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ABSTRACT

Using a Lagrangian solver, thermochemical nonequilibrium simulations are performed for the entire range of practical operating conditions
of expansion tubes to isolate the influence of nonequilibrium and identify key features in large-scale facilities. Particular attention is given
not only to the influence of the nonequilibrium unsteady expansion but also to the influences of the nonequilibrium region behind the pri-
mary shock and non-ideal secondary diaphragm rupture. The nonequilibrium unsteady expansion is found to be the most influential process
in the test flow—it can significantly influence the flow properties and cause significant temporal variations in the properties during the test
time. The nonequilibrium unsteady expansion is also found to accelerate the secondary shock and contact surface. The non-ideal secondary
diaphragm rupture is found to increase the amount of nonequilibrium in the test flow due to the generation of a reflected shock. The non-
equilibrium region behind the primary shock may be considered negligible in most conditions. Regarding the creation of thermochemical
equilibrium test conditions, important factors for achieving this include having a high acceleration tube fill pressure, large-scale facility, and
high total enthalpy. The combined effects of viscosity and nonequilibrium are postulated, and the results are supported by experimental
works that report consistent findings. To provide an idea of the sensitivity of the numerical configuration, simulations of fixed-volume reac-
tors at various de-excitation conditions are performed using different nonequilibrium models.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0141281

I. INTRODUCTION

Experimental hypersonic work is crucial for the development of
hypersonic technology. An important type of wind tunnel used to
facilitate this research is the expansion tube (ET), which can generate
test conditions with a velocity greater than 15 km/s.1 Figure 1 presents
the schematic of a conventional et along with the position-time (x-t)
diagram showing the major longitudinal wave processes that occur
during the flow cycle. Upon rupture of the diaphragm (primary), sepa-
rating the driver section and the shock tube (driven section), the driver
gas (usually high-pressure and high-temperature helium) generates a
propagating normal shock in the shock tube, which is filled with the
test gas. This normal shock heats the test gas and then breaks a weak
secondary diaphragm when it reaches the end of the shock tube. A
one-dimensional (1D) unsteady expansion forms after the rupture of
the secondary diaphragm. The shock-heated test gas travels through

this unsteady expansion as it flows through the acceleration tube
(which usually has the same cross-sectional area as the shock tube)
before exiting into the test section. Ideally, the test time is defined as
beginning with the passing of the secondary contact surface (CS) and
ending with the arrival of the unsteady expansion.

One of the most important features of the ET flow cycle is the
unsteady expansion of the test gas. Unlike steady expansions, unsteady
expansions increase the total pressure and total enthalpy of test gas.
This subsequently allows for extreme conditions to be generated in
this facility. Also, with a very weak secondary diaphragm, stagnation
of the test gas in the ET may be avoided, unlike most of the other
hypersonic wind tunnels such as the reflected shock tunnel. This,
together with the fact that part of the total enthalpy of the ET test con-
dition is added via the unsteady expansion, means that this facility can
generate a given total enthalpy test condition with less shock heating,
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which distorts and damages the test gas. As a result, the ET is useful not
only for generating extremely high total pressure and/or total enthalpy
conditions but also for generating better quality low enthalpy conditions.

Nevertheless, Ref. 2 suggests that a drawback of the ET is that
“the thermodynamic state of the test flow cannot be accurately deter-
mined.” The flow in ETs is complex and consists of processes—such
as thermochemical nonequilibrium (NONEQ), turbulence, diaphragm
rupture dynamics, boundary layer transition, acoustic disturbances,
and the interactions between shock wave, contact surface, and bound-
ary layer—that are still active areas of research. Without considering
thermochemical nonequilibrium, a comprehensive study on the acous-
tic disturbances in ETs is reported in Ref. 3, and an exhaustive investi-
gation of the interactions between shock wave, contact surface, and
boundary layer in ETs is given in Ref. 4. An early recognition of the
problem of thermochemical nonequilibrium in ETs is mentioned in
Refs. 5 and 6, where an efficient numerical procedure was created for
simulating the nonequilibrium unsteady expansion in ETs (which was
essential at the time due to the undeveloped computational hardware).
However, no subsequent application of this work to actually investi-
gate nonequilibrium in ETs was ever made. Systematic and extensive
research focusing on the nonequilibrium in ETs is still very much lack-
ing. Hence, the current paper addresses this important need.

Thermochemical equilibrium (EQ) is often assumed for ET test
conditions.7 The physical argument for this is that because the acceler-
ation tube can be relatively long (from a few meters to up to around
25m for existing ETs) the flow should have enough time to reach equi-
librium at the test section. However, there is scant evidence (both
experimental and numerical) for this. Reference 8 used the measured
shock speed in the acceleration tube to suggest that the test condition
is close to equilibrium. However, as will be shown later in this paper,
this way of gauging the thermochemistry in the test flow may not
always be reliable. Also, thermochemical behavior is strongly depen-
dent on the condition, but Ref. 8 tested only one condition
(u1¼ 13 km/s air, where u1 is the freestream velocity).

On the contrary, evidence of nonequilibrium in some ET test condi-
tions has been reported. FromRef. 9, a numerical study on a u1� 4km/s
air condition in the LENS-X ET (acceleration tube length¼ 26.5 m)

showed the existence of vibrational nonequilibrium, which is known to
influence experimental results.10,11 Likewise, for similar air test conditions
(u1� 3–4km/s) in this same facility, the numerical and experimental
results reported in Ref. 12 gave indications that vibrational nonequilibrium
may exist. Additionally, for a high enthalpy (u1� 8km/s) air test condi-
tion in the X3 ET (acceleration tube length¼ 24 m), the numerical study
in Ref. 13 indicated significant chemical nonequilibrium.

In the current paper, using the numerical model described in
Sec. II, thermochemical nonequilibrium simulations are performed
for the entire range of practical operating conditions for ETs.
Particular attention is given not only to the unsteady expansion
from the secondary diaphragm rupture (Sec. III A) but also to the
influences of the post-shock nonequilibrium before the unsteady
expansion (Sec. III B) and non-ideal secondary diaphragm rupture
process (Sec. III C). From these results, the combined effects of vis-
cosity and nonequilibrium are postulated (Sec. IVA), and a discus-
sion on generating equilibrium test conditions and flight test
conditions is made (Sec. IV B). To provide an idea of the sensitivity
of the finite-rate thermochemical kinetics model, simulations of
fixed-volume reactors at various de-excitation conditions are per-
formed using different models (Sec. V).

II. METHODOLOGY

The current work is carried out via 1D inviscid simulations with
thermochemical nonequilibrium. As discussed in Refs. 2 and 14, the 1D
inviscid approximation is valid for ETs with a high tube diameter to
length ratio, such as the LENS-XX ET. Nevertheless, it is acknowledged
that, in general, viscous effects can be important in ET flows. That said,
the purpose of the current work is not necessarily to try to model the
flow in ETs as accurately as possible. Instead, the current work aims to
isolate the influence of nonequilibrium by using a 1D inviscid setup
with nonequilibrium to identify key features. This is analogous to Ref. 4,
which used a two-dimensional viscous setup assuming equilibrium to
isolate the influence of the viscous effects to identify their key features.

As stated in Ref. 4, these ET simulations are computationally
very expensive, which makes combining a two-dimensional viscous
setup with a nonequilibrium model impractical, especially for the
parametric analysis concerned in the current work. Instead, the com-
bined effects of viscosity and nonequilibrium can be interpreted by
consolidating the findings from the current work with those from Ref.
4 as done in Sec. IVA.

A. Numerical method

The current work is carried out using the open source L1d code,
which is a 1D Lagrangian solver with second-order accuracy in both
space and time combined with a robust shock-capturing scheme.15,16

It is an explicit code that calculates the time evolution of internal wave
and flow processes in hypersonic impulse facilities. In the code, the
facility is divided into gas slugs. The slugs are discretized, axially, into
fixed-mass cells as shown in Fig. 2, which move along the tube.
According to the Lagrangian description,

dxj61
2

dt
¼ uj61

2
; (1)

where x is the position of the interface, and u is the local gas velocity
determined with the Riemann solver described in Ref. 17. The average
density in the cell, qj , is

FIG. 1. Expansion tube and corresponding x-t diagram. The red dotted line bound
the region simulated in this work.
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qj ¼
mj

Aj xjþ1
2
� xj�1

2ð Þ
; (2)

where ð…Þ represents a cell average, A is the duct area and mj is the
(constant) mass of gas in cell j. Assuming an inviscid condition, the
pressure forces acting on the cell interfaces cause a momentum change
in the cell, as given by

dmjuj
dt

¼ pj�1
2
Aj�1

2
� pjþ1

2
Ajþ1

2
þ pj Ajþ1

2
� Aj�1

2

� �
: (3)

Assuming an adiabatic condition, the work done at the cell interfaces
causes an energy change in the cell, as given by

dmjEj
dt

¼ pj�1
2
Aj�1

2
uj�1

2
� pjþ1

2
Ajþ1

2
ujþ1

2
; (4)

where E is the total specific energy. Although L1d can accommodate
area changes as shown in the above-mentioned equations, this feature
is unused for the current work, which only deals with constant-area
ducts.

Park’s 2T model,18 where molecules are destroyed/created at the
average vibrational energy and dissociation/recombination reactions
are controlled by Tc ¼ T0:5

tr T0:5
v , with Ttr and Tv being the

translational-rotational and vibrational temperatures, respectively, is
used to describe the thermochemical nonequilibrium. The transla-
tional temperature is the temperature giving the translational energy
component of the internal energy, and, likewise, for the rotational and
vibrational temperatures. In the 2T model, the translational and rota-
tional temperatures are assumed equal (Ttr) because only a few molec-
ular collisions are typically needed to equilibrate the rotational and
translational modes.19 The molecular vibrational energy conservation
equation for a Lagrangian cell is

dev
dt

¼ 1
qj

X
i¼N2;O2;NO

qj;i
eeqv;i � ev;i

sv;i
þ ev;i _wi

0
@

1
A; (5)

where ev and ev,i are the specific vibrational energies of the mixture and
species i (molecules only), respectively; _wi and sv,i is the mass produc-
tion rate and the vibrational relaxation time of i, respectively—both cal-
culated according to Park’s 2T model;18 and qj,i is the density of i.
Similarly, the species conservation equation for a Lagrangian cell is

dci
dt

¼ _wi

qj
; (6)

where ci is the mass fraction of species i (atoms and molecules).

Time advancement is carried out using the predictor-corrector
scheme. Further details on the description of the L1d code and its
usage can be found in Refs. 15 and 16. As will be demonstrated in this
paper, the Lagrangian simulation allows for many interesting and use-
ful analyses, which may otherwise be difficult to carry out via Eulerian
simulations.

B. Validation study

L1d has been comprehensively validated via experimental and
theoretical means for simulating the transient flow in hypersonic
impulse facilities including shock tubes,16 reflected shock tunnel,15,20,21

ETs,22 and gun tunnels.23,24 Moreover, the numerical model of L1d
has been independently implemented in Refs. 12 and 14 in their
Jaguar code and further validated experimentally and theoretically for
ETs. The reader is referred to these papers for details of these valida-
tions. In the current paper, we will present the classic test case of Sod’s
shock tube25 to demonstrate the basic performance of the code—the
extreme test case of LeBlanc’s shock tube25 to demonstrate the code’s
ability at simulating strong shocks and expansions and the well-
established test case of Grossman and Cinnella’s shock tube26 to
demonstrate the code’s capability at simulating high-enthalpy non-
equilibrium conditions.

Using an initial uniform spatial discretization of 5mm in each
slug (no clustering) and a Courant–Friedrichs–Lewy (CFL) number of
0.5, Sod’s shock tube is simulated in L1d, and the result is compared
with the analytical solution as shown in Fig. 3. A good agreement is
observed. The shock is captured in 3–4 cells and has the correct speed.
Typical for a Lagrangian scheme, as discussed in Refs. 16, 27, and 28,
there exists a small glitch at the contact discontinuity on the driven
(test) gas side due to the starting error. The edges of the expansion fan
and contact surface show some smearing but can be sharpened with-
out increasing the total number of cells by clustering the initial spatial
discretization of the driver gas slug toward the contact surface. The
result is shown in Fig. 3 for clustering the driver gas cells in this way to
an initial minimum cell size of 1.5mm while still using a CFL number
of 0.5.

LeBlanc’s shock tube,25 which is a notoriously difficult calorically
perfect gas (c ¼ 1.4) test case with initial pressure and temperature
ratios of 109:1 and 106:1, respectively, is simulated in L1d using an ini-
tial uniform spatial discretization of 10mm in the driven gas slug, an
initial minimum cell size of 0.3mm in the driver gas slug with cluster-
ing toward the contact surface, and a CFL number of 0.5. The results
are shown in Fig. 4, and one can see that L1d simulates the extremely
strong shock and expansion accurately even in this brutal problem.

Grossman and Cinnella’s shock tube,26 which consists of a driver
section filled with a dissociated air mixture initially at equilibrium at a
temperature of 9000K and a pressure of 195 256Pa and a driven sec-
tion filled with air at 300K and 10 000Pa, is simulated in L1d using
the nonequilibrium model described in Sec. IIA. Using an initial uni-
form spatial discretization of 0.36mm in the driven gas slug, an initial
minimum cell size of 90lm in the driver gas slug with clustering
toward the contact surface, and a CFL number of 0.5, the L1d result is
shown in Fig. 5. Because Grossman and Cinnella’s shock tube does
not have an exact theoretical solution, the L1d result is compared with
several other numerical solutions obtained independently using differ-
ent codes. A good agreement is seen for all parameters—the L1d result
falls within the range of the other solutions.

FIG. 2. A control-mass (Lagrangian cell). Adapted from Ref. 15.
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C. Computational domain and simulation setup

An example of the L1d computational domain and simulation
setup for the current work is shown in Fig. 6. The region in the ET x-t
diagram, which is simulated, is illustrated in Fig. 1 (red dotted line).
The simulation only considers the test and accelerator gases and does

not consider the entire ET flow cycle. Preserving generality, the driver
is not considered due to the numerous techniques available to drive
the same test condition.1 The initial state of the simulation is at the
moment when the primary shock reaches the secondary diaphragm.
Therefore, the initial condition of the test gas slug is the post-shock

FIG. 3. Temperature distribution in Sod’s
shock tube problem at t¼ 0.6 ms.

FIG. 4. (a) Temperature and (b) velocity
distribution in LeBlanc’s shock tube prob-
lem at t¼ 60 ls.

FIG. 5. (a) Density, (b) velocity, and (c) N2 mass fraction in Grossman and Cinnella’s shock tube at the moment when the shock has traveled 0.11m in the shock tube. The
subscript “r” refers to the initial condition in the driven tube. Along with the L1d result, the solutions from Grossman and Cinnella,26 Di Renzo et al.,29 Peyvan et al.,30 and
Sciacovelli et al.31 are shown.
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condition. The primary contact surface (interface between the driver
gas and test gas) is modeled as a moving wall traveling at a velocity
equal to the post-shock velocity. The initial condition of the accelera-
tor gas slug is the fill condition. The right boundary of the accelerator
gas slug is a free-end, which is a supersonic (extrapolated) outflow.
Between the test and accelerator gas slugs exists a gas–gas interface.
The reader is referred to Ref. 16 for further details on the numerical
implementation of these boundary conditions.

The thermochemistry of the test gas slug is described by a five
species—N2, O2, N, O, NO—nonequilibrium air (N2:0.78,
O2:0.22mole fractions) model. This is valid for simulating ET con-
ditions as the test gas is usually not shocked hard enough to produce
any significant ionization. The thermochemistry of the accelerator
gas slug is described by the equilibrium air model of NASA’s CEA
(Chemical Equilibrium with Applications), including ions (25 spe-
cies). Nonequilibrium in the accelerator gas does not need to be
described here because the shock-processed accelerator gas is domi-
nated by equilibrium flow and the nonequilibrium post-shock
region is too small to have any significant influence on ET test con-
ditions, especially for large-scale facilities.32 Nevertheless, ions are
required to be modeled here as the secondary shock speed in ETs is
commonly high enough to cause significant ionization of the accel-
erator gas.

At present, large-scale facilities are the subject of significant inter-
est, which is expected to further increase in the future.33–35 Thus, the
accelerator gas slug is initially 25m long to model a 25m acceleration
tube corresponding to a large-scale ET like the LENS XX and X3.9,22

The initial length of the test gas slug is 10m, which is long enough to
prevent the unsteady expansion fan head from reaching the moving
wall during the time scales considered for the current work.

Subsequently, the test times observed will correspond to the maximum
ET test time where termination is caused by the arrival of the unsteady
expansion fan tail as shown in Fig. 1.

Because this is a Lagrangian simulation, the spatial locations of
the cells are not fixed; Fig. 6 shows the movement of the cells as time
advances. The test gas slug gets stretched, while the acceleration gas
slug gets compressed, which is expected as the test gas undergoes
expansion, while the acceleration gas undergoes shock compression.
Strong clustering is used in the test gas slug for a better solution as
mentioned in Sec. II B, while mild clustering is used in the accelerator
gas slug for the robustness of the computation during the start of the
simulation.

III. RESULTS

Nonequilibrium simulations are performed for the entire range
of practical operating conditions for ETs that corresponds to primary
shock speeds of 2–7 km/s, shock tube fill pressures of 1–100 kPa, and
acceleration tube fill pressures of 1–100Pa.1,36,37 As shown in Table I,
12 test conditions are selected to cover this range of conditions.
Conditions 1–6 correspond to the high shock tube fill pressure condi-
tions, while conditions 7–12 correspond to the low shock tube fill pres-
sure conditions. The odd-numbered conditions correspond to the low
acceleration tube fill pressure conditions, while the even-numbered
conditions correspond to the high acceleration tube fill pressure condi-
tions. Primary shock speeds of 2, 4, and 7 km/s are tested. The result-
ing computed thermochemical state of the test conditions (for a 25m
acceleration tube) is also summarized in Table I, while detailed discus-
sions of the results for each condition are presented herein in the sub-
sequent sections.

FIG. 6. L1d computational domain and Lagrangian cells for the test gas slug (red) and acceleration gas slug (blue). For clarity in the figure, the resolution is reduced by factors
of 2 and 20 in the test gas and accelerator gas slugs, respectively.

TABLE I. Simulated ET test conditions. Thermal nonequilibrium, chemical nonequilibrium, thermal equilibrium, and chemical equilibrium are referred to as “TNE,” “CNE,” “TE,”
and “CE,” respectively.

Condition 1 2 3 4 5 6 7 8 9 10 11 12

Primary shock speed (km/s) 2 2 4 4 7 7 2 2 4 4 7 7
Shock tube fill pressure (kPa) 100 100 100 100 100 100 1 1 1 1 1 1
Acceleration tube fill
pressure (Pa)

1 100 1 100 1 100 1 100 1 100 1 100

Test condition thermochemical
state

TNE TNE TNE, CNE TE, CNE TNE, CNE TE, CE TNE TE TNE, CNE TE, CE TNE, CNE TE, CE
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Reference 2 recognized that the test flow in ETs “undergoes a
dual nonequilibrium process, first behind the primary shock and sec-
ond in the expansion process. This causes difficulty in determining the
state of the gas in the test section.” The post-shock nonequilibrium in
the shock tube is often ignored in previous studies, and the equilib-
rium post-shock state is usually the initial condition of the unsteady
expansion.5,6,38–42 The basis for this assumption is that the post-shock
relaxation distance may be short enough such that the slug of test gas
in the test flow mostly originates from the equilibrium post-shock
region. This could be true when a high shock tube fill pressure is used;
as shown in Fig. 7(a) for a fill pressure of 100 kPa, the post-shock
relaxation distance is less than 1mm even for shock speeds as low as
2 km/s. However, when using a low shock tube fill pressure, the relaxa-
tion distance is about two orders of magnitude longer as shown in Fig.
7(b) for a fill pressure of 1 kPa. In this case, the post-shock nonequilib-
rium may be important for correctly describing the thermochemistry
of the test condition; this is analyzed in Sec. III B.

A. Unsteady expansion nonequilibrium (conditions
1–6)

In this section, results for conditions 1–6 are presented. For these
conditions, a uniform equilibrium post-shock condition is used as the
pre-expansion condition, and the subsequent analysis focus on the
thermochemistry from the unsteady expansion. Nominally, in these
simulations, 200 and 5000 cells are used for the test gas and accelerator
gas slugs, respectively, with the minimum cell length being 3 and
900lm for the test gas and accelerator gas slugs, respectively. A nomi-
nal value of 0.5 is used for the CFL number. Confirmation of adequate
convergence of both spatial and temporal discretization is made by
testing with a finer mesh (2� nominal) and with a smaller CFL num-
ber (0.25), using condition 5. The results for the temperature, which is
sensitive to both gasdynamic and thermochemical processes, are
shown in Fig. 8. Not only does the temperature of the three results
essentially show no differences but the location of the shock and con-
tact surface at t¼ 1.16ms from the three results are also matched.
Since the nominal spatial and temporal discretization achieves this for
condition 5, which is the highest primary shock speed condition
expanding into the lowest acceleration tube fill pressure resulting in
the largest gradients in flow properties, spatial and temporal conver-
gence is expected for the other conditions (within conditions 1–6) too
when using the nominal setup.

1. Low acceleration tube fill pressure (conditions 1, 3,
and 5)

The temporal results of the temperatures and static pressure at a
fixed spatial location of 25m in the acceleration tube are shown in
Fig. 9 for conditions 1, 3, and 5; this would be the flow experienced by
the test model if it is placed at this location. Defining the test time as
beginning with the passing of the contact surface and ending with the
arrival of the unsteady expansion as shown in Fig. 1; the test time is
labeled. The test time is not steady. In Fig. 1, only the major wave pro-
cesses are indicated. Under ideal conditions (inviscid and perfect gas
or equilibrium), the flow properties in the test time would be
completely steady. However in reality, viscous effects and nonequilib-
rium can generate wave processes that cause nonuniformities in the
slug of test flow resulting in significantly unsteady test flows. The cur-
rent work examines the influence of nonequilibrium.

From Fig. 9, the static pressure and translational temperature
both increase during the test time in all three conditions. The vibra-
tional temperature is mostly in nonequilibrium and decreases during
the test time. To further examine this nonequilibrium caused by the
unsteady expansion, the temperature history of two Lagrangian cells,
L1 and L2, in each condition is extracted and shown in Fig. 10. L1 and
L2 are roughly selected cells for each condition that approximately
bound the downstream and upstream ends, respectively, of the portion
of test gas making up the test time at 25m in the acceleration tube.
That is, L1 is some cell that arrives at the test section (25m down-
stream in the acceleration tube) near the beginning of the test time,
and L2 is some cell that arrives near the end.

FIG. 7. Normalized post-shock tempera-
ture profile for shock tube fill pressures of
(a) 100 kPa and (b) 1 kPa calculated using
the space-marching code POSHAX32 with
Park’s 2T model. T1 is the frozen tempera-
ture immediately downstream of the shock
front.

FIG. 8. Translational temperature distribution for condition 5 at t¼ 1.16ms.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 35, 036106 (2023); doi: 10.1063/5.0141281 35, 036106-6

Published under an exclusive license by AIP Publishing

 02 April 2024 05:39:53

https://scitation.org/journal/phf


Qualitatively illustrated in Fig. 11, L1 undergoes a more rapid
expansion compared to L2 and, thus, would be more frozen (FR) than
L2. This behavior is quantitively evident in Fig. 10, which shows that
L2 has a lower vibrational temperature than L1 at 25m in all three con-
ditions. Also, Fig. 10 shows that the vibrational mode of L1 remains
almost frozen after traversing the expansion fan and no noticeable
equilibration occurs as it travels downstream in the acceleration tube
after the expansion. This is an interesting result because a possible
mechanism for having equilibrium ET test conditions is equilibration
after the unsteady expansion; the result shows that this is not possible
for conditions 1, 3, and 5, as well as the other conditions tested in this

work, at the current length scale. This finding is consistent with the
numerical results in Refs. 5 and 6.

For conditions 3 and 5, because the pre-expansion temperature is
high enough for dissociation of the molecules, nonequilibrium not
only occurs in the vibrational modes but occurs also in the chemical
modes (unlike condition 1 that contains only vibrational excitation).
In condition 3, the pre-expansion temperature is high enough for sig-
nificant dissociation of O2, but not N2. In condition 5, the pre-
expansion temperature is high enough for significant dissociation of
both O2 and N2. The mass fraction results for conditions 3 and 5 are
shown in Fig. 12. Throughout the test time, significant nonequilibrium
is observed in the O2 mass fraction, which continuously increases, in
both conditions. On the other hand, the N2 mass fraction is steady and
in equilibrium throughout the test time in condition 5. In Fig. 12, and
in all subsequent mass fraction results presented in this paper, the
equilibrium mass fraction refers to the equilibrium mass fraction at
the instantaneous local static pressure and translational temperature.
That is, the equilibrium mass fractions shown in Fig. 12 correspond to
those at the static pressure and translational temperature shown in
Fig. 9. The difference between the equilibrium and nonequilibrium
mass fractions then gives a clear and direct indicator of the amount of
nonequilibrium in the mass fractions relative to the local condition.

Looking at the O2 mass fraction history of the two Lagrangian
cells, L1 and L2, as shown in Fig. 13, for conditions 3 and 5, the

FIG. 9. Temperatures and static pressure for conditions (a) 1, (b) 3, and (c) 5. All at 25m in the acceleration tube.

FIG. 10. Temperatures history of Lagrangian cells L1 and L2 in conditions (a) 1, (b) 3, and (c) 5.

FIG. 11. A 1D centered unsteady expansion fan shown qualitatively in an x-t
diagram.
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behavior is qualitatively the same as that for the temperatures (Fig. 10)
—L1 has greater nonequilibrium than L2 at 25m, and the mass frac-
tion of L1 essentially freezes after the expansion (there is only some
minor equilibration occurring in L1 after the expansion). On the other
hand, the N2 mass fraction is essentially equilibrated in both L1 and L2
in condition 5.

As a result of the significant variation in temperatures, static pres-
sure, and mass fraction during the test time, as shown in Figs. 9 and
12, the other flow properties including the density, pitot pressure,
Mach number, and unit Reynolds number change appreciably during

the test time too. The exceptions are the velocity and total enthalpy,
which remain relatively constant during the test time as shown in
Fig. 14; this is a general result seen not only in conditions 1, 3, and 5
but in all the conditions tested in the current work. The result for the
total enthalpy is interesting because an important differentiating char-
acteristic between a steady expansion and an unsteady expansion is
that the total enthalpy remains constant and is independent of the
thermochemistry in the former, while the total enthalpy changes and
is dependent on the thermochemistry in the later. The current result
shows that, despite the thermochemical state (vibrational temperature

FIG. 12. Mass fractions and static pres-
sure for conditions (a) 3 and (b) 5. All at
25m in the acceleration tube.

FIG. 13. Mass fraction history of
Lagrangian cells L1 and L2 in conditions
(a) 3 and (b) 5.

FIG. 14. Velocity and total enthalpy for conditions (a) 1, (b) 3, and (c) 5. All at 25 m in the acceleration tube.
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and mass fractions) changing significantly during the test time in the
ET, the total enthalpy can remain essentially steady for practical
intents and purposes.

Another important aspect examined is the secondary shock
speed, which is an easily measurable parameter in experiments and
is influenced by the thermochemistry in the unsteady expansion.
The results are shown in Fig. 15 along with the theoretical frozen
and equilibrium limits. These limits are obtained, using the method
in Ref. 43, by iteratively solving the secondary shock speed, which
gives constant velocity and static pressure across the secondary con-
tact surface, assuming frozen and equilibrium unsteady expansions.
The nonequilibrium shock speed (and contact surface) starts near
the frozen limit and accelerates toward the equilibrium limit in all
three conditions. The pressure gradient seen in Fig. 9 during the test
time in these conditions drives this acceleration. The shock is driven
by the contact surface, which is in turn driven by the unsteady
expansion. Nevertheless, the magnitude of the acceleration is not
large enough to produce any significant gradient in the test flow
velocity as shown in Fig. 14; this is a general result seen in all the
conditions tested in the current work.

Looking at the thermochemistry inside the unsteady expansion
fan, as shown exemplarily in Fig. 16 for condition 1, the distance
between the expansion wave head and expansion wave tail increases
with increasing time, and the flow inside the expansion fan tends
toward equilibrium as the secondary shock propagates downstream.
As a result, the shock speed tends toward the equilibrium limit as it
propagates downstream. Because the shock speed is dependent on
the thermochemistry of the flow inside the expansion fan rather
than the thermochemistry of the expanded flow outside the expan-
sion fan, the shock speed may not be a reliable indicator for the
degree of nonequilibrium in the test flow. That is, one might find for
certain conditions at a certain distance downstream in the accelera-
tion tube a shock speed that is close to equilibrium but a test flow
with significant nonequilibrium, because the flow can remain frozen
after traversing the expansion fan. This is exemplified in condition 5
at 25m downstream in the acceleration tube where the shock speed
is relatively near the equilibrium value as shown in (c), but the test
flow contains appreciable nonequilibrium in the O2 mass fraction as
shown in Fig. 12(b).

2. High acceleration tube fill pressure
(conditions 2, 4, and 6)

The results for conditions 2, 4, and 6 are shown in Figs. 17 and
18 at 25m in the acceleration tube. As these conditions have a higher
acceleration tube fill pressure compared to conditions 1, 3, and 5 pre-
sented in Sec. IIIA 1 (100 Pa compared to 1Pa), the test gas is, there-
fore, subjected to a weaker expansion, which means that the test flows
should be closer to thermochemical equilibrium. This is indeed the
case when examining the results. Condition 2 is rather steady with
some mild thermal nonequilibrium. Condition 4 is rather steady and
in thermal equilibrium with some mild chemical nonequilibrium.
When examining the Lagrangian cells in conditions 2 and 4, it is found
that any thermochemical relaxation achieved occurs essentially
entirely during (not after) the unsteady expansion, which is consistent
with the earlier findings in Sec. IIIA 1. Condition 6 is very steady and

FIG. 15. Nonequilibrium (NONEQ) secondary shock and secondary contact surface (CS) speeds along with the frozen (FR) and equilibrium (EQ) limits for conditions (a) 1, (b)
3, and (c) 5.

FIG. 16. Condition1 temperature distribution at (a) t¼ 0.34 and (b) t¼ 4.5 ms.
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entirely equilibrated, and the Lagrangian cells are in thermochemical
equilibrium throughout their trajectory.

The better equilibration of conditions 2, 4, and 6, compared with
conditions 1, 3, and 5, is also evident in the secondary shock and sec-
ondary contact surface speeds; as shown in Fig. 19, the shock and con-
tact surface speeds in conditions 2, 4, and 6 reach near the equilibrium
limit at 25m. The shock speeds are essentially not accelerating by
25m, and this result is reflected in the static pressures shown in

Fig. 17, which is quite steady with little pressure gradient. To better
illustrate the role of the pressure gradient in accelerating the shock
wave, Fig. 20 is created exemplarily using condition 2. The spatial dis-
tribution of the static pressure is shown at three different moments in
time that corresponds to the shock being at the 2m, 13m, and 24m
locations. The spatial locations are shifted such that the contact surface
is located at 0m in all cases. There exists a pressure gradient in the test
gas outside of the expansion fan. This pressure gradient increases the

FIG. 17. Temperatures and static pressure for conditions (a) 2, (b) 4, and (c) 6. All at 25 m in the acceleration tube.

FIG. 18. Mass fractions and static pres-
sure for conditions (a) 4 and (b) 6. All at
25m in the acceleration tube.

FIG. 19. Nonequilibrium (NONEQ) secondary shock and secondary contact surface (CS) speeds along with the frozen (FR) and equilibrium (EQ) limits for conditions (a) 2, (b)
4, and (c) 6.
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pressure of the accelerator gas, which in turn increases the shock
speed. The gradient is strong when the shock has a large acceleration
and vice versa. For example, at xshock ¼ 2m, the gradient is so strong it
is difficult to identify the arrival of the expansion fan. The gradient is
caused by the equilibration of the flow inside the expansion fan. As
shown in Fig. 20, the equilibrium pressure is the upper bound, and the
frozen pressure is the lower bound. Therefore, the gradual equilibra-
tion of the flow inside the expansion fan causes a constant increase in
the post-expansion pressure, which in turn increases the shock speed.

Due to the increase in shock speed and the necessary condition
that the static pressure across the contact surface is constant, the static
pressure cannot really retain information about its past—the same can
be said for the velocity. This is unlike the mass fractions and the trans-
lational and vibrational temperatures, which can retain histories of
their nonequilibrium past and can remain largely frozen after the
expansion. Hence, the shock speed and static (wall) pressure—the two
most easily measured properties of an ET test condition—may not be
reliable indicators for the degree of nonequilibrium in the test
condition.

Comparing conditions 2, 4, and 6 in Fig. 19, it can be observed
that greater equilibration occurs with increasing total enthalpy of
the conditions. Looking at the shock and contact surface speeds in
Fig. 19(b) for condition 4, it is qualitatively similar to those of condi-
tion 2 except with indications of more equilibration. The shock and
contact surface speeds for condition 4 accelerate rapidly in the begin-
ning and reach near the equilibrium limit after only around 3m,
which is much earlier than that in condition 2. Moreover, looking at
Fig. 19(c) for condition 6, the shock and contact surface speeds are at
the equilibrium limit throughout. This trend of greater equilibration
with increasing total enthalpy is consistent with the results in Ref. 44
for nozzle flows that showed that more equilibration occurs in the
higher enthalpy conditions due to the higher translational tempera-
tures involved in the flow, which produces faster thermochemical reac-
tion rates, which promotes greater thermochemical relaxation. For
nonequilibrium unsteady expansions, the higher temperature and

pressure involved in the higher enthalpy conditions promote equili-
bration and outweigh the higher velocities (shorter time scales)
involved in these conditions, which promote thermochemical freezing.
This same trend can also be observed in the results from Sec. IIIA 1
when examining the nonequilibrium shock and contact surface speeds
relative to the EQ and FR limits among conditions 1, 3, and 5 shown
in Fig. 15. Furthermore, this explains why equilibrium shock speeds
were experimentally measured in a small-scale facility (acceleration
tube length¼ 1.3 m) in Ref. 8, where a 108MJ/kg (very high-enthalpy,
u1¼13 km/s) condition was tested.

3. Significance of the post-shock nonequilibrium region

As mentioned earlier, when modeling ET flows, the flow in the
shock tube has generally been assumed to be in thermochemical equi-
librium.5,6,38–42 This could be true when a high shock tube fill pressure
is used like in conditions 1–6; as shown in Fig. 7(a) for a fill pressure
of 100 kPa, the post-shock relaxation distance is less than 1mm for
shock speeds as low as 2 km/s. To assess the validity of assuming a uni-
form equilibrium post-shock condition, an analysis of the Lagrangian
cells is performed to determine the portion of the test gas in the shock
tube corresponding to the test flow. The results are shown in Table II
along with the post-shock relaxation distance extracted from Fig. 7(a).
The results show that, apart from condition 1, the test flow at 25m for
all conditions originates from a portion of the test gas in the shock
tube, which is at least an order of magnitude larger than the post-
shock relaxation distance. This means that the nonequilibrium post-
shock portion of the test gas would contribute to only a small portion
of the test flow in these cases, which suggests that the simplification to
a uniform equilibrium post-shock condition for the pre-expansion
condition would be valid in most cases.

As shown in Table II, the validity of assuming a uniform equilib-
rium post-shock condition for the pre-expansion condition is
enhanced for higher enthalpy test conditions where the post-shock
relaxation distance is smaller, and for higher acceleration tube fill

FIG. 20. Condition 2 NONEQ spatial distribution of the static pressure for different locations of the shock, xshock, and the EQ and FR pressure limits corresponding to the EQ
and FR shock/CS speed limits.

TABLE II. The post-shock relaxation distance of the shock in the shock tube and the length of the portion of the test gas in the shock tube corresponding to the test flow for con-
ditions 1–6 for a 25m acceleration tube.

Condition 1 2 3 4 5 6

Post-shock relaxation distance (m) 1 � 10�3 1 � 10�3 1 � 10�5 1 � 10�5 1 � 10�6 1 � 10�6

Portion of test gas in shock tube (m) 2 � 10�3 7 � 10�2 8 � 10�4 4 � 10�2 6 � 10�4 3 � 10�2
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pressure conditions where the test gas is less expanded, resulting in the
test flow originating from a longer portion of the test gas in the shock
tube. The validity of the assumption also depends on the length of the
acceleration tube. The results currently shown correspond to a 25m
acceleration tube. As the length of the acceleration tube decreases, the
length of the portion of the test gas in the shock tube from which the
test flow originates also decreases. The current study revealed that the
relationship is basically linear. So, for a small-scale facility with an
acceleration tube length of around 2m, the length of the portion of the
test gas in the shock tube from which the test flow originates is around
a factor of 10 smaller than the values shown in Table II for a 25m
acceleration tube. Nevertheless, even in the case of a 2m acceleration
tube, the nonequilibrium post-shock region in the conditions apart
from condition 1 correspond to no more than 15% of the portion of
the test gas in the shock tube from which the test flow originates.
Therefore, the nonequilibrium post-shock region is still unimportant
in conditions other than condition 1 in small-scale facilities.

B. Pre-expansion post-shock nonequilibrium (condi-
tions 7–12)

The results for conditions 7–12 are presented in this section. The
low pressure in the shock tube for these conditions means that the
post-shock relaxation distance is large. Therefore, the nonequilibrium
post-shock portion of the test gas could contribute to a significant por-
tion of the test flow. As a result, this is modeled in the simulations for
these conditions, and an opportunity is presented to investigate the

combined post-shock nonequilibrium and unsteady expansion
nonequilibrium.

The nonequilibrium post-shock flow is calculated via the space-
marching code POSHAX32 with Park’s 2T model and used as the initial
condition for the test gas in the L1d simulations. The discretization used
for these simulations is the same as that used for the simulations pre-
sented in Sec. IIIA—200 and 5000 cells are used for the test gas and
accelerator gas slugs, respectively—except the degree of clustering is dif-
ferent. The clustering of the cells for the test gas is made such that at
least 50 cells are used to resolve the nonequilibrium post-shock region.
For conditions 7 and 8, it was found that the same degree of clustering
used for the simulation of conditions 1–6 in Sec. IIIA is enough to
resolve the post-shock nonequilibrium as shown in Fig. 21. Thus, simu-
lations of conditions 7 and 8 are performed using this same setup (mini-
mum cell length of 3lm). However, for conditions 9–12, a stronger
cluster is needed, corresponding to a minimum cell length of 1.7 and
1.2lm for conditions 9 and 10 and conditions 11 and 12, respectively.
Confirmation of adequate convergence of both spatial and temporal dis-
cretization is made by testing with a finer mesh (2� nominal) and with
a smaller CFL number (0.25); the result for condition 11, which is the
condition with the largest gradients in flow properties, is shown in Fig.
22 as an example.

1. Low acceleration tube fill pressure (conditions 7, 9,
and 11)

The results for condition 7 are shown in Fig. 23(a). The nonequi-
librium post-shock origin of the test flow is obvious when examining

FIG. 21. Initial temperature distribution and cell center positions for conditions 7
and 8. For clarity in the figure, only every second point is shown.

FIG. 22. Translational temperature distribution for condition 11 at t¼ 0.85ms.

FIG. 23. Temperatures and static pressure for conditions (a) 7, (b) 9, and (c) 11. All at 25 m in the acceleration tube.
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the vibrational nonequilibrium. Immediately after the contact surface,
the test flow is actually equilibrated. The vibrational mode then rapidly
increases and departs from equilibrium. The flow immediately after
the contact surface originates from the flow immediately behind the
shock front, which is essentially frozen with a very low vibrational
temperature. The vibrational mode remains frozen through the expan-
sion, and the translation temperature drops coincidently to values
close to the vibrational temperature. Thus, in this case, equilibrium is

achieved, not via the conventional mechanism of translational-
vibrational energy transfer, but via manipulation of the translation
temperature to match the vibrational temperature, which remains fro-
zen. This is illustrated in Fig. 24, which shows the evolution of the
temperatures of the Lagrangian cells with time; the vibrational temper-
ature of the Lagrangian cells near the contact surface (cells 170–200),
which forms the initial part of the test flow originating from the non-
equilibrium post-shock region, remains frozen, while the translation
temperature drops to values close to their vibrational temperature.
The vibrational temperature of cells 100–170, which approximately
makes up the rest of the test flow originating from the nonequilibrium
post-shock region, remains frozen too. At the instance of t¼ 0.02ms,
the unsteady expansion fan causes a translation temperature profile
that, by chance, nearly matches the vibrational temperature profile.
However, beyond t¼ 0.02ms, the translation temperature continues
to decrease and eventually drops to values much lower than the vibra-
tional temperature in cells 100–170, resulting in a nonequilibrium test
flow.

The results for condition 9 are shown in Figs. 23(b) and 25(a),
and, for condition 11, in Figs. 23(c) and 25(b). It can be immediately
seen in these figures that, unlike in condition 7, the nonequilibrium
post-shock part corresponds to only a small portion of the test flow—
<10 ls and <1.2 ls in conditions 9 and 11, respectively—which is so
small that it can be considered negligible for practical intents and pur-
poses. The nonequilibrium feature of the test flow in conditions 9 and
11 is dominated by the nonequilibrium from the unsteady expansion
and the results are, thus, somewhat similar to conditions 3 and 5, respec-
tively, which are the higher shock tube fill pressure counterparts.

The shock and contact surface speeds are shown in Fig. 26 along
with the theoretical frozen and equilibrium limits. Because the method
of calculating the theoretical limits is a point-to-point framework, and
a nonuniform initial condition exists in the test gas, the theoretical
limits calculated would, thus, depend on which point in the nonuni-
form initial test gas condition is used as the pre-expansion condition.
In this work, the condition at both ends of the initial test gas slug is
used to calculate the theoretical limits. The condition at the upstream
end (referred to as “back”) is the equilibrium post-shock condition,
and the condition at the downstream end (referred to as “front”) is the
frozen post-shock condition.

Looking at the shock and contact surface speeds for condition 7,
shown in Fig. 26(a), the speeds are initially near the frozen limit,
assuming a frozen post-shock condition for the pre-expansion

FIG. 24. Time evolution of the translational (Ttr) and vibrational (Tv) temperatures
of the Lagrangian cells in condition 7. The test gas slug is represented by cells
1–200.

FIG. 25. Mass fractions and static pres-
sure for conditions (a) 9 and (b) 11. All at
25m in the acceleration tube.
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condition (FR front), and then, it decelerates toward the frozen limit
assuming an equilibrium post-shock condition for the pre-
expansion condition (FR back) as the expansion fan propagates
through the significantly large post-shock nonequilibrium region.
Beyond about 15m, the shock and contact surface then accelerate
toward the equilibrium limit. However, the acceleration is very
gradual, and the speeds are still near the frozen limits by 25m. This
lack of equilibration is unsurprising for condition 7, which corre-
sponds to the lower bound of the shock tube fill pressure and the
lower bound of the acceleration tube fill pressure. In condition 9, as
mentioned earlier, the nonequilibrium post-shock part corresponds
to only a small portion of the test flow, and this is further reflected
in the shock and contact surface speeds in Fig. 26(b). Only over the
first meter do the speeds manifest the influence of the post-shock
nonequilibrium region—the deceleration between the two frozen
limits. Beyond 1m, the speeds accelerate toward the equilibrium
limit but do not reach this limit within 25m. In condition 11, the
nonequilibrium post-shock part corresponds to a negligible portion
of the test flow, and the main nonequilibrium feature is dominated
by the nonequilibrium from the unsteady expansion propagating
into an equilibrium post-shock state as mentioned earlier. This is
further evident in the shock and contact surface speeds in Fig. 26(c),
where the speeds are seen to only accelerate from near the frozen
limit toward the equilibrium limit without reaching the equilibrium

limit within 25m. Condition 11 also demonstrates the earlier finding
that the shock speed may not be a reliable indicator for the degree of ther-
mochemical nonequilibrium in the test flow; at 25m downstream in the
acceleration tube, the shock speed is relatively near the equilibrium value
as shown in Fig. 26(c), but the test flow contains appreciable nonequilib-
rium in the N2 mass fraction as shown in Fig. 25(b).

2. High acceleration tube fill pressure (conditions 8, 10,
and 12)

When the pre-expansion condition in conditions 7, 9, and 11 is
expanded into an acceleration tube filled at 100Pa instead of 1 Pa, an
essentially equilibrium condition is observed as shown in Figs. 27 and
28, which correspond to the results for conditions 8, 10, and 12. There
exists a very short unsteady portion immediately after the contact sur-
face, which originates from the nonequilibrium post-shock portion of
the pre-expansion condition; despite equilibration in this unsteady
portion of the test flow, the flow properties, except the static pressure,
are unsteady here because there is a dependency on the flow history.
Beyond this brief period of unsteady flow, a steady flow is attained.
For condition 8, this brief period of unsteady flow lasts for about
70 ls, which is only �3% of the total test time. For conditions 10 and
12, this period reduces to less than 5 ls and can be considered negligi-
ble for practical intents and purposes.

FIG. 26. NONEQ shock speed and CS profile along with the FR limits assuming a frozen post-shock condition for the pre-expansion condition (FR front) and an equilibrium
post-shock condition for the pre-expansion condition (FR back), and the EQ limits assuming an equilibrium post-shock condition for the pre-expansion condition (EQ back) for
test conditions (a) 7, (b) 9, and (c) 11.

FIG. 27. Temperatures and static pressure for conditions (a) 8, (b) 10, and (c) 12. All at 25 m in the acceleration tube.
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For conditions 8, 10, and 12, the static pressure is steady through-
out as shown in Fig. 27, and this is reflected in the shock and contact
surface speeds in Fig. 29, which shows that the speeds at 25m have a
steady value close to the equilibrium limit. For conditions 8 and 10,
the speeds begin near the frozen limit and then quickly accelerate
toward the equilibrium limit. The equilibrium limit is reached after
about 10m and 5m in conditions 8 and 10, respectively. In condition
12, the speeds reach the equilibrium limit much earlier and are essen-
tially at the equilibrium limit throughout the length of the acceleration
tube. This finding is consistent with earlier observations that the
higher enthalpy test conditions are closer to equilibrium.

However, the degree of equilibration in the test flow of condition
8 may seem somewhat counter-intuitive, given the result of condition 2.
In both conditions, the acceleration tube fill pressure is 100Pa. The dif-
ference between the two conditions is the shock tube fill pressure—
100kPa in condition 2 and 1kPa in condition 8. Yet, despite having a
higher pressure, condition 2 contains more nonequilibrium than condi-
tion 8. To make sense of this observation, Fig. 30 is made comparing L2
in condition 2 with L2 in condition 8. As can be seen in the figure, a
larger degree of expansion is seen in condition 2 where the decrease in
temperature and pressure is larger than that in condition 8. This is due
to the higher shock tube fill pressure in condition 2, while the accelera-
tion tube fill pressure remains unchanged. Although the pressure in
condition 2 is higher than the pressure in condition 8 throughout, con-
dition 2 is expanded to a much lower translational temperature, and

maintaining equilibrium is difficult at such low temperatures. Therefore,
deviation from equilibrium can be observed below 1000K in condition
2. On the other hand, for condition 8, the translational temperature
never drops below 1400K, and equilibrium is, therefore, maintained.

3. Significance of the post-shock nonequilibrium region

To quantify the contribution of the nonequilibrium post-shock
region in the test flow for conditions 7–12, an analysis of the

FIG. 28. Mass fractions and static pres-
sure for conditions (a) 10 and (b) 12. All at
25m in the acceleration tube.

FIG. 29. NONEQ shock speed and CS profile along with the FR limits assuming an equilibrium post-shock condition for the pre-expansion condition (FR back), and the EQ
limits assuming an equilibrium post-shock condition for the pre-expansion condition (EQ back) for test conditions (a) 8, (b) 10, and (c) 12.

FIG. 30. Temperatures and static pressure history of Lagrangian cell L2 in condi-
tions 2 and 8.
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Lagrangian cells is performed to determine the portion of the test gas
in the shock tube corresponding to the test flow as done previously in
Sec. IIIA 3 for conditions 1–6. The results are shown in Table III along
with the post-shock relaxation distance extracted from Fig. 7(b).
Earlier, it was suggested that because the post-shock relaxation dis-
tance is larger in conditions with lower shock tube fill pressures, a sig-
nificant portion of the test flow may originate from the
nonequilibrium post-shock region in many of the conditions in condi-
tions 7–12. However, the results in Table III show that this is the case
only in condition 7 for a 25m acceleration tube. For a small-scale facil-
ity with an acceleration tube length of around 2m, the nonequilibrium
post-shock portion of the test gas would also be important in condi-
tions 8 and 9 due to the linear relationship between the length of the
acceleration tube and the length of the portion of the test gas in the
shock tube from which the test flow originates from.

The rather lack of contribution from the nonequilibrium post-
shock flow compared with what may be expected is because the lower
shock tube fill pressure not only increases the post-shock relaxation
distance but also increases the portion (length) of the test gas in the
shock tube corresponding to the test flow. This can be observed by
examining Tables II and III and comparing each low (1Pa) accelera-
tion tube fill pressure condition with its high (100Pa) acceleration
tube fill pressure counterpart (e.g., comparing condition 1 with condi-
tion 2; 3 with 4; 5 with 6; and so on). This trend for the length of the
test gas in the shock tube is because conditions 7–12 undergo a weaker
expansion compared to their counterparts in conditions 1–6. That is,
the difference between the pre-expansion pressure and post-expansion
pressure is smaller in conditions 7–12 compared with their higher
shock tube fill pressure counterparts. As a result, the test gas slug
undergoes less stretching in conditions 7–12, which means that a given
length of test flow would originate from a larger portion (length) of
the test gas in the shock tube.

In light of the results in Tables II and III, it can be suggested that,
instead of just the shock tube fill pressure, the shock tube shock speed
(total enthalpy) and acceleration tube fill pressure (or the difference
between the shock tube and acceleration tube fill pressures) also need
to be considered when predicting the degree of contribution of the
nonequilibrium post-shock region in the test flow—the contribution
of the nonequilibrium post-shock region is increased by decreasing the
shock tube fill pressure, increasing the difference between the shock

tube and acceleration tube fill pressures, and decreasing the shock tube
shock speed, and vice versa.

C. Non-ideal diaphragm ruptures
(conditions 7�, 9�, and 11�)

Another aspect of the ET flow cycle that requires consideration is
the possibility of a non-ideal secondary diaphragm rupture. Some
studies show that the secondary diaphragm rupture is close to
ideal,45–47 while some demonstrate clear evidence of non-ideal rup-
tures.42,48 The simulation results presented thus far only assume ideal
diaphragm ruptures. Therefore, it is of interest to also assess the influ-
ence of non-ideal ruptures.

Modeling of the secondary diaphragm rupture in ETs is most
commonly done using the holding-time diaphragm model where the
diaphragm opens after a certain delay after the arrival of the incident
shock.48 Reported values for the hold time show dependency on pri-
mary shock speed as summarized in Table IV. The data fit well with a
fifth-order polynomial as shown in Fig. 31. Using this fit for the hold
time, conditions 7, 9, and 11 are simulated using the holding-time dia-
phragm model for the secondary diaphragm rupture; these conditions
will be denoted with an asterisk (e.g., conditions 7�, 9�, and 11�).

For the simulation of conditions 7�, 9�, and 11�, the initial condi-
tion used is identical to that used for the simulation of their ideal dia-
phragm rupture counterparts. However, the mesh used is slightly
different and is illustrated in Fig. 32 for condition 7� as an example.
Like with the previous simulations, 200 and 5000 cells are used for the
test gas and accelerator gas slugs, respectively, for the nominal simula-
tion. However, slightly different clustering is designed for the test gas
slug. As shown in Fig. 32, the test gas slug has two regions. Region 1
consists of 150 cells with mild clustering toward x¼ 0, resulting in a
rather uniform discretization. This is done to accommodate for the

TABLE III. The post-shock relaxation distance of the shock in the shock tube, and the length of the portion of the test gas in the shock tube corresponding to the test flow for
conditions 7–12 for a 25 m acceleration tube.

Condition 7 8 9 10 11 12

Post-shock relaxation distance (m) 1 � 10�1 1 � 10�1 1 � 10�2 1 � 10�2 1 � 10�4 1 � 10�4

Portion of test gas in shock tube (m) 8 � 10�2 2 � 100 6 � 10�2 1 � 100 2 � 10�2 1 � 100

TABLE IV. ET secondary diaphragm hold time for different primary shock speeds.

Primary shock speed (km/s) 1.5 2.0 3.5 5.2 7.0

Hold time (ls) �200 �150 �50 �10 �5
Reference 49 49 50 40 51 FIG. 31. Polynomial fit of the ET secondary diaphragm hold time for different pri-

mary shock speeds.
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presence of a reflected shock due to the delayed opening of the dia-
phragm and to adequately resolve its post-shock relaxation. The cell
spacing is also small enough to resolve the initial nonequilibrium post-
shock region (from the incident shock). The length of region 1 is made
such that the reflected shock is located not far from the boundary of
regions 1 and 2 when it is caught by the expansion wave head. After
this moment in time, the reflected shock will propagate through region
2 while it gets attenuated by the expansion fan. Due to this, as well as
the fact that the cells in region 2 will undergo a slower and more grad-
ual expansion, only 50 cells are used for region 2 in which stronger
clustering toward the boundary with region 1 is made to ensure
matching cell sizes across the boundary and achieve a gradual varia-
tion in cell size.

Mesh convergence is confirmed via simulation with a finer mesh
containing twice as many cells and halved cell spacings as shown in
Fig. 33 for conditions 7�, 9�, and 11�. Overall, good agreement is
observed between the fine and nominal results. For condition 9�, there
does exist an observable deviation in the spatial location of the shock
and contact surface as shown in the zoomed-in view, which indicates
some slight discrepancies in the shock speed and contact surface speed
between the two simulations. However, these differences are found to
be less than 0.5%, which is essentially negligible for practical intents
and purposes.

The results from the finer mesh simulations are shown in Figs. 34
and 35. The test flow properties are unsteady, apart from the velocity
and total enthalpy. Overall, conditions 7�, 9�, and 11� resemble their
respective ideal diaphragm rupture counterparts but with a larger
amount of nonequilibrium. For condition 7�, the vibrational tempera-
ture remains greater than 1800K throughout the test time, while the
vibrational temperature for condition 7 has a maximum value of only
1800K in the test time. Also, for condition 7�, the reflected shock
causes mild O2 dissociation to occur before the expansion. The O2

mass fraction of the cells between L1 and L2 remains essentially frozen
through the expansion and subsequent flow through the acceleration
tube, as shown in Fig. 36(b), resulting in a test flow with mildly dissoci-
ated O2. For condition 9�, the vibrational temperature remains greater
than 3500K during the test time, while the vibrational temperature of
condition 9 remains less than 3500K during themajority of the test time.

FIG. 32. Initial temperature distribution
and cell center positions for condition 7�.
For clarity in the figure, only every second
point is shown.

FIG. 33. Translational temperature distribution for (a) condition 7� at t¼ 5.6, (b)
condition 9� at t¼ 2.8, and (c) condition 11� at t¼ 1.6 ms.
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FIG. 34. Temperatures and static pressure for conditions (a) 7�, (b) 9�, and (c) 11�. All at 25m in the acceleration tube.

FIG. 35. Mass fractions and static pressure for conditions (a) 7�, (b) 9�, and (c) 11�. All at 25m in the acceleration tube.

FIG. 36. Time evolution of the (a) temper-
atures and (b) O2 mass fraction of the
Lagrangian cells in condition 7�. The test
gas slug is represented by cells 1–400.
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The O2 mass fraction in condition 9� is essentially completely dissoci-
ated and frozen, whereas the O2 mass fraction in condition 9 is only
partially dissociated and shows some recombination during the test
time. There is even some mild N2 dissociation in condition 9� due to
the higher pre-expansion temperature caused by the reflected shock
from the delayed opening of the diaphragm. Unlike the O2 mass frac-
tion, the N2 mass fraction in condition 9� does show some recombina-
tion during the test time, which eventually leads to full recombination
by the end of the test time. Condition 11� resembles condition 11,
which essentially has an equilibrated vibrational mode, an equilibrated
O2 mass fraction that is completely dissociated, and a nonequilibrium
N2 mass fraction. Though, a larger N2 mass fraction nonequilibrium is
seen in condition 11� compared with condition 11 due to the reflected
shock from the diaphragm causing increased dissociation.

In conditions 7�, 9�, and 11�, thermochemical equilibrium is
achieved after being processed by the reflected shock and before
expansion for the slug of test gas making up the test flow (slug between
L1 and L2) as shown exemplarily in Fig. 36 for condition 7�. As shown
in the figure, the test gas at and downstream of L2 (cells 240–400) is
found to be processed by the reflected shock and in thermochemical
equilibrium at the time of diaphragm rupture. As a result, the non-
equilibrium trend for conditions 7�, 9�, and 11� is dominated by the
nonequilibrium from the unsteady expansion and essentially has no
indications of the nonequilibrium post-shock region. Beyond the
moment of rupture, the unsteady expansion fan head chases the
reflected shock and eventually catches it. After that, the expansion fan
attenuates the reflected shock. By the time the contact surface reaches
25m in the acceleration tube, the reflected shock is almost completely
attenuated.

Figure 37 compares the shock and contact surface speeds in the
acceleration tube with the frozen and equilibrium limits from the equi-
librium condition behind the reflected shock (FR Refl. and EQ Refl.,

respectively), and the equilibrium limit from the equilibrium condition
behind the incident shock (EQ Incdt.). As one would expect, the shock
and contact surface accelerate from near the frozen limit toward the
equilibrium limits. The shock speed is relatively near the equilibrium
limits at 25m downstream in the acceleration tube in conditions 9�

and 11�. Since the test flows contain significant nonequilibrium at
25m downstream in the acceleration tube as shown in Figs. 34 and 35,
these two conditions further demonstrate the earlier finding that the
shock speed may not be a reliable indicator for the degree of nonequi-
librium in the test flow.

The shock and contact surface speeds in condition 7� never reach
the equilibrium limits by 25m and have a significant acceleration at
25m. This acceleration is reflected in the static pressure of the test
flow shown in Fig. 34(a), which increases significantly during the test
time. For extremely large facilities where the length of the acceleration
tube is much longer than 25m, one would expect the secondary shock
speed to eventually equal the equilibrium shock speed from the equi-
librium condition behind the incident shock in the shock tube (EQ
Incdt.). This is because the reflected shock would eventually attenuate
completely and the expansion fan would propagate entirely in a gas
mixture originating from the equilibrium condition behind the inci-
dent shock. However, the secondary shock speed may temporarily
overshoot this limiting speed before reaching this limit as shown in
Figs. 37(b) and 37(c) for conditions 9� and 11�, respectively.

In conditions 9� and 11�, the shock and contact surface speeds
initially accelerate from near the frozen limit toward the equilibrium
limits. The magnitude of acceleration decreases as the shock and con-
tact surface travel downstream in the acceleration tube. By around
18m and 5m in conditions 9� and 11�, respectively, the shock and
contact surface are traveling at an almost constant speed not equal to
“EQ Incdt.” This speed is above EQ Incdt. but below the equilibrium
limit from the equilibrium condition behind the reflected shock (EQ

FIG. 37. NONEQ shock speed and CS profile along with the FR limits assuming an equilibrium reflected shock condition for the pre-expansion condition (FR Refl.), the EQ
limits assuming an equilibrium reflected shock condition for the pre-expansion condition (EQ Refl.), and the EQ limits assuming an equilibrium incident shock condition for the
pre-expansion condition (EQ Incdt.), for conditions (a) 7�, (b) 9�, and (c) 11�.
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Refl.). This pseudo-asymptotic behavior is due to competition between
two processes—thermochemical relaxation and attenuation of the
reflected shock. These are two competing processes because the former
increases the shock and contact surface speeds as discussed earlier,
while the latter decreases the shock and contact surface speeds, as
shown in Fig. 37, where “EQ Refl.” is higher than EQ Incdt. Beyond
25m (in even larger facilities) for condition 9�, a slight deceleration of
the shock and contact surface speeds would eventually have to occur
due to the overshoot of the limiting speed EQ Incdt. For condition
11�, this slight deceleration can already be observed within 25m.
Zooming in, it can be seen in Fig. 37(c) that the contact surface actu-
ally has a mild deceleration after 15m.

As a result of the relatively steady shock and contact surface
speeds, the static pressure remains rather steady throughout the test
time in conditions 9� and 11� at 25m despite the existence of signifi-
cant nonequilibrium in the test flow. In condition 11�, a mild decrease
in static pressure is observed in Fig. 34(c) to correspond with the mild
deceleration of the shock and contact surface at 25m in Fig. 37(c).
Condition 11� is the only condition shown in this paper to feature a
negative rate of change in static pressure during the test time and, cor-
respondingly, a decelerating shock wave/contact surface at 25m.

IV. IMPLICATIONS OF THE RESULTS
A. Postulating the combined effects of viscosity and
thermochemical nonequilibrium

The current work shows that, in general, thermochemical non-
equilibrium accelerates the secondary shock speed from the frozen
limit toward the equilibrium limit. Viscosity and heat loss have the
opposite effect of decelerating the shock speed.14,41 Therefore, in a real
ET, the secondary shock speed is subjected to competition between the
viscous and thermochemical nonequilibrium effects. Most existing
experimental measurements indicate a decelerating secondary shock,
which means that the viscous effect dominates.41 Nevertheless, mea-
surements of accelerating secondary shocks have also been reported.49

In Ref. 41, two-dimensional viscous simulations assuming thermo-
chemical equilibrium yielded shock speeds, static pressures, and pitot
pressures, which cannot all be simultaneously reconciled with the
corresponding experimental measurements, for both small- and large-
scale ETs. The results from the current work indicate that thermo-
chemical nonequilibrium in the unsteady expansion should be consid-
ered in ET modeling in order to predict the correct flow properties.
On the other hand, the thermochemical nonequilibrium region behind
the primary shock may be considered negligible for practical intents
and purposes in most cases.

The steadiness of ET test conditions is another important aspect
that needs to be considered. From Ref. 4 and the current results, vis-
cosity and thermochemical nonequilibrium both cause a rate of
change in the various flow properties during the test time. The current
results show that thermochemical relaxation can be seen during the
test time due to nonequilibrium; time-resolved measurements of the
shock standoff distance, which decreases as the freestream equili-
brates,52 support this finding.53 This relaxation produces a gradient in
the translational and vibrational temperatures, mass fractions, and
static pressure, while the velocity and total enthalpy remain essentially
constant. Reference 4, assuming thermochemical equilibrium, showed
that the interaction of the unsteady expansion of the test gas with the
boundary layer causes a phenomenon that the authors call “test gas

necking.” Test gas necking is manifested most significantly in the static
pressure of the test condition, as shown in Fig. 38 for the X3 ET, where
a significant dip exists after the contact surface and before the arrival
of the unsteady expansion fan. Because nonequilibrium produces a
positive static pressure gradient in most cases, the negative gradient
part of the dip would be somewhat offset when combining the effects
of viscosity and nonequilibrium. However, the positive gradient part
of the dip would have its gradient further increased by nonequilib-
rium. This could explain the characteristic shape of the experimental
static (wall) pressure traces, measured in many ET test conditions,
which contain a large positive pressure gradient without much of a dip
like that seen in Fig. 38, which assumes equilibrium flow.43,53,54

Test gas necking has a more minor influence on the flow velocity.
Since thermochemical nonequilibrium also has only a small influence
on the velocity, one would then expect the velocity to be one of the
steadiest flow parameters of ET test conditions; recent experimental
measurements of the velocity in an ET supports this conclusion.55

This, consequently, means that the total enthalpy of ET test condi-
tions, which is usually dominated by the kinetic energy component,
should also be one of the steadiest flow parameters. This is supported
by time-resolved measurements of the radiation emission near the
stagnation point, which is governed mainly by the total enthalpy of the
test condition,56 showing a relatively constant value during the test
time as reported numerously.53,54,57

B. On generating equilibrium and flight test
conditions

As hinted at by earlier studies at selected conditions,5,6,9,12,13 the
current work comprehensively confirms that the test conditions gener-
ated in ETs can often contain significant nonequilibrium. Hence, from
the trends observed in Sec. III, it is now important to present a discus-
sion on generating equilibrium and flight test conditions in this facil-
ity. Regarding the creation of thermochemical equilibrium test
conditions, the results show that a high acceleration tube fill pressure
is crucial for achieving this by reducing the strength of the unsteady
expansion. Although not explicitly shown in the current work, one
may also expect a high shock tube fill pressure to help with equilibra-
tion. However, it is important that a high shock tube fill pressure is
accompanied by a high acceleration tube fill pressure; otherwise, the

FIG. 38. Simulated test flow static pressure in the X3 ET (a large-scale facility)
assuming equilibrium. Adapted from Ref. 4.
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unsteady expansion may be too strong to allow thermochemical equi-
librium in the test flow as discussed in Sec. III B 2. Thermochemical
equilibrium is achieved in most of the high acceleration tube fill pres-
sure conditions (conditions 6, 8, 10, and 12) at 25m downstream in
the acceleration tube. Having a larger facility (long acceleration tube)
can also help with equilibration as the flow is given more time for ther-
mochemical relaxation. The current results show that, for most condi-
tions, most of the thermochemical relaxation occurs inside the
unsteady expansion fan and the flow after the expansion remains
almost frozen—this is consistent with the results in Refs. 5 and 6.
Increasing the total enthalpy of the test condition by driving a stronger
incident shock through the shock tube helps with equilibration as well
because the higher temperature and pressure involved in the higher
enthalpy conditions promote equilibration and outweigh the higher
velocities (shorter time scales) involved in these conditions, which pro-
mote thermochemical freezing as shown in Sec. IIIA 2. Using a sec-
ondary diaphragm that is as thin/light as practically possible will
further help with equilibration by avoiding the generation of a
reflected shock, which is shown in Sec. III C to increase the amount of
nonequilibrium in the test flow.

The generation of flight replicating test conditions is a separate
discussion. From earlier studies,52,56,58–60 to appropriately replicate
flight, the test condition needs to be in thermochemical equilibrium
and have the correct temperature, pressure, and velocity, which are the
freestream parameters at some point on the flight trajectory of a flight
vehicle. According to the various Earth atmosphere models, the flight
temperature will always be below 300K. The issue with generating
thermochemical equilibrium conditions with such temperatures
(<300K) has long troubled the community. For most of the high
acceleration tube fill pressure conditions tested in the current work
(the even-numbered conditions), the test flow is in thermochemical
equilibrium in a large-scale facility but the temperature is around
500–6000K, which is significantly higher than in flight. For the low
acceleration tube fill pressure conditions tested in the current work
(the odd-numbered conditions), the test flow is in nonequilibrium
even in a large-scale facility and the temperature is around
200–3000K, which is still mostly greater than in flight. Consequently,
it may not be possible, in general, to produce flight-replicating test
conditions in the ET. Nevertheless, this facility remains vital for funda-
mental studies and validation of general models for high enthalpy
flows.

V. UNCERTAINTY FROM THE NONEQUILIBRIUM
MODEL

In general, the quantitative result from any thermochemical non-
equilibrium simulation depends on the type of thermochemical non-
equilibrium model used as well as on the values of the finite rates used
in the model. Various models and rates exist, but, due to the lack of
appropriate experimental data, it is still rather unclear which of these
existing models and rates are accurate, if any.61 Even the high-fidelity
state-to-state (StS) models, in which each molecular vibrational state is
considered a pseudo-species, have significant uncertainties due to the
uncertainties in the state-specific rates used, which can differ by orders
of magnitude between different sources.62 Thus, accurate modeling of
thermochemical nonequilibrium remains an open problem and is very
much an active area of research.63

In the current work, Park’s 2T model18 with five species is used
to describe the thermochemical nonequilibrium as detailed in Sec.
IIA. In Ref. 56, it was shown that conditions that are close to the fro-
zen or equilibrium limits are less sensitive to the thermochemical non-
equilibrium model used. Thermochemical equilibrium is observed in
many of the high acceleration tube fill pressure conditions simulated
in the current work (conditions 6, 8, 10, and 12). The results of these
conditions would, thus, be rather independent of the nonequilibrium
model used. However, for the nonequilibrium conditions simulated in
the current work, the results are expected to more or less change when
different models and rates are used. Therefore, the focus of this paper
has been on extracting more qualitative yet important trends, which
may likely be valid universally (in real ETs and in simulations using
other models and rates). This is possible as one can always find a set of
initial (fill) conditions that would produce nonequilibrium flow in the
facility, resulting in the reproduction of these trends. Strongly support-
ing this is the fact that numerous independent works have reported
results that are consistent with the different trends found in the cur-
rent work as discussed in Sec. IV. Nevertheless, it is still of interest to
provide a basic understanding of how the results can quantitatively
change with different models and rates.

To do this, zero-dimensional constant volume reactor simula-
tions are conducted for the three initial conditions shown in Table V,
which correspond to the equilibrium pre-expansion conditions in con-
ditions 7–12 from shock speeds of 2, 4, and 7 km/s. For all three condi-
tions, the translational temperature is instantaneously decreased to
700K, and the resulting constant volume reactor is simulated to give a
zero-dimensional analogy for the 1D unsteady expansion. In addition
to Park’s nominal 2T model, three other thermochemical nonequilib-
rium configurations are used here; the results are shown in Figs. 39
and 40.

There is empirical evidence that the N2 vibrational relaxation
time, sv,N2, in expanding flows is up to 70 times faster than its corre-
sponding value under post-shock conditions.64 Therefore, the sv,N2
used in Park’s 2T model, which is derived for post-shock conditions, is
reduced by a factor of 70, resulting in the “2T fast”model. For the rate
controlling temperature, Tc ¼ T0:5

tr T0:5
v , of the dissociation/recombina-

tion reactions, a popular alternative is Tc ¼ T0:7
tr T0:3

v .65 The “2T mod.”
model uses this modified Tc. In addition to these variations of the 2T
model, the five species vibrational StS model described in detail in
Refs. 44, 56, and 62 is tested. In this StS model, there are 61 bound
vibrational levels for N2, 46 for O2, and 48 for NO, all obtained from
the STELLAR database.66 Only the ground electronic state is consid-
ered for all species, and equilibration between translational and rota-
tional modes is assumed. Along with the thermal energy exchange
reactions involving the vibrational and translational modes, the N2,
O2, and NO dissociation/recombination reactions and the two

TABLE V. Initial conditions in a constant volume reactor.

Condition I II III

Pressure (kPa) 40 200 500
Temperature (K) 2000 4000 7500
N2 and O2 mass
fractions

cN2:0.76,
cO2:0.24

cN2:0.72,
cO2:0.06

cN2:0.45,
cO2:0.00
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Zel’dovich reactions are modeled. The state-specific rates used origi-
nate from a combination of Forced Harmonic Oscillator (FHO) the-
ory,67 quasi-classical trajectory (QCT) calculations,68 and the classic
Landau–Teller (LT) model in StS form.69

As mentioned earlier, in general, no definitive conclusions can be
made regarding the accuracy of these thermochemical nonequilibrium
configurations at present. Thus, we will examine the results and dis-
cuss only the differences between these different configurations with-
out suggesting which one is better than the others. From the

vibrational nonequilibrium shown in Fig. 39, one can see that, apart
from the modified 2T model, which is essentially identical to the nom-
inal 2T model, the different configurations can produce different
results. While the difference between the fast 2T model and nominal
2T model is small for condition I as shown in Fig. 39(a), this difference
increases with increasing total enthalpy; for condition III, as shown in
Fig. 39(c), thermal equilibrium in the fast 2T model is achieved an
order of magnitude earlier. In the 2T models, the vibrational modes
are assumed to be tightly coupled among the molecules where they are
described by a single vibrational temperature. However, the StS model
here indicates that the species have different vibrational temperatures;
O2 equilibrates significantly faster than N2. Nevertheless, consistent
with the findings in Refs. 56 and 58, the single vibrational temperature
of the nominal 2T model lies between the O2 and N2 vibrational tem-
peratures of the StS model; this can be observed in Figs. 39(a) and
39(b) after the overshoot in Tv,O2 caused by the O2 recombination.
The O2 vibrational temperature is not shown in Fig. 39(c) because the
mass fraction of O2 is less than 10�3 throughout. Overall, the vibra-
tional temperature among the different models at any given time can
differ by up to around 1000, 1500, and 4000K, in conditions I–III,
respectively. The mass fractions, on the other hand, are less sensitive
to changes in the thermochemical nonequilibrium configurations as
shown in Fig. 40. One can see that all the 2T variants produce essen-
tially the same results, which does, however, differ from the StS result;
consistent with the earlier finding in Refs. 56 and 70, the current
results show that the 2T model computes faster chemical recombina-
tion. Between the StS and 2T mass fraction results, the difference at
any given time can be up to around 0.05 for O2 in condition II and 0.1
for N2 in condition III.

Extending these overall results, it may be inferred that the ther-
mal nonequilibrium results presented in Sec. III may have significant

FIG. 39. Temperatures of the constant volume reactor for conditions (a) I, (b) II, and (c) III.

FIG. 40. (a) O2 mass fraction in condition II and (b) N2 mass fraction in condition III
for the constant volume reactor.
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quantitative changes in Tv if different thermochemical nonequilibrium
configurations are used. On the other hand, the chemical nonequilib-
rium results are more certain, and the mass fractions should not
change too much when different thermochemical nonequilibrium
configurations are used. Finally, the results in this section support and
enhance the reported difficulty with generating thermochemical equi-
librium test conditions with low temperatures, discussed in Sec. IVB,
because this has been demonstrated in this paper using even the 2T
model, which is suggested by current and past results56,70 to already
give faster thermochemical relaxations.

VI. CONCLUSIONS

Using a 1D Lagrangian solver, thermochemical nonequilibrium
simulations are performed for the entire range of practical operating
conditions of ETs to isolate the influence of thermochemical nonequi-
librium and identify key features in large-scale facilities. Particular
attention is given not only to the nonequilibrium unsteady expansion
but also to the influences of the thermochemical nonequilibrium
region behind the primary shock and non-ideal secondary diaphragm
rupture.

The nonequilibrium in the unsteady expansion is found to be the
most influential process on the test flow—it can significantly influence
the flow properties and cause significant temporal variations in the
properties, except the velocity and total enthalpy, during the test time.
The current results show that, for most conditions, most of the ther-
mochemical relaxation occurs inside the unsteady expansion fan and
the flow after the expansion remains almost frozen. Consequently, the
shock speed may not be a reliable indicator for the degree of thermo-
chemical nonequilibrium in the test flow as shown exemplarily in con-
ditions 5, 11, 9�, and 11�. The nonequilibrium in the unsteady
expansion is found to accelerate the shock and contact surface. This
acceleration is caused by a pressure gradient. Due to the necessary con-
dition that the static pressure and velocity across the contact surface
are constant, the static pressure and velocity, unlike the temperatures
and mass fractions, cannot retain information about the past. The
non-ideal secondary diaphragm rupture is found to increase
the amount of thermochemical nonequilibrium in the test flow due to
the generation of a reflected shock. The attenuation of this reflected
shock by the unsteady expansion fan causes a decelerating contribu-
tion to the secondary shock speed. In general, the diaphragm hold
time is found to be long enough to allow the entire test flow to origi-
nate from the equilibrium condition behind the reflected shock. The
thermochemical nonequilibrium region behind the incident primary
shock may be considered negligible in most conditions.

Regarding the creation of thermochemical equilibrium test con-
ditions, the results show that a high acceleration tube fill pressure is
crucial for achieving this by reducing the strength of the unsteady
expansion. Equilibrium is achieved in most of the high acceleration
tube fill pressure conditions (conditions 6, 8, 10, and 12) at 25m
downstream in the acceleration tube. Having a larger facility (long
acceleration tube) can also help with equilibration as the flow is given
more time for thermochemical relaxation. Increasing the total
enthalpy of the test condition by driving a stronger incident shock
through the shock tube helps with equilibration as well, because the
higher temperature and pressure involved in the higher enthalpy con-
ditions promote equilibration and outweigh the higher velocities

(shorter time scales) involved in these conditions, which promote ther-
mochemical freezing.

Simulations of fixed-volume reactors at various de-excitation
conditions performed using different thermochemical nonequilibrium
models indicated that the vibrational temperature is quantitatively
more sensitive and mass fractions is less sensitive to the modeling.
Nevertheless, the more qualitative trends discussed in this paper may
likely be valid universally, and supporting this is the fact that numer-
ous independent works have reported consistent observations.
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