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Abstract

This paper presents the operational capabilities and the characteristics of the nozzle flow of the Seoul
National University Hypersonic Shock Tunnel (SHyST), a recently added impulse facility designed to
produce high enthalpy flows reaching up to 5 MJ/kg through hypersonic contoured nozzles. Within this
investigation, emphasis is placed on the design and utilization of a pitot rake, serving as an essential
instrument for quantifying pitot pressure and Mach number distributions throughout the test section.
The experimental results confirm the presence of axis-symmetric behavior and spatial-temporal
uniformity of the freestream Mach number at the nozzle outlet and along the test section. Additionally,
the study demonstrates an excellent agreement with the predictions of numerical simulation. Mach
number validation is further supported by the measurement of shock standoff distance through
schlieren visualization.

Keywords: Hypersonic Flow Experiments, Hypersonic Shock Tunnel, Reflected Shock tunnel, Flow
Characterization

Nomenclature

Latin y — Specific heat ratio

K — Density ratio across the shock wave 0 — Shock standoff distance
M — Mach number p — Density

P — Pressure Subscripts

Ro — Radius of the hemisphere s — Stagnation point

r — Radius from center of the nozzle t — Total

x — Axial distance 1 — Ahead of the shock wave
Greek 2 — Behind the shock wave

1. Introduction

Advancements in aerospace technologies, like scramjet engines and re-entry capsules, emphasize the
importance of understanding hypersonic flow dynamics. Hypersonic missions, which operate at extreme
speeds, create high-temperature and non-equilibrium conditions in the flow field [1]. Impulsive
facilities, such as reflected shock tunnels, replicate realistic hypersonic flight conditions by reaching
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high temperatures [2]. Despite their short testing durations, typically lasting milliseconds, these facilities
offer sufficient time to analyze thermochemical and non-equilibrium effects at hypersonic speeds [3].

Recent developments in hypersonic testing infrastructure have been significant. Oxford University, for
instance, introduced the T6 Stalker Tunnel, allowing ground simulation of various mission trajectories
with total enthalpies ranging from 2.7 to 115.0 MJ/kg [4]. Similarly, Sandia National Laboratory unveiled
a free-piston shock tunnel capable of achieving a total enthalpy of 4.6 MJ/kg within a 1ms test duration
[5]. Additionally, the University of Queensland upgraded its reflected shock tunnel, X3R, enabling
testing at Mach 7 with a diameter of 600mm and a test duration of 12.5ms [6]. These facilities not only
support experimental studies but also improve numerical simulations, as demonstrated by Park et al.'s
validation of numerical simulations for hypersonic inlets using data from seven distinct experimental
cases [7].

The Seoul National University Hypersonic Shock Tunnel (SHyST), a recent addition to the institution’s
hypersonic research facilities, has a total length of 15 m and features a Mach 6.8 contoured nozzle. The
primary objective of this paper is to present the current progress of commissioning SHyST, including
initial measurements of flow characteristics within the test section. Section 2 provides an overview of
SHyST's mechanical and operational design, while Section 3 describes the nozzle flow characterization
methods, with a particular focus on pitot rake design and the utilization of the schlieren method for
measuring shock standoff distance. Finally, Section 4 presents initial commissioning data results
obtained from the described methods, along with a comparison with nhumerical simulation.

2. Facility Overview

As shown in Fig. 1, the SHyST consists of a driver tube and a driven tube, each with an inner diameter
of 100 mm and lengths of 3 m and 8.2 m, respectively. The driver tube is rated for a maximum operating
pressure of 30 MPa and can be filled with Nitrogen, Helium, or their combinations. It is connected to
two high-pressure tanks containing each gas, enabling rapid filling within 2 minutes, and creating gas
mixture according to Dalton’s Law of Partial Pressures. The driven tube is typically filled with dry air or
Nitrogen gas, with adjustable pressure.
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Fig 1. Photograph and Schematic of SHyST

The primary diaphragm is made of either a layer of 300 um thick mylar films or a 5~6 mm thick Al1050
sheet, selected based on desired reservoir conditions. Aluminum diaphragms feature optimized
+shaped grooves to ensure fully opened petal-shaped rupture for improved flow quality [8]. A
secondary diaphragm, utilizing a 100 pum thick mylar film, is positioned within a removable throat insert.
Hydraulic systems are used to secure diaphragms between tubes, preventing from gas leakage and
diaphragm slippage. The facility currently operates with a Mach 6.8 converging-diverging nozzle,
featuring a 0.34 m exit diameter and length of 1.4 m. Additionally, Mach 5 and Mach 6 contoured
nozzles are currently in the process of being made. The test section has diameter of 1 m and length of
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2.4 m, with depressurization capabilities down to 50 Pa. It comprises three windows—two on the sides
and one above—each equipped with 15 mm thick quartz glass for optical measurements.

In the instrumental setup, a strain gauge pressure sensor (Sensys PMH series) is located at each tube
to measure pl and p4, as depicted in Fig. 2 (a). Additionally, three high-speed piezoelectric pressure
transducers (PCB113b22) are positioned at distances of 18 mm, 518 mm, and 1518 mm upstream of
the nozzle throat within the driven tube. These transducers serve to measure both shock speed and
reservoir pressure p5 with higher frequency and faster response time. All sensors are recessed mounted
to avoid contact with diaphragm debris. Data acquisition is facilitated by a signal conditioner
(PCB483C05) connected to sensors, with data collected using a National Instruments PCle 6376 (3.4
MHz bandwidth). Reservoir pressure, temperature, and total enthalpy within the nozzle under specific
conditions are computed using a 1D thermochemical equilibrium solver, ESTCN [9]. Using three
different nozzles, SHyST can analytically achieve total enthalpy up to 5 MJ/kg and Unit Reynold number
up to 108 /m, as shown in Fig. 2 (b).
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Fig 2. (a) X-t diagrams of SHyST, (b) Performance envelope of SHyST with three different nozzle

The wave process within the shock tube region is depicted in Fig. 2 (a). The duration of the test time
depends on achieving a steady condition in the reservoir, which is constrained by three mechanisms
[10]. Primarily, there is the interaction between the reflected shock and the contact surface, leading to
an additional expansion fan or shock. A stationary contact surface can be achieved by establishing a
"tailored condition," through fine-tuning the gas composition and pressure in both the driver and driven
tubes [11]. Second is the drainage rate of the reservoir gas and contact surface into the nozzle, which
is primarily influenced by the diameter of the shock tube and the nozzle throat. Third is the arrival of
the reflected expansion wave originating from the driver tube; delaying this reflection can extend the
test duration. Additionally, the startup time of the nozzle, typically around 1 ms, should also be taken
into account. Based on the experimental archive in SHyST, the test time ranges from 1~8 ms,
depending on the gas setup condition in the shock tube.

3. Flow Characterization Method
3.1. Pitot Rake

The Pitot rake serves the purpose of evaluating the uniformity and axis-symmetry of pressure and Mach
number along the test section. It comprises 12 high-speed pressure transducers (PCB 113B27) located
at 30 mm intervals in a vertical nhon-symmetric configuration, as shown in Fig. 3 (b). Once axis-
symmetry of the nozzle flow is confirmed, the spacing between the probes in the pitot rake is 15 mm,
thus enhancing its spatial resolution. Each transducer is encased in a stainless-steel probe and protected
by an internal porous shield. These shields act as safeguards for the sensors, shielding them from
damage caused by diaphragm fragments.

HiSST-2024-0321 Page |3
Nozzle Flow Characterization of the SNU Hypersonic Shock Tunnel Copyright © 2024 by author(s)



HiSST: International Conference on High-Speed Vehicle Science Technology

ry
| Flow symmetricity

check . R
FloOW unirormity

i ell45mm o« check _ __ _ _
" [ ] ’ [ ] [ ] .1
eI e o

ol

|

°

le
@

Fig 3. (a) Top view of the pitot rake flow measurement location, (b) Side view schematic and (c)
schlieren photography of pitot rake

As illustrated in Fig. 3 (a), the pitot rake was placed at 100 mm from nozzle exit and measured the
pitot pressure at 9 different uneven radial location to analyze the axis-symmetricity of the nozzle flow.
For the uniformity analysis, the pitot rake was positioned at the center of the nozzle, and the axial
distance (x) was varied by 100mm. A total of 17 experiments with different pitot rake location were
conducted, maintaining consistent test flow conditions across all experiments. The average flow
conditions are detailed in Table. 1, while Fig. 4 shows the reservoir pressure for all tests, demonstrating
their close similarity.
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Fig 4. Reservoir pressure history of all pitot rake experiments

Table 1. Mean flow conditions for pitot rake experiment.

Driver Driven Reservoir Reservoir Total Reynolds
gas gas pressure temperature enthalpy number
Nitrogen  Dry air 1.36 Mpa 698.64 K 0.71 M)/kg 0.49 x 107 /m

The pitot pressure data, sampled at the rate of 100 kHz, were converted into Mach numbers utilizing
the Rayleigh pitot tube relation depicted in Eq. 1.

Ptz _ (r+1)2mji v/(r-1) 1-y+2yMf (1)

P1 4yMi-2(y-1) y+1

In the above equation, P,, is the pitot pressure, M, is the freestream Mach number and y denotes the
specific heat ratio obtained from Chemical Equilibrium with Applications (CEA), approximately 1.41.
Static pressure P, was obtained through numerical simulation, OpenFOAM, using the reservoir and test
chamber conditions. This approach was chosen due to its ability to provide a more accurate
approximation compared to static pressure obtained from isentropic relations, particularly in the
boundary layer region. Reynolds-Averaged Navier-Stokes (RANS) Simulation with k-w SST turbulence
model was applied. The HLLC scheme was utilized for the convective flux term, while a 3rd stage
Runge-Kutta time integration scheme was implemented. Computational domain included the reservoir,
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nozzle, and test section, having around 30,000 cells and y* of 30~60 at wall, applying a no-slip
condition and wall function, as depicted in Fig. 5.

To validate the CFD result, a comparison was first done between the pitot pressure obtained from CFD
freestream data and experimental measurements. Schlieren photography was also taken to confirm the
presence of a normal shock in front of the pitot probes, ensuring the appropriate utilization of the
Rayleigh pitot tube relation, as shown in Fig. 3 (c).

0.0e+00 1 8 9.0e+00

Fig 5. Computational grid for nozzle flow simulation

3.2. Shock Standoff Distance around Hemisphere

A conventional Z-type schlieren method was employed to visualize the flow structure and determine
the freestream Mach number by measuring the shock standoff distance with a 55 mm radius
hemisphere model. In the schlieren setup, continuous LED lighting was used as the light source, while
a Phantom V710 camera captured images with an exposure time of 130 ps and a frame rate of 7,500
fps. The schlieren photography was taken under identical condition as outlined in Table. 1.

To establish the relationship between shock standoff distance and Mach number, two empirical relations
were compared with the obtained standoff distance: (1) the relations provided by Serbin [12], and (2)
the relations provided by Van Dyke and Lobb [13, 14]. Serbin's relation indicates that the shock standoff
distance varies according to the density ratio across the shock wave,

5 _ 2 _ 1

%3 (K-1) (2)
In the above equation, § is the shock standoff distance along the stagnation line, and R, = 55 mm
denotes the radius of the hemisphere. The density ratio across the shock wave is denoted as K = p,/p,,

and it can be written in terms of normal shock wave relation
I
1
_ps _ [ Mi+D)? Tr-T_ (r+1ME
k= p1 laymi-2(-D]  2+@-1M? ©)

Utilizing the provided relationship, the Mach number was calculated using the measured value of Ri
0

from the schlieren visualization. On the other hand, the Lobb’s approximation is derived from the
experiments and numerical analysis of Van Dyke for non-reactive gas, which exhibits a similar relation

but with a different correlation factor,
5 1
— =082 4)

Ro

The estimated Mach number from these two methods were compared with results from the pitot rake
experiments.

4. Results and Discussion
4.1. Pitot Rake

Fig. 6 (a) illustrates the nozzle startup time, approximately 1.5 ms. The time-position contour plot
depicted in Fig. 6 (b) indicates that the flow at the exit of the nozzle (x = 0 mm) maintains temporal
uniformity for around 3 ms, thereby determining the effective test time. Subsequently, the pressure
increases due to the over-tailored condition at the reservoir.
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Both the pitot and reservoir pressure data exhibit some oscillation and uncertainty, potentially stemming
from their mounting type, recessed mount, where the cavity in front of the transducer can induce
acoustic resonance [15]. This resonance may also contribute to delaying the rise time. Eghblom et al.
[16] suggested that for cases involving small cavities, the acoustic resonance is attributed to freestream
noise. Therefore, Freestream noise was calculated to determine the level of noise present in the SHyST

freestream, as shown in Table 2, using a simple equation: Noise Level (%) = :”ﬂ Data points P1 -

t2,mean

P7 represent the uniform flow region, while P8 -P10 are in the boundary layer region, where the flow
is non-uniform. When accounting for the uniform region only, the mean noise level is calculated to be
4.08%. Compared to other hypersonic facilities that are surveyed in [17], the SHyST freestream is
deemed "noisy," a characteristic sufficient to cause acoustic resonance in the cavity near the pressure
sensors. This may also induce laminar-turbulent transition earlier than observed in actual flight
experiments in hypersonic regime [18].
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Fig 6. (a) Reservoir & pitot pressure at nozzle centre, (b) Pitot pressure contour plot at nozzle exit

Table 2. Freestream noise level at x = 100 mm

Parameters PL P2 P3 P4 P5 P6 P?7 P8 P9 P10
Radial Location (mm) 0 40 55 70 85 100 115 130 145 160

Noise Level (%) 5.00 3.53 3.18 4.01 6.08 3.60 3.15 18.70 16.58 50.87

Fig. 7 (a) shows the pitot pressure data in vertical and horizontal directions at x = 100 mm, with error
bars representing the standard deviation of variation during the test time. The experimental results
demonstrate axis-symmetrical behavior and exhibit strong agreement with the pitot pressure obtained
from the CFD result in both directions. This consistency suggests that the CFD solution effectively
approximates the actual nozzle flow field. Consequently, the static pressure P, obtained from CFD
simulation is utilized to convert the pitot pressure data into Mach numbers. As shown in Fig. 7 (b), a
total 119 experimental data points at the x = 100 mm plane were converted into Mach number, and
they also show good agreement with the CFD results.
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Fig 7. (a) Horizontal and vertical pitot pressure distribution and (b) Mach number distribution at
axial distance x = 100 mm

The Mach number distribution along the test section, as depicted in Fig. 8, reveals a uniform flow near
the nozzle, spanning approximately 220 mm in diameter, equivalent to 65% of the nozzle exit diameter.
However, as the flow progresses away from the nozzle, the uniformity diminishes due to expansion
originating from the nozzle tip. In the region between 100 and 500 mm, a slight disparity is observed
at the end between the numerical and experimental results. This discrepancy arises from the non-
axisymmetric geometry of the test chamber, which includes observation windows and a test model
installation bed in this area. Nonetheless, this disparity does not significantly affect the determination
of the uniform flow region.

This result delineates the uniform Mach region at 6.76, highlighted by the blue-colored region in Fig. 8.
It's important to note that the Mach number varies based on the reservoir enthalpy. Research by Chan
et al. [19] suggests that altering reservoir temperature has a more pronounced effect on Mach number
than reservoir pressure due to the higher ratio of specific heat at lower reservoir temperatures.
According to the nozzle area ratio-Mach number relations for ideal gas compressible flows, a higher
ratio of specific heats with the given nozzle area ratio results in a higher Mach number. Conversely,
varying reservoir pressure has a significantly lesser effect on flow uniformity at the nozzle exit compared
to altering reservoir temperature.
Axial distance from nozzle exit (mm)

0 200 300 400 500 800
150 ke | 2150
100§ = 7 100
€ 50¢ 150
£ 1 Experiment
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Fig 8. Mach number distribution along the test section

To investigate the impact of variations in reservoir conditions on flow quality and the uniform flow
region, two additional experiments were conducted under different reservoir conditions, as outlined in
Table 3. The reservoir temperature was increased by up to 2.3 times, while the pressure was increased
by up to 6.8 times, resulting in relatively higher enthalpy compared to the original experiments (case
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1). Measurements for these experiments were also taken at x = 100 mm, and numerical simulations
were performed accordingly.

As depicted in Fig. 9, the maximum difference in pitot-to-reservoir pressure among the three cases was
0.001 within the core flow region (r = 110 mm). When compared with the experimental data, this
difference falls within the uncertainties of all experimental data within the core flow region. Note that
experimental data for case 2 at r = 70 mm are deemed erroneous, likely due to the transducer being
struck and obstructed by diaphragm debris. Despite significant variations in reservoir conditions, there
appear to be no substantial differences in pitot pressure distribution. Although the Mach humber may
vary, the pitot-to-reservoir pressure ratio remains insensitive to the reservoir condition, suggesting that
the uniform region of the nozzle freestream flow within the test section remains consistent in size
despite changes in test conditions.

Table 3. Three different reservoir conditions for flow quality analysis

Case Reservoir pressure Reservoir temperature Total enthalpy

(Mpa) (K) (MJ/kg)
1 (original) 1.36 698.64 0.71
2 9.18 1498.27 1.65
3 7.42 1604.34 1.78

0.025 : Core flow region N
0.02} l :
5 I I I 1 ]
$0.015 ot foF
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5 0.01f
2 ——CFD-casel § EXP-casel
& ——CFD-case2 I EXP-case2
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O : L |
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Radius (mm)
Fig 9. Pitot-to-reservoir pressure distribution at x = 100mm
4.2. Shock Standoff Distance around Hemisphere

As presented in Fig. 10 (a), the shock standoff distance was determined through schlieren photography
using a basic pixel correlation technique. The resulting &/Ro obtained in this experiment was 0.141 +
0.001, which was subsequently converted into a Mach number range using Eq. (2) - (4). Fig. 10 (b)
shows that Serbin’s method yielded a calculated Mach number of 6.68 + 0.21, while Lobb’s method
resulted in 7.32 £ 0.35. When comparing these Mach numbers with those obtained from the pitot rake
experiment (6.76), Serbin’s method demonstrated reasonable agreement, with a maximum difference
of approximately 5%. This finding is consistent with experiments conducted by Park et al. [20] and
Seanz et al. [21] at different facilities.

It's noteworthy that both methodologies assume perfect gas behavior. However, freestream flow
through the nozzle with high enthalpy exhibits a higher degree of complexity, characterized by thermo-
chemical non-equilibrium [22]. This complexity can result in discrepancies in shock standoff distance
between ideal gas and real gas conditions. Extensive research efforts have been directed towards
elucidating this phenomenon [23]. Importantly, our experiments were conducted under very low
enthalpy conditions, where real gas effects are minimized, thereby exhibiting closer alignment with the
Serbin’s semi-theoretical model.
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Fig 10. (a) Schlieren visualization around a hemisphere, (b) Mach number comparison

5. Conclusion

This study has investigated the nozzle flow characteristics of the Seoul National University Hypersonic
Shock Tunnel (SHyST). The stagnation properties of nozzle supply were computed by 1D
thermochemical equilibrium solver using experimental data obtained from the current facility,
demonstrating its capability to generate total enthalpy up to 5 MIJ/kg. The development and
implementation of a high spatial-resolution pitot rake have facilitated the validation of computational
fluid dynamics (CFD) results, confirming the axis-symmetry and uniformity of the nozzle flow within the
test section, with an estimation of a freestream Mach number of approximately 6.8. Additionally, noise
level analysis has been conducted to evaluate pressure data oscillations and uncertainty, which were
than compared with other facilities. Examinations of freestream flow under different reservoir conditions
revealed that the uniform flow region remains unaffected by such variations. Furthermore, the
measurements of shock standoff distance through schlieren visualization provided reaffirmation of the
Mach number. Moving forward, future efforts will focus on characterizing flow dynamics around
hypersonic vehicle models such as Earth and Mars entry vehicles for space exploration, including the
investigation of thermo-chemical nonequilibrium and boundary layer transition phenomena in high-
enthalpy environments.
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