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In this work, a one-dimensional methodology for simulating shock tubes is developed.
The model accounts for the viscous interactions of the shock with the shock tube wall
by adding an area change source term in the 1-D conservation equations corresponding
to the boundary layer growth. This source term corresponds to the mass and energy
going into the boundary layer. The boundary layer growth is computed using a simple
model with a scaling factor. This scale factor is used to tailor a solution to match the
deceleration pro�le of a shock tube test. In doing so, not only will the source term take
into account boundary layer losses, it will also cover any e�ect due to radiative cooling
loses from the gas. For this study, the Electric Arc Shock Tube(EAST) facility at NASA
Ames Research Center is modeled for Earth reentry conditions. The purpose of this paper
is to investigate if anomalies identi�ed for certain conditions in the EAST data are due
to shock deceleration. These anomalies include measuring electron number density above
equilibrium predictions and observing that radiance pro�les can continually increase behind
the shock, never reaching steady state, for certain shots (typically those less than 10 km/s).
An eleven species air mixture is chosen to study the chemistry of the 
ow. Comparisons
of the simulations to the experimental results are presented. Good agreement with the
shock deceleration pro�les was achieved by tuning in the boundary layer scale factor. The
temperature as well as electron number density increases behind the shock, as has also been
observed in the experiments. Finally, radiance comparisons between results from NEQAIR
and experiments also show good agreement for some shots, but signi�cant discrepancies
are still observed for others.

Nomenclature

� = Boundary layer thickness (mm)
� = Area change coe�cient (dimensionless)
� = Kinematic viscosity (m 2/s)
! i = Species ‘i’ kinetic source term (kg/m3s)

 DE = Dissociation energy source term (J/kgs)

 T E = Translation-Electronic energy relaxation source term (J/kgs)

 V E = Vibration-Electronic energy source term (J/kgs)
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where quantity tarr (x) stands for the shock arrival time. The former quantity is a function of location
and, implicitly, of time as well, and must be continuously updated during the calculation. A reasonably
approximation for the � parameter may obtained from the velocity pro�le as:6

� = 4
r

�
�

: (7)

C. Numerical method

The quasi 1-D model developed in the previous subsections is coupled with the 
ow solver, HEGEL (High
�dElity tool for maGnEtogas-dynamic appLications). The solver uses PETSC(Portable, Extensible Toolkit
for Scienti�c Computation) 7{9 to solve the system of partial di�erential equations. The 
ow solver is coupled
with a chemical and thermodynamic library, PLATO (PLAsmas in ThermOdyanmic non-equilibrium). It
can therefore be used to study chemically reacting 
ows. The 
ow solver is further described by Munaf�o et
al.10

The spatial discretization is obtained using the �nite volume method.11 The inviscid 
uxes are computed
using the Monotone Upstream Centered Scheme for Conservation Laws (MUCSCL) technique proposed by
van Leer.12 The space-discretized set of equations is integrated in time using an explicit scheme with point
implicit treatment of the sources and the 
uxes.

For the calculations of the boundary layer thickness, shock arrival times are required. These are a function
of both time and space and correspond to the time when a particular 
uid particle is �rst shocked. Hence,
to record the shock arrival times, a Lagrangian approach is used where individual 
uid particles and their

ow properties are tracked. The value of the boundary layer thickness is then linearly interpolated onto the
grid nodes. The results of the simulations are compared against the Euler case, with no shock deceleration.
These simulations correspond to a case with boundary layer thickness set to zero.

IV. Results

The simulations are run at the conditions encountered during re-entry into the Earth atmosphere. The
driven gas is a mixture containing 79% N2 and 21% O2. The driven gas is at a temperature of 300 K and the
pressure in the driven section is set to 0.2 Torr (26.6 Pa) initially. The driver gas is 100% He. The simulations
are quasi 1-D. The thermochemistry model for the simulations is the two-temperature Park model13 where
the vibrational levels of the molecules are at equilibrium at a temperature Tv whereas the translational
temperature is T. The reaction rates computed by Park13 are being used to compute the chemical source
terms.

The simulations take approximately 48-50 hours for the shock to travel 8.25m downstream of the di-
aphragm using 32 intel processors. The simulation time can be further reduced by increasing the number of
processors being used.

A. Grid Independence Study

A grid independence study is performed for the non-decelerating case, i.e. Euler simulation. Three element
sizes are considered, 1 mm, 0.5 mm and 0.2 mm. The length of the shock tube simulated for the grid
independence study is 2.5m. Figure 1a shows the x-t diagram of the shock and �gure 1b is the velocity
pro�le. The initial driver temperature is set to 10,000 K. As seen the velocity remains constant after an
initial drop. This drop in the velocity is due to the instantaneous removal of the diaphragm which initially
causes a large shock speed due to acute gradients of the 
ow properties across the shock. After the initial
drop, �gure 1 shows that the simulations are grid converged. The shock velocities are within a range of�
0.003 km/s of each other.

B. Boundary Layer Growth

This next study focuses on the modeling of the boundary layer growth. A simpli�ed theoretical model is
used to obtain the boundary layer growth as described in Section IIIB. The deceleration observed with this
model is very low. Hence, a scaling factor is used to match the shock deceleration pro�le with those of the
experiments. This is shown in equation (8). The boundary layer growth directly a�ects the shock speed.
The deceleration study is based on the Earth atmosphere conditions during re-entry.
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� = k�
p

t � tarr (x); (8)

Figure 2 shows the e�ect of various scaling factors on the shock deceleration pro�les. As expected, higher
scaling factor results in more shock deceleration since the boundary layer is thicker as seen in �gure 3. The
larger boundary layer thickness results in an increase in the area source term as seen in equation (4). A
scaling factor of zero corresponds to the inviscid case with no boundary layer which corresponds to the Euler
simulation and hence as expected the shock speed remains constant as seen in the previous subsection.
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Figure 1: Grid independence study
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Figure 2: E�ect of Boundary Layer Growth on the Shock Speed
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These jump conditions are represented by the following three equations:

� 1u1 = � 2u2

� 1u2
1 + p1 = � 2u2

2 + p2

h1 +
1
2

� 1u2
1 = h2 +

1
2

� 2u2
2

Mass, momentum and energy are conserved across the shock for inviscid 
ows. This is represented by
the solid red lines in �gures 5b - 5d. These are compared with simulations of the decelerating shock wave at
the same shock speed at the test section. These shock tube simulations show a decrease in the mass 
ux and
the momentum 
ux across the shock when viewed in the direction of the 
ow in the shock relative frame.
This mass source term corresponds to the mass being lost to the wall boundary layer. There is a decrease
in the momentum 
ux across the shock as well corresponding to the mass loss. It is noticed that the energy
density increases along the length of the shock tube in the 
ow direction in the shock relative frame. This
results in the temperatures increasing behind the shock which has also been observed in the experiments.15

The distance between the contact surface and the shock front is larger in the inviscid 
ow (no deceleration)
when compared to the viscous 
ow. This happens because the contact surface decelerates slower than the
shock in viscous 
ow.16

As expected from the energy 
ux pro�le, �gure 5e shows that the temperature just behind the shock
front is the same as the inviscid case and the equilibrium post shock temperature as calculated using CEA
software. However, the temperature of the viscous simulations increases behind the shock front since the
gas behind the shock front was shocked at higher speeds and hence, their temperatures correspond to the
equilibrium temperatures for those shock speeds. This increase in temperature behind the shock front also
lead to an increase in the electron number density with the shock as depicted in �gure 5f.17 At such high
speeds, the increase in the electron number density is not observed in the experiments. Due to radiation
losses occurring in experiments, the temperature behind the shock decreases negating the e�ect of shock
deceleration. However, in this work, the radiation losses are not accounted for.

D. Comparison to EAST Experiment

Figure 6 shows a comparison of the simulations results (k = 1000) with that of the experiments. The
simulation shock speed in the viscous case is around 10.8 km/s in the test section which is the same as the
experimental data corresponding to EAST Test 50 Shot 97.18 Small di�erences in the shock speed pro�les
can lead to substantial di�erences in the radiation pro�les. In future work, this can be further improved by
tuning the scaling factor and possibly using a variable scaling factor. Figure 6b show the boundary layer
thickness in the test section. The boundary layer for k = 1000 starting at an initial driver temperature of
10,000 K has a thickness of 14 mm in the test section. This thickness is expected be signi�cantly larger
than what would be found in experiment. As the simulations do not account for radiative losses, and do
not model the imperfections of the tube walls or optical access ports, all of which would cause the shock to
decelerate more, this thickness should be considered an upper bound. The x-t diagrams of the simulations
and experiments show some variations. However, extracting the shock deceleration pro�les show a good
match with the experiments as seen in �gures 6c and 6d.

In order to compare the radiance to that of the experiments, NEQAIR19 is used. NEQAIR is a line-by-
line radiation code which stands for Nonequilibrium Air Radiation. The radiance comparisons in this paper
represent the set of NEQAIR calculations with a spatial convolution. The convolution functions account
for �nite spatial resolution in the experiments and depend upon the experiment set up.15 A meaningful
comparison with the experiments is achieved by convolving the simulation results with functions which are
determined for each shot conducted at the EAST facility. Two EAST Shots are used for the radiation
comparisons. First being EAST Test 50 Shot 97 with a shock speed of 10.8 km/s. This is compared to the
viscous case stated above with a k of 1000.
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