibration energy

state. This type of energy exchange is denoted V-V. To model separate vibration temperatures, the en-

ergy exchanges between the vibrational modes of two molecules colliding need to be accounted for. A

model for the rate of this energy exchange was proposed by Thivet et al [12]

Q̇V−V,s =

nvib−1∑
q=0,q 6=p

xq

τp−q
V−V

(
1− exp (−θvib,p/T )
1− exp (−θvib,q/T )

evib,q
êvib,q

(ēvib,p − evib,p)−
evib,p
êvib,q

(ēvib,q − evib,q)

)
(21)

where ēvib,p is the vibration energy, assuming a truncated harmonic oscillator, of species p, evaluated
at equilibrium with the translation/rotation temperature. Similarly, êvib,p is the vibration energy, assum-

ing a harmonic oscillator, of species p, evaluated at equilibrium with the translation/rotation tempera-

ture.

The thermal relaxation time, τp−q
V−V , can be approximated using an extension by Thivet et al [12] to the

theory developed by Schwartz, Slawsky and Herzfeld [13]. The theory assumes colinear collisions,

rotationless molecules, and mono-quantum transitions. The relaxation time is given by:

τpqV−V =
[
Zp−q
coll P

10
01 (Ap, Aq)

]−1
exp (− (θpv − θqv) /T ) (22)

Here, Zpq
coll is the collision frequency, and P 10

01 is the probability of a vibrational energy exchange hap-

pening for each collision, and θpv is the characteristic (first excited state) vibration temperature of species

p. The transition probability can be approximated as

P kl
ij (Ap, Aq) =

A
Zp
0Z

q
0Z

p
V Z

q
V Z

pq
T Zpq

+

(23)

where each Z is a steric factor, and A is the collision cross-reference factor,

A =
(
rc?pq/σpq

)2
(24)

The orientation steric factors are given by

Zp
0 =

[
δ?pqrp +

5

2

(
1/
(
δ?pqrp

)2)]−1

(25)

where rp is the interatomic distance of molecule p in the ground vibration state. The vibration steric

factors are derived assuming only mono-quantum transitions

Zp
V =

fp
m

(i+ 1)π2

µpp

µpq

αpq

θpv

(
kBθ

p
v

∆E

)2

(26)

where

fp
m =

(
mpC̄2

p

)−1
(27)

C̄2
p =

m2
X +m2

Y

2mXmY (mX +mY )
(28)

where X and Y represent the atoms forming molecule p. The translation steric factor is given by

Zpq
T = π2

(
3

2π

)1/2(
∆E

kBαpq

)2(
T

αpq

)1/6

exp

[
3

2

(αpq

T

)1/3
− ∆E

2kBT

]
(29)

Finally, the steric factor dealing with attractive forces is given by

Zpq
+ = exp

− 4

π

(
ε0pqχ

?
pq

kBT

)1/2

− 16

3π2

ε0pq
kBT

 (30)
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The remaining quantities are:

αpq =
16π4µpq∆E2

(δ?pq)
2h2kB

(31)

χ?
pq =

1

2

(αpq

T

)1/3
(32)

δ?pqr
0
pq =

12

(2β)
1/6

(
1 +

21

19
β

)
(33)

r0pq
rc?pq

=
1

(2β)
1/6

(
1 +

2

19
β

)
(34)

β =

1
2

(
2ε0pq
µpq

)9(
3hµpq

π2r0pqkBT∆E

)6
1/19

(35)

3. Verification and Validation
Verification and validation of the current implementation of the multi-temperature model is presented in

this section. Verification of the vibration-vibration energy exchanges is performed in section 3.1, and

two validation cases are presented in section 3.2 and section 3.3.

3.1. Post shock relaxation

To verify the vibration-vibration energy exchanges have been implemented correctly, the relaxation of

non-reacting air behind a shock wave was compared to results obtained by Thivet et al [12], see fig. 1.

The vibration-vibration exchanges are computed as per section 2.4.2. The vibration-translation energy

exchanges were computed using the Landau-Teller model, with a relaxation time based on the same

extended SSH theory as the vibration-vibration relaxation time. Excellent agreement is achieved with

Thivet et al [12], providing confidence the current implementation of V-V exchanges is correct. How-

ever, this does not validate the V-V exchange model, as no experimental data is available for this case.

Sections 3.2 and 3.3 provide some comparisons with experiments to validate the V-V exchanges.

Fig 1. Comparison of post-shock relaxation of air behind a normal shock (XO2 = 0.21, XN2 = 0.79,
u∞ = 7.175 km/sec, T∞ = 205K, p∞ = 2.5Pa)

3.2. Low Enthalpy Expansion: Univeristy of Virginia Supersonic Combustion Facility

Cutler et al [14] measured the vibration temperature of N2 and O2 in The University of Virginia Super-

sonic Combustion Facility (UVaSCF) using dual-pump CARs. These measurements can be used to

validate the current multi-temperature model. The facility pre-heats air to 1200K before expanding it to

approximately Mach 2 through a converging-diverging nozzle, followed by a constant area test section.
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The enthalpy of the flow is approximately 1MJkg
−1

, which is lower than what T4 is capable of produc-

ing (recalling simulations of T4 are the goal of this work). The vibration temperature of N2 and O2 were

measured at the end of the constant area test section. A schematic of the simulation domain is shown

in fig. 2. Further geometry and flow conditions details can be found in [14].

Fig 2. Computational domain for UVaSCF simulations

The inflow was modeled as a stagnation region (p = 296 kPa, T = 1200K) at thermochemical equilib-

rium, which was isentropically expanded to the velocity just inside the domain. The flow was assumed to

be fully turbulent with the Spalart-Allmaras-Edwards model [15]. Given the low temperature of the flow,

the flow was chemically non-reactive, and therefore no chemistry modeling was used. A two-species

gas model (N2 and O2) was used to model the thermodynamics. The flow was hot enough in the noz-

zle supply region for vibrational excitation, and the expansion was fast enough for vibrational freezing.

Therefore, the multi-temperature model was used, where N2 and O2 each had their own vibration tem-

perature. The electronic excitation of each molecule was assumed equilibrated with that molecule’s

vibration temperature. The vibration-translation energy exchanges were modeled using the QCT rates

derived by Torres et al [10]. Figure 3a shows the temperatures at the measurement location without

V-V exchanges, while fig. 3b includes V-V exchanges. Good agreement is observed without V-V ex-

changes, however their presence causes the N2 temperature to drop too low. One possible reason for

the poor agreement with V-V exchanges is the assumptions made by the extended SSH theory used to

develop the relaxation time fall apart at the low temperatures present in this flow. Section 3.3 provides

a validation case, at a higher enthalpy condition, including vibration-vibration exchanges.
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(a) Without V-V exchanges
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(b) With V-V exchanges

Fig 3. Comparison of measured and simulated N2 and O2 vibration temperatures in the UVaSCF facility

3.3. High Enthalpy Expansion: DLR L3K Facility

Another validation test, conducted to exercise the vibration-vibration energy exchanges in a region where

they are likely more reliable, is the DLR L3K arc-jet tests performed by Gülhan et al [16]. The test flow
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in this case had an enthalpy of 8.4MJkg
−1

, which is a realistic enthalpy for T4.

The L3K facility was simulated using a seven-species air gas model (N2, O2, NO, N, O, NO
+, e– ), with

each neutral molecule having a unique vibration temperature. The NO+ vibration temperature and free-

electron translation temperature were assumed to be in equilibrium with the vibration temperature of N2.

The chemistry model from Gupta et al [17] was used, and Millikan-White [11] vibration-translation relax-

ation times were used for better consistency with the numerics in [16]. A comparison of the simulated

Nitrogen vibration temperature, with and without V-V exchanges, and the experimental measurements

is shown in fig. 4a. Including V-V exchanges drastically improves the agreement between the measured

and simulated Nitrogen vibration temperatures, providing confidence in the V-V exchange model, and

bringing the model mostly in line with the two-temperature model.
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(a) Comparison with and without V-V exchanges
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(b) All temperatures

Fig 4. Temperatures along the centre line of L3K facility

Only the N2 vibration temperature was measured, meaning validation of the V-V exchanges for the other

molecules was not possible. However, since the model for V-V exchanges relies on the fundamental

properties of the molecules, rather than fitting experimental data, accurately predicting Tv,N2
provides

confidence in the theoretical model. This confidence extends to the other molecules. Naturally, more

experimental data of the other vibration temperatures would be preferable, but this data is seldom mea-

sured.

3.4. Comments on validation

The validation presented here gives some confidence in the thermodynamic models used in the multi-

temperature model, and in the chemical and kinetics modeling under appropriate flow conditions. How-

ever, more experimental measurements of individual molecular vibration temperatures would be valu-

able for validating themodels. In particular, the vibration-vibration energy exchanges need further valida-

tion at temperatures present in T4, and possibly alternative (or improved) models for low temperatures.

Based on the results obtained here, the vibration-vibration exchanges seem to not be reliable at low

temperatures, while at temperatures obtainable in T4, it seems to be reasonable.

4. Non-equilibrium simulations of T4 nozzle flows
A comparison of the two-temperature and multi-temperature model in the Univeristy of Queensland’s

reflected shock tunnel, T4, is presented here.

4.1. Simulation setup

The simulations performed here consist only of the diverging part of the nozzle. A five species chemically

reacting gas model was used (N2, O2, N, O, NO) to model the thermodynamics. The Modified-Marrone-

Treanor model was used for the chemistry source terms, and the V-T relaxation time of Torres [10] was

used. The vibration-vibration exchanges were modeled using the theory outlined in section 2.4.2. The
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conditions at the nozzle throat are estimated from the stagnation region by isentropically expanding the

stagnation state to Mach 1. Table 1 summarises the stagnation conditions considered. The gas in the

stagnation region is assumed to be in thermochemical equilibrium.

Condition h (MJ kg
−1

) T (K) p (MPa) Mach number Shot number Reference

B 2.89 2663 12.6 7 12409 [18]

C 7.61 5292 88.6 10 11985 [19]

Table 1. Summary of conditions in nozzle reservoir

A description of the Mach 7 nozzle contour can be found in Chan et al [20], and a description of the

Mach 10 nozzle can be found in Towsey [21]. Since the nozzles are axisymmetric, the simulations are

two-dimensional, with axisymmetric source terms added. The base grid is 150×25 cells, clustered at the
wall, see fig. 5. The flow was assumed fully turbulent, transitioning 0.1m from the nozzle throat for the

Mach 7 nozzle, and 0.15m from the throat for the Mach 10 nozzle. Chan et al [20] found the location of

transition varying from 0.05m to 0.15m for this nozzle did not significantly affect the numerical estimate

of the flow generated by the Mach 7 nozzle. The Spalart-Allmaras-Edwards model [15] was used to

model the turbulence. The simulations were conducted using Eilmer’s steady-state solver, which uses

the Jacobian-free Newton-Krylov method [22].

Fig 5. Base computational grid. Top: Mach 7 nozzle, Bottom: Mach 10 nozzle.

4.2. Grid and iterative convergence

A grid convergence study was conducted to ensure the results presented were properly resolved. The

four grid resolutions used are 150× 25, 300× 50, 450× 150, and 550× 200. Figure 6 plots the errors in

the various modeled temperatures (relative to the finest grid) at the centre of the nozzle exit plane, for

the two conditions. It is clear that all the simulations there is negligible change between the two finest

grids, giving confidence in grid converged solutions. All simulations presented in the remainder of this

section are for the finest grid. All simulations converged at least 8 orders of magnitude in the relative

global residual.

4.3. Results and discussion

Figure 7a shows the temperatures along the centre-line of the nozzle for condition B.All the temperatures

predicted by the multi-temperature model for this case are lower than the average vibration temperature

predicted by the two-temperature model. This is because the extra degrees of freedom can change the

path the gas takes to equilibrium. For example, allowing different vibration temperatures can change

the dissociation/recombination rate for that molecule, thus changing the composition of the gas. Another

way the extra non-equilibrium can alter the state is by different thermal relaxation rates. For example,

N2 is allowed to relax much faster due to V-T exchanges, which will decrease the total vibrational energy

content of the flow. The lower NO temperature causes N2 and O2 to relax faster due to V-V exchanges

with NO. Since V-V exchanges are generally not resonant due to the different quantum vibration energy

levels of the different molecules, the V-V exchanges also modify the total vibration energy content of the

flow, rather than just moving the temperatures closer to equilibrium with one another. This is potentially
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Fig 6. Grid convergence

exaggerated by themodeling defect noted in the UVaSCF simulations, although the temperatures in con-

dition B are higher than in UVaSCF. The translation-rotation temperatures predicted by both models were

indistinguishable, indicating the difference in vibrational energy content of the flow is minimal.

Figure 7b shows the temperatures along the centre line of the nozzle for condition C, which is a flow con-

dition with comparable enthalpy to the L3K validation case. In this condition, the two-temperature model

predicted only a little non-equilibrium, while the multi-temperature model predicted freezing of Tv,N2
. In

the multi-temperature model, the vibration temperature of NO is in equilibrium with the translation/rota-

tion temperature, and O2 is almost in equilibrium at the exit of the nozzle. The translation temperature

did not change an appreciable amount.
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Fig 7. Temperatures along the nozzle centre-line

In both cases, it is clear that measuring the vibration temperature of an arbitrary molecule, and assuming

this is representative of the average vibration temperature, would lead to erroneous conclusions about

the vibrational state of the gas exiting the nozzle. However, the two-temperature model reasonably

predicts the average vibrational energy of the flow, even though it does not give any indication of the

distribution of the vibration energy amongst the molecules. Therefore, the need for a multi-temperature
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Fig 8. Comparison of the average of the 4T model with 2T model temperatures along the nozzle centre-

line

model to model shock tube nozzles largely comes down to the intent of the simulation. If only an idea of

the vibrational energy content of the flow is required, the two-temperature model will suffice. However,

the multi-temperature model will likely provide a better comparison to experimental measurements of

individual molecular vibration temperatures.

Figure 9 compares the ratio of specific heats, γ = Cp/Cv, along the centre-line of the nozzle, as a proxy

for the effect on the gas dynamics. For the low enthalpy case, the change in γ is negligible. In the high

enthalpy case, the γ value at the nozzle exit is reduced by approximately 4–5% in the multi-temperature

model compared to the two-temperature model. This is due to N2 freezing in the multi-temperature

model. The effect on the translation temperature is not noticed since most of the expansion happens

with the gas in equilibrium. Further, the effect of the change in γ is likely not a measurable effect on the

gas dynamics of the flow over the test article, given other larger uncertainties in shock tunnel operation.

Therefore, the overall gas dynamics are not significantly affected by the extra non-equilibrium degrees

of freedom.
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Fig 9. Comparison of γ along the nozzle centre-line
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5. Conclusions
A multi-temperature model was implemented in the hypersonic flow solver, Eilmer, to investigate the

validity of the two-temperature model. In particular, the non-equilibrium in the T4 shock tunnel at the

Univeristy of Queensland was investigated. While more experimental data of individual molecular vi-

bration temperatures is required for thorough validation, reasonable agreement was observed in flows

with similar enthalpies to T4 shots. The model for energy exchanges between vibrational modes was

observed to over-predict the relaxation rate of Nitrogen at low enthalpies but was not observed at higher

enthalpies. One possible reason for this is the assumptions of the theoretical model the relaxation time

are based upon falls apart at low temperatures. Further work to improve the relaxation time estimates

at these low temperatures would be beneficial.

Simulations of a Mach 7 and Mach 10 shot of T4 were conducted. It was found that Nitrogen generally

relaxed slower than predicted by the two-temperature model, while NO relaxed faster. If measurements

of individual molecular vibration temperatures are performed, a multi-temperature treatment of the flow

may be required to compare the experimental and simulated temperatures. In the high-enthalpy shot, the

multi-temperature model reduced the γ value by approximately 4–5% compared to the two-temperature

model. This change in γ is likely not an experimentally measurable effect, and the overall gas dynamics

are not significantly affected.
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