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1. Introduction

Determination of the atmospheric properties during Earth re-entry is crucial, in particular,
accurate knowledge of the free stream density is required for vehicle control, reaching a landing
site, predicting peak heating and characterizing fluid dynamical phenomena on spacecraft. Better
tools need to be developed to determine the free stream density and to accurately quantify its
uncertainty. Reduction of the error bars on heat flux and drag coefficient predictions in both real
flight and ground test facilities is deemed to be necessary for the development of hypersonic
flight on Earth. Atmospheric density profiles have been obtained by lidars, balloon drop tests,
tracking ejected spheres or in-situ from sounding rocket flights or derived from classical air data
systems. These methods have their limits and/or require accurate knowledge of the aerodynamic
characteristics of the vehicle. The uncertainty on the free stream conditions is thus mixed with
that on the aerodynamics. Additionally, sounding missions poorly represent instantaneous
conditions encountered in flight.
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Fig. 1 Shuttle-derived densities compared to the 1962
U.S. standard atmosphere [ref. 7].
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In Fig. 1, the densities obtained during Space Shuttle re-entry are seen to deviate up to 20% from
the standard atmosphere. These deviations can reach extreme values as large as 80% over
vertical distances of a few kilometers [Ref. 1]. Sounding rocket missions usually rely on falling
spheres to determine density. This geometry is used because drag is the principal aerodynamic
force [Ref. 2]. Sphere velocity and acceleration are measured by accelerometers or radar link. If
the drag coefficient is known, the density can be simply derived. The drag coefficient depends
strongly on the Mach and Reynolds numbers and is not accurately known throughout the entire
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flight regime [Ref. 2]. At high altitudes, the error on the derived density can exceed 20% as
shown in Fig. 2.

In the same vein as the falling sphere experiments, combining position and velocity of a vehicle
during entry with the drag coefficient, the density can be derived in-situ. The drag coefficient
depends on the vehicle attitude and velocity, free stream conditions and gas thermochemistry.
This quantity is established mainly in ground testing facilities and by means of computational
fluid dynamics calculations. These can suffer from limited flight representation, poor flow
characterization and high or even unknown uncertainties. Even if position and velocity are
perfectly determined in-flight, the uncertainty on the calculated density is conflated with that on
the vehicle aerodynamics.
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Fig. 2 Uncertainty on density derived from falling spheres [Ref. 7]

We propose to develop and validate a new approach to determine the free stream density using a
Flush Air Data System (FADS) that uses a combination of Pitot-static pressure measurements
with calorimetric heat flux measurements integrated on 5 locations in the nose region. The
purpose of the present grant is to develop and validate the transfer function that relates these 5
pressure- and 5 heat flux measurements with the free stream density. Commonly, a calorically
perfect gas model is used for such a calculation, leading to significant errors that arise from the
high-temperature gas effects in the hypersonic flight regime. The new approach that we propose
will be more accurate than the conventional models as real gas (high temperature) effects will be
taken into account. In the future these transfer functions could not only be used for correct
reconstruction of the aerothermodynamic characterization of re-entry flight vehicles but could
also be used for real-time density and speed vector rebuilding serving flight control loops. The
quantification of the influence of uncertainty on the physical system, also referred to as
Uncertainty Quantification (UQ), will allow to properly predict the system response to random
inputs due to experimental error and physico-chemical model uncertainty, in particular by using
inverse problem methods [Ref. 3].
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[11. Technical approach

The final objective is to provide a FADS transfer function accounting for high-temperature
effects and taking into account experimental and numerical uncertainty, thus leading to distinctly
improved results as compared to conventional techniques [Ref.3].

Longshot flow rebuilding

The validity of this new FADS method can be assessed in the VKI Longshot hypersonic wind
tunnel for the moderate altitude regime. For this the wind tunnel flow must be accurately
characterized, i.e. accurate rebuilding of the tunnel free stream conditions is required. The main
limitation in the traditional Longshot flow rebuilding, is the assumption of a calorically perfect
flow. In reality, the thermal flow properties are expected to change through the shock wave. We
have developed a 1-D data rebuilding program based on the VKI developed Mutation code [Ref.
5,6,7], that models high-temperature effects and thermal non-equilibrium for pure gases or
mixtures. We also attempt to measure additional conditions to better constrain the tunnel flow
conditions.

FADS methodology

To assemble a FADS transfer function, we relied on the modified Newtonian flow model to
predict the surface pressure distribution from total pressure, Mach number and airflow angles. Its
main assumption is that of a calorically perfect flow. We can address this limitation using the 1-
D flow solver supporting high temperature effects.

To utilize surface pressure measurements to predict flow conditions, the forward pressure model
must be inverted. For this purpose, we have implemented a least squares inversion algorithm. We
subjected it to tests on synthetic data and wind tunnel pressure distributions.

Wind tunnel testing

We have manufactured a generic blunt body probe, equipped with four pressure and four
temperature (heat flux) sensors. It is currently being tested in the Longshot wind tunnel at Mach
14. We test the ability of the least squares solver to retrieve the flow conditions. By varying the
attitude of the blunt body, a relationship between the airflow angles and the heat flux distribution
could be observed.

5
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1. Longshot flow rebuilding
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Fig. 3 VKI Longshot hypersonic piston gun tunnel

Reynolds | po To M., Re,. Pos T,
bar K - I/m Pa K

low 1400 2300 15 10 .106 280 50
med 3400 2300 15 20 .106 460 50
high 4500 2300 15 25 .106 550 50

Table 1 Typical Longshot conditions at start of test (1 ms)

The VKI Longshot operates at Mach 14 with nitrogen or carbon dioxide (Fig. 3 and Tab. 1). It is
a short duration tunnel with very limited high temperature effects. The standard rebuilding
procedure relies on routine stagnation point and tunnel reservoir measurements. From the
stagnation pressure, stagnation heat flux and reservoir pressure, all of the tunnel flow conditions
are derived. The procedure is shown schematically in Fig. 4, a detailed flow chart is provided in
the Appendix. This calculation relies on a Fay-Riddell heat flux model, calorically perfect gas
equations, conservation of entropy and enthalpy during the nozzle expansion, and an empirical
equation of state for calculating enthalpies at high temperature and/or pressure conditions. Note
that although high temperature effects are included in enthalpy calculations at the stagnation
point and reservoir, the tunnel flow conditions are based on calorically perfect gas equations
where y = ¢, /¢, = 1.4 for nitrogen.
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Fig. 4 Traditional Longshot flow rebuilding (calorically perfect free stream)

To significantly increase the accuracy of the flow rebuilding, we update both our analytical tools
and flow measurements. We have developed a 1-D tunnel flow solver that supports high
temperature and thermal non-equilibrium effects. We have also manufactured a static pressure
probe, as a direct free stream measurement removes the need for reservoir and expansion
modeling.

High temperature 1-D solver

A gas in the process of being slowed down is heated due to the kinetic energy of flow. The
amount of the heating depends on the specific heat capacity of the gas. If the specific heat
capacity is a constant value, the gas is said to be calorically perfect and if the specific heat
capacity changes, the gas is said to be calorically imperfect. At fairly high Mach numbers and
temperatures such as in Longshot, the gas is calorically imperfect. However, it still follows the
ideal gas equation of state given the appropriate (high temperature) gas constants. At even higher
Mach numbers and temperatures, gas molecules will break up and the ideal equation of state is
not valid anymore. In that case, the gas is said to be thermally imperfect as well. The 1-D solver
described here supports calorically imperfect but not thermally imperfect flows. Temperatures in
the Longshot are sufficiently low for nitrogen to remain thermally perfect. Finally, the solver
supports thermal non-equilibrium, meaning that the temperatures of the various modes
(translational, vibrational, electronic...) are not required to be equal.

The routine solves for the tunnel flow conditions starting from the stagnation pressure, stagnation
heat flux and reservoir pressure, like the traditional calorically perfect rebuilding routine. More
specifically, the Rankine-Hugoniot or shock conservation equations are solved iteratively:

P1V1 = P2V
7
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p1+ p1vi = pa + pavs
(p2E; +p2)v, = (p1Ey + p1)vy

Where the total energy E equals the internal energy e plus a kinetic energy term:
1
E=e+=-v?
2

The internal energy is calculated by means of Statistical Thermodynamics for High-Temperature
gases described in [Ref. 5,6,7]. The internal energy of each species is calculated as the sum of
the translation, electronic, rotation, vibrational and formation energies. As such, high
temperature or real gas effects are incorporated.

The iterative solver consists of a standard least squares solver for non-linear problems, similar to
the one that will be described below. By accurately calculating the internal energies and deriving
flow properties such as the heat capacity ratio and speed of sound from them:

ok
V= %5e

90,

a, = y@p
1

Where h is the specific enthalpy and a; the sound velocity. The sought after tunnel flow
conditions such as the Mach number can then be calculated:
=

ai
In the Longshot wind tunnel, vibrational non-equilibrium Ty,; # T, is expected after the nozzle
expansion, while temperatures are too low for electronic excitation. After the shock wave,
thermal equilibrium can be assumed. While the solver allows for the inclusion of thermal non-
equilibrium by setting Ty, the actual value of the vibrational temperature in the free stream is
unknown. To predict Ty, after the vibrational mode has been frozen in the nozzle expansion, the
following system of equations was solved by a 1-D CFD code:

pE = pe + %pv2 Total energy

pH =pE +p Total enthalpy

eV (T)-eV(T")

QT =p 7 Vibrational-Translational Energy Transfer
a_u a_F _ __din(4) .
p" + Py Q i G Energy conservation
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U=[p pu pE pe’ |"

F =[pu p+ pu?® puH pue’ |7
G = [ pu pu? puH pue’ |’
Q=[000 Q"7

Resulting in the prediction a vibrational temperature frozen at about 1350 K, compared to a
much lower static temperature of about 50 K:
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Fig. 5 Above: static temperature T, (red) and vibrational temperature T, (blue dashed)
Fig. 5 Below: nozzle radius versus distance from throat

Nagamatsu static pressure probe

The uncertainty on the derived tunnel flow conditions can be significantly reduced by measuring
a free stream condition directly. This way, no reservoir modeling or nozzle expansion
idealization is required. However, the free stream conditions are very small compared to the
stagnation conditions and are thus hard to measure with intrusive probes. The static pressure for
example amounts to a few hundred Pascal compared to a 100 kPa stagnation pressure.

9

Distribution A: Approved for public release; distribution is unlimited.



415,35
L=24D =158 mm 4 holes at 90° 5o

- = diameter 0,8 mm
r e )
TL/ l
= KULITE XCQ-093

1" pressure fransducer
(]

Fig. 6 Single sensor static pressure ‘Nagamatsu’ probe

Recently, a static pressure ‘Nagamatsu’ probe [Ref. 8] was built at VKI (Fig. 6). The slender
probe with a contoured nose is designed to produce the least possible amount of flow
perturbation. The length-to-diameter ratio L/D of its single pressure sensor position was chosen
based on perfect gas 2-D axi-symmetric Navier-Stokes computations (Fig. 7). The pressure at the
measurement location should correspond to the free stream static pressure within 5%, while
leaving sufficient distance from the back support recirculation bubble. The single sensor
Nagamatsu probe reported much higher than expected static pressures (Fig. 8), warranting deeper

investigation.

121 ]
grid convergence *0,2%¢ l
115r
pressure tap location
LMy lf
~
= I
1051 |
% |
& |
1 |
\?x—j
\‘¥_J
095r ‘ )
\
i [ I

50 100 150 200 250
distance from nose tip (mm)

Fig. 7 Perfect gas CFD for pressure distribution on static pressure ‘Nagamatsu’ probe
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Fig. 8 Higher than expected static pressure reported by single sensor ‘Nagamatsu’ probe

To validate the single sensor measurements, a multi-sensor Nagamatsu probe was developed and
built in the present grant (Fig. 9). Compared to the single sensor probe, it has been scaled up by a
factor of 1.21. It contains three KULITE XCQ-062 absolute pressure sensors, the middle of
which is at the same L/D location as the single sensor on the original probe. Multiple sensors
should permit us to observe the pressure distribution on the probe surface and obtain a reliable
static pressure measurement. By obtaining direct information on the free stream conditions, the
flow rebuilding can be validated or improved. The probe has been manufactured and verified to
be leak-free, but has not been tested yet due to technical delays.

Fig. 9 Multi-sensor static pressure ‘Nagamatsu’ probe
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2. FADS methodology

Classical FADS systems consist of a forward pressure model and an inversion method. The
forward model predicts surface pressure distributions from airflow angles and free stream
conditions, the inversion method retrieves airflow and free stream conditions from measured
pressure distributions. We rely on the modified Newtonian flow model as a basic forward
pressure model [Ref. 9]:

pi = pe[(1 — R) cos? 6; + R]

_ Poo B [ 2 ]V/(Y_l) ZyMgo _ (y -1
T pe L+ 1M y+1

Where 6 depends on airflow angles and cone A and clock ¢ angles of the pressure tap locations:

1/(y-1)
)l

cos8; = cosa cosf cosA; + sinf3 sing; sinA; + sina cosf cos¢; sini;
L l l l l l

The density can be retrieved from the dynamic pressure and the velocity. The velocity must be
obtained independently in a FADS system. The dynamic pressure is related to the above
conditions by

YRMZ,
2

Qoo = Pt
Limitations of the modified Newtonian pressure model:

e Predicts air flow angles and upstream conditions based on surface pressures only
e Assumes calorically perfect flow (no high temperature effects)

e Surface pressure distribution not affected by shock wave

e Only valid at high Mach numbers

The final two points are of small importance for hypersonic flow over a blunt body. To improve
on the calorically perfect flow, the data rebuilding program including high-temperature effects
can be used to predict R, the pressure ratio across the shock. This leaves the inclusion of heat
flux measurements.

A forward prediction of stagnation point heat flux from upstream conditions depends on many
thermochemical and —physical conditions, as well as on the wall temperature [Ref. 10].
Stagnation point heat flux can be predicted using the Fay-Riddell model. In real flight condition,
an accurate forward prediction of the heat flux is not easily obtained due to limited knowledge of
all the required conditions. For the time being, we will investigate whether a useful relationship
between the airflow angles and the relative heat flux distribution can be retrieved experimentally.
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Inversion method: Least Squares Solver

We implemented the forward pressure model in MATLAB. To solve it inversely, that is
retrieving flow conditions and airflow angles from a measured pressure distribution, we chose to
implement a least squares solving routine. This solver is relatively easy to implement and not
uncommon for FADS applications [Ref. 11-12].

For a constant heat capacity ratio, the forward pressure model can be written as

pw =f(4 ¢ a B, My, pe)

Where p,, is a vector containing the surface pressures at the pressure tap locations. Here the
airflow angles, Mach number and total pressure are the sought after variables. Either the Mach
number or total pressure could be replaced by the static or dynamic pressure, resulting in
mathematically equivalent expressions but not necessarily the same numerical conditioning. The
Mach number and static pressure have the poorest conditioning, because they depend only on the
off-stagnation-point measurements and are several orders of magnitude smaller than the total and
dynamic pressures. We have chosen the total pressure for its good conditioning, and the Mach
number because we expect it to be known more accurately in the wind tunnel than the static
pressure. From the total pressure and Mach number, the dynamic pressure can be derived
according to the equations presented before.

Given at least five pressure sensors, this system with four unknowns is over determined but can
be inversely solved in a least squares way. The function f is non-linear so an iterative procedure
is required. It consists of updating the state vector q = [@ B M, p:] until convergence is
achieved:

qk+1 — qk + 6q
To evaluate the value of the state vector increment, we may write
b=Jdq

Where the residual vector b = Py, gara — (q*) and J the Jacobian of the pressure model

containing first order derivatives at the current state estimate q* :

[apwl oPw1i  9Dw1 apwl]
Ja ap OMyo opt

J= : : : :
Obws Obws OPws ODws
Jda ap OMy oDt q=q*

The derivatives of the non-linear function f that produces p,, are calculated numerically, using
first order forward step differentiation. The state vector increment is obtained by calculating the
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pseudoinverse of the Jacobian matrix, using the built-in MATLAB function pinv that computes
the Moore-Penrose pseudoinverse matrix:

sq=J"h

Starting from an initial guess q,, the iterative procedure continues until a convergence criterion
is met in a chosen number of consecutive iterations. We found that the most robust criterion is
that of the maximum relative change of the Euclidian magnitude of the normalized state vector
increment:

Sk+1 _ Sk

G < ¢

84

2
q"l

with §¥ = |
Where € can be set to values as low as 10 and the convergence criterion had to be met for about
five iterations. The solver convergence was found to benefit significantly by damping the state
increments of the Mach number by a factor between 100 and 1000. This prevents the poorly

conditioned Mach number from diverging before the total pressure converges to its optimal
estimate.

3. Wind tunnel testing

pressure
Sensors

Fig. 10 Blunt model for validation of the FADS methodology [Ref. 6].

To facilitate numerical reconstruction, a generic spherical nose probe was be constructed (Fig.
10). It is equipped with sensors simulating the flight RAFLEX sensors as used on the EXPERT
flight model. Five combined pressure and temperature transducers were used for the wind tunnel
model; one at stagnation and four located at 45° from the stagnation point, distributed evenly
around the nose. Experiments in the Longshot are being performed at zero and non—zero angle of
attack. The experimental data should serve to validate the FADS transfer function at Mach 14.

14
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The established methodology can also be used later in high enthalpy facilities such as the TH2
(RWTH at Aachen, Germany) and other collaborating European or US institutions.

Test a B aT [0)]
1 0 0 0 45
0 0 0 0

3 0 0 0 0
4 0 0 0 180
5 5 0 5 0
6 10 0 10 0
7 0 10 10 0
8 7 3.5 7.5 0
9 7 7.2 10 0
10 7 3.5 7.5 0
11 5 0 5 0
12 5 0 0

Table 2 Test matrix of the blunt probe in Longshot wind tunnel

The test matrix (Tab. 2) was constructed to both verify the experimental setup and cover a
reasonable range of flow angles. In tests 1-4, the model faces the flow head-on to check
repeatability. In test 4 the model is flipped upside down (roll angle 180°) to verify flow and
probe alignment. After that, angle of attack and sideslip are varied both separately (tests 5-7) and
together (tests 8-10). Finally, repeatability at positive total angle of attack is checked in tests 11-
12. At all times, the total angle of attack is one of only four almost equally spaced (Fig. 11).

12 W tests
——alpha=beta
10
alpha=2*Dbeta
g alphatotal=10
alphatotal=7.5
Q6 alphatotal=>5
|
4 -
2
0
0 5 a 10 15

Fig. 11 Graphical representation of test matrix with iso total-angle-of-attack lines
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V. Results

4. Longshot flow rebuilding

We compared the results of the high temperature 1-D solver (calorically imperfect) to the
classical wind tunnel rebuilding routine (calorically perfect). The top graphs (Fig. 12-13) show
the calorically imperfect results for free stream density and Mach number. These solutions were
obtained by imposing the non-equilibrium vibrational temperature predicted above. The bottom
graphs show the percentage deviation of the thermal equilibrium / calorically imperfect (blue)
and the thermal equilibrium / calorically perfect (red dashed) from the top solution.

Thermally Perfect Gas nonequilibirum

0.014

0.013

0.012

0.011

0.01 \ | | \ |
2 4 6 8 10 12 14 16 18 20 22

time [s]

Py Deviation
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-
-
-
-
-
-
-
-
-
-
)

T O ——————
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| 1 1 | 1 1 | 1 1 |
2 4 6 8 10 12 14 16 18 20 22
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Fig. 12 various reconstructions of the free stream density
Top: TP NEQ / Bottom: TP EQ (blue) and CP EQ (red dashed), percentage deviations
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Fig. 13 various reconstructions of the free stream Mach number
Top: TP NEQ / Bottom: TP EQ (blue) and CP EQ (red dashed), percentage deviations

Thermal non-equilibrium has a very strong effect on the reconstructed tunnel flow conditions, up
to 6% for the density and 4% for the Mach number. Caloric imperfections result in an additional
1% change in density and less than 0,5% in Mach number. All deviations decrease as the wind
tunnel test progresses, because as the reservoir empties, total temperature and pressure decrease
continuously towards a calorically perfect, thermal equilibrium flow.

5. FADS least-squares solver

To verify the correct implementation of the pressure model in all of the subroutines, synthetically
produced ‘perfect’ pressure distributions were fed to the least-squares solver. The original inputs
to the pressure model (airflow angles, Mach, total pressure) were indeed perfectly retrieved. This
was done at a typical Longshot condition, i.e. Mach number14 and total pressure close to 1 bar.

To verify the correct implementation of the least squares solver, next the synthetic pressure
distribution was perturbed artificially in a range of + 3%. These were then fed into the solver,
together with the original inputs to the pressure model as an initial guess. In the case of
convergence, the solver results typically look like in Fig. 14. The solver accurately retrieves the
airflow angles and total pressure corresponding to the perturbed pressure distribution (red line is
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original input condition). However, the reconstructed Mach number suffers enormously from the
perturbations in the pressure distributions.
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Fig. 14 Solver convergence with perturbed synthetic data (single realization)

In about half of one thousand realizations of this numerical experiment, the Mach number
diverged. This has limited effects on the airflow angles and total pressure, but would prevent us
from accurately calculating the dynamic pressure and hence the density. We believe this is both
due to ill numerical conditioning, which could be compensated for in the future, and the limited
number of off-stagnation-point pressure taps. The Mach number (or static pressure, if chosen to
solve for that quantity), is derived from the pressure slope away from the stagnation point. In our
five port cross layout, that slope is represented by only two pressure taps along a direction away
from the stagnation point. More ports, preferably far away from the stagnation point, would
improve Mach reconstruction.

6. Blunt probe testing in Longshot wind tunnel

At the moment we have performed tests 1-4 of the test matrix. Pressure and heat flux signals
were obtained, and then fed to the least squares solver to reconstruct flow angles and total
pressure. The Mach number was not reconstructed due to the shortcomings of the solver
mentioned above. On the other hand, performance for reconstructing airflow angles and total
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pressure is very good. The Mach number was constrained in a range about the initial guess, and
this had no effect on the reconstructed flow angles or total pressure.

Fig. 15 and 16 show the pressure signals and pressure coefficients measured on the blunt probe
in test 3. Off-stagnation points should measure the same pressures at zero total angle of attack.
The on stagnation point measurement should match the value measured by the routine stagnation
probe used for tunnel rebuilding (Pt2a, blue).

v 10°
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[
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ahsolute pressures (Pa)
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Fig. 15 Absolute pressures on the blunt probe (test 3)
also shown: routine tunnel stagnation pressure measurement (Pt2a, blue)
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Fig. 16 Pressure coefficients on the blunt probe (test 3)
also shown: routine tunnel stagnation pressure measurement (Pt2a, blue)

Next, we reconstructed the angle of attack and sideslip in the wind tunnel frame using the FADS
least square solver routine (Fig. 17-18) for all four tests. In the first milliseconds of the test, we
see a strong transient response in both pitching and yawing. This seems to be due to probe
movement, because rolling the probe by 180° in test 4 results in opposite pitching and yawing
excursions in the wind tunnel reference frame. The transient response lasts for 1 ms in the
pitching plane and 4 ms in the yawing frame. This may correspond to response frequencies of the
support in different directions.

After the initial transient, the angle of attack then increases steadily from a negative value of
about -1° to a steady value of between 0° and 1° in all four tests. The steady value is reached at 8
ms or half way through the test. These trends are independent of roll angle, suggesting flow
misalignment. The bank angle maintains a steady value after the initial transient. In this case
there is a clear difference between the fourth test at 180° roll angle and the others, indicating
probe yaw misalignment in the first three tests.

20

Distribution A: Approved for public release; distribution is unlimited.



angle of attack (deg)

_3 | 1
2 4 6 8 10 12 14 16
Time (ms)
Fig. 17 FADS reconstructed angle of attack in wind tunnel reference frame
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Fig. 18 FADS reconstructed angle of sideslip in wind tunnel reference frame
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Fig. 19 FADS reconstructed stagnation pressure
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The least-squares reconstructed total pressures shown in Fig. 19 are very consistent with the
center pressure tap signal, but less with the routine tunnel stagnation pressure measurements
which were up to 3% higher in all tests (not shown). At this point it is not clear whether this is
due to sensor error or the different diameters of the two probes (25 mm versus 100 mm). As
mentioned before, the Mach angles could not be reconstructed successfully from the
measurements due to the solvers sensitivity to noise.
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Fig. 20 blunt probe heat flux signals (Stanton number) normalized to account for radius (test 3)
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Finally, Fig. 20 shows the heat flux at the various blunt probe measurement locations, compared
to the routine stagnation point tunnel measurement (StTa, blue). The heat flux is expressed as the
Stanton number, additionally normalized by the square root of the probe curvature radius. In all
four tests, the stagnation point heat flux was quite noisy on the blunt probe. This could be
remedied in the future by cleaning the thermocouple junction from which the heat flux is
inferred. More importantly, there seems to be a 10% deviation between the routine tunnel
measurement and the blunt probe stagnation heat flux in the second half of the test.
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V. Conclusion

We have developed a high temperature 1-D solver to reconstruct the Longshot wind tunnel
conditions. It supports calorically imperfect, thermally perfect flows in thermal equilibrium or
non-equilibrium. For non-equilibrium in the Longshot, the vibrational temperature has to be
imposed. We obtained a prediction by solving Vibrational-Translational Energy Transfer and
energy conservation equations for the Longshot nozzle geometry. Compared to the traditional
rebuilding method, thermal non-equilibrium has a strong effect on the reconstructed density and
Mach number of up to 6% and 4% respectively. Caloric imperfection had a more limited effect
of up to 1% and 0,4% respectively. These results indicate that better understanding of thermal
non-equilibrium due to the strong nozzle expansion is required to use the wind tunnel as a FADS
calibration tool. Specifically, prior knowledge of the vibrational temperature is required. Caloric
imperfections need to be taken into account to reconstruct the flow conditions as well, but this
requires no prior knowledge.

A multi-sensor static pressure ‘Nagamatsu’ probe was developed and manufactured to improve
on earlier single sensor measurements that indicated higher than expected static pressure. The
probe has been verified to be leak-free, but due to technical delays it has not been tested yet.

We have developed a FADS least squares solver to rebuild flow angles, total pressure and Mach
number using a modified Newtonian flow model. It works well for flow angles and total
pressure, but diverges on the Mach number when provided with wind tunnel data or strongly
perturbed synthetic data. This shortcoming made it unable to reconstruct the Mach number in the
wind tunnel tests of a blunt spherical probe. We should assess whether solving for other
unknowns (i.e. static pressure and/or dynamic pressure) improves convergence behavior.

The blunt spherical probe was manufactured and equipped with both pressure and heat flux
sensors. Utilizing only the pressure data at this point, the FADS solver reconstructed total
pressure and flow angles. The total pressure differs from routine wind tunnel measurements by
up to 3%, either due to sensor error or diameter effects. The flow angles were accurately
reconstructed and revealed both probe and flow misalignment. After an initial transient
seemingly due to probe motion, the sideslip angle stays constant but the angle of attack steadily
increases until half way through the test. After that it remains constant at values between 0° and
1° regardless of probe roll angle. This suggests more investigation into flow alignment is
required.
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VI1I. Appendix
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