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Initial Shakedown Testing of the Stevens Shock Tunnel

D. Shekhtman*, A. Hameed', B. A. Segall*, A. R. Dworzanczyk?®, and N. J. Parzialel
Stevens Institute of Technology, Hoboken, NJ 07030, USA

The Stevens Shock Tunnel is designed to replicate hypersonic, Mach 6 flow conditions. The
tunnel produces a core flow of 0.3 m in the test section and a test time of at least 4 ms. This paper
describes the tunnel’s operation and flow characterization for a range of run conditions: Mach
5.8-6.0, enthalpy 1.5 MJ/Kg, and unit Reynolds number 0.35-8.1 x 10° 1/m (with a potentially
lower limit available). This paper also describes the use of a nozzle centerbody flow terminator
and debris blocker and tunnel cleaning to remove residual debris from a previous experiment.
Reservoir, static, and Pitot pressure measurements are presented for a range of run conditions
and compared to nozzle flow calculations.

Nomenclature
Py = Driven Section Pressure, (Pa)
Py = Driver Section Pressure, (Pa)
P, = Reservoir Pressure, (Pa)
h, = Reservoir Enthalpy, (MJ/kg)
T, = Reservoir Temperature, (K)
Ug = Shock Speed, (m/s)

Region 1 = Driven Section

Region 2 = Incident Shock-Processed Region

Region 4 = Driver Section

Region 5s = Nozzle Reservoir (Reflect-Shock-Processed Region)

I. Introduction

Hypersonic vehicle design requires an understanding of flow phenomena to (a) predict flow features (separation
bubbles, wakes, transition, etc.) and (b) calculate engineering quantities (i.e. lift, drag, wall temperature). Due to
short timescales in hypersonic flow, impulse facilities with millisecond test times can be sufficient for the research of
canonical flows and hypersonic vehicle design. Shock tunnels are typically used to replicate the enthalpy of free-flight
and Earth re-entry. Some large-scale reflected-shock tunnels include NASA HYPULSE [1], Caltech TS5 [2], High
Energy Shock Tunnel Goéttingen (HEG) [3], and the CUBRC LENS tunnels [4, 5]. In some of these shock-tunnels,
bifurcation at high driver-to-driven pressure ratios is noted, and the LENS tunnel by design required additional measures
to deal with over-pressure of the test section and dump tank [4-6].

Chu et al. [1] observed and analyzed bifurcation in the NASA HYPULSE facility at GASL. They showed that inside
the nozzle reservoir, the driver-gas makes its way towards the nozzle centerline in the form of a finger-like jetting
structure. Their proposal to alleviate driver-gas contamination effects was the installation of a sleeve in the nozzle
reservoir that is concentric with the driven tube®. In the Caltech T5 piston-driven reflected-shock tunnel, Sudani et
al. [7, 8] implemented a reservoir sleeve to block the driver-gas “finger” from contaminating the center of the nozzle
flow. Their design also incorporated a concentric reservoir to store driver gas during a run. They reported success in
increasing the usable test time prior to bifurcation. Hannemann et al. [3] at HEG also implemented a nozzle sleeve in a
piston-driven shock tunnel. However, their design did not use a separate, dedicated driver gas reservoir. Instead, the
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sleeve was conveniently mounted to the end cap of a nozzle cap. The small annular volume between the driven-tube
wall and the sleeve was used to contain driver-gas jetting during a run. They also reported an increase of approximately
100% in usable test time.

At the CUBRC LENS tunnel, steps were taken to prevent nozzle recoil and dump-tank over-pressure. Holden et al.
[9] states that the CUBRC LENS tunnel has a centerbody nozzle flow terminator and a relief tank equipped with a
pressure-relief valve in a separate outside space. Under normal operation, the centerbody apparatus functions as a
fast-acting plug valve. It blocks nozzle flow once the useful test gas slug has been depleted in the reservoir, thus ending
the tunnel run. By not allowing driver gas to pass through the nozzle, LENS can reduce nozzle recoil in addition to
preventing over-pressure of the dump tank. Additionally, the centerbody acts as a debris blocker, protecting the surfaces
of test articles in the test section.

In the Stevens Shock Tunnel, multiple strategies were employed to prevent the premature driver gas contamination
in the nozzle reservoir. These included honing the driven section pipes, extending the length of the driven section,
changing primary diaphragm station location, shock tunnel cleaning, and even installing a nozzle centerbody (to act as
both a flow terminator and diaphragm debris blocker). Their effectiveness is measured via the steadiness of nozzle rake
Pitot probes and static pressure probes and compared to nozzle calculations.

I1. Facility: The Stevens Shock Tunnel

The Stevens Shock Tunnel is a facility designed to replicate Mach 6 free-flight flow conditions with an enthalpy of
1.5 MJ/kg and a unit Reynolds number 0.35 — 8.1 x 10° m~! for at least 4 ms. The construction of the shock tunnel
obeys ASME standard B16.5 Pipe Flanges and Flanged Fittings for flanges and olets [10] and ASME standard B31.1
Power Piping for all pipes [11]. The tunnel consists of off-the-shelf components, some of which were modified with
O-ring grooves. Class 900, size 8 piping was used for the driver and driven sections, and class 150 was used for the
dump tank flanges. All welds were full-penetration in accordance with the standards. As determined by the standards
and by hydrotesting, the maximum allowable pressure of the straight portions of the driver and driven sections is
16.6 MPa (2400 psig) and the maximum allowable pressure of the elbow is 10.4 MPa (1500 psig). In Fig. 1, the current
configuration of the tunnel is displayed. The driver section is 5.0 m long, and the driven section is 11.07 m long. Up to
5 transducer stations are used to provide a shock-speed measurement. Pressure transducers are flush with the pipe. The
nozzle reservoir pressure is measured 0.0254 m (1 inch) from the shock tube end. The test section has an inner diameter
of 0.610 m (24 in) and is large enough to accommodate a 34-36° hollow-cylinder flare of 0.203 m (8 in) diameter
without tunnel startup issues (see Appendix A). The dump tanks can hold a volume of 8.78 m? (2320 gal) at a vacuum
pressure of 350 mtorr and have a maximum rated pressure of 40 psig. Helium is typically used as the driver gas, and, for
these shakedown tests, lab air is used for the test gas. To sustain the recoil of the facility, the driver section, driven
section, and nozzle rest on Standon pipe supports mounted onto Nippon bearing carriages and rails, which are fastened
to steel tables.
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Fig.1 Schematic of Stevens Shock Tunnel (SST).
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Fig. 2 Double Diaphragm Section in the Bottom Diaphragm Station, before the Elbow, as depicted in Fig. 1.

Table 1 Max Pressure Differential vs. Diaphragm Thickness for Temper O aluminum. For all diaphragms,
pressure acts on a diameter of 194 mm (7.625 in).

Grade Thi({kness Unscored, AP | Scored 0.0'10 in, AP
(in) (psi) (psi)

1100 0.020 103+ 1 N/A

1100 0.032 171 +7 N/A

1100 0.050 280+3 N/A

1100 0.090 495 +2 377

1100 0.125 665 550

6061 0.125 956 +£5 670 + 60

1100 0.190 ~1045 > 750

A. Firing Mechanisms and Diaphragm Material

The pressure rupture of either a single or double diaphragm initiates a run in the Stevens Shock Tunnel. Single-
diaphragm rupture is used for prototyping runs. As shown in Fig. 2, a double diaphragm mechanism [12] is used to
conduct high pressure runs at specified pressures and pressure ratios (P, > 1.03 MPa (150 psia))."

Typical diaphragms consist of standard square 12 in X 12 in 1100-O aluminum of different thicknesses ranging between
0.010 to 0.190 inches. Burst pressures for such diaphragms with fixed-end boundary conditions are listed in Table 1.
We observed that soft Temper O aluminum and cold-rolled steel were more effective in petalling than harder materials,
which tended to shatter during rupture. Clamping of the diaphragm is achieved by (a) twelve 1-3/8-6 Grade 5 bolts
torqued to 340-420 Ibf-ft and (b) concentric serrations on the ASME B16.5 Class 900 Flanges that prevent the slippage
of diaphragm material relative to the flange. Fixed ends constrain a diaphragm to thin out at the center instead of the
ends. Flange serrations are critical to this effect. According to Gaydon et al. [12, Ch. 5], friction generated by bolt
torque is generally insufficient as a sole means to enforce the fixed-ends constraint. A striker plate, as shown in Fig. 2, is
used to form a bend radius at the edge of each diaphragm as it bulges into a dome via applied pressure. Diaphragm
scoring is used to encourage petalling of diaphragms and to improve pressure recovery Pg/P4. Scoring to a depth of
0.010 in is accomplished via CNC machining. A stamp is currently being tested to eliminate the need to machine an X
on the diaphragms.

fMeanwhile, a pneumatic plunger mechanism, which has seen limited use in shock tube tests, is intended for use in low-to-medium pressure
experiments (P4 < 3.45 MPa (500 psia)).
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Table 2 Run Conditions, where P, is Driver-section helium pressure; P,/ P, is the driver-to-driven pressure
ratio that determines the driven air pressure P;; u, is the shock speed; M; is the shock Mach number; 7, is
the reservoir temperature; P, is the reservoir pressure; /, is the reservoir enthalpy; and Y/N denote yes or no,
respectively. D. Loc. stands for diaphragm location (T for top after elbow and B for bottom before elbow); the
ball column indicates the use of a centerbody; and the DD column indicates the use of a double diaphragm firing
mechanism. NA stands for not available. All shots except Shot 173 used a He driver. Shot 173 used a 50%
N,:50% He driver.

Shot L4 Pa Proous o, PR T heomn R pn Popp
(MPa) P, Py (m/s) (MPa) (K) (MJ/kg) 105 (1/m) Loc.
169 358 114 074 1220 3.51 267 1670 157 583 3.0 Y

171 338 107 0.80 1200 3.44 272 1650 1.54 5.90 NA
173 0.88 5 090 500 1.44 079 470 0.17 5.87 7.0
179 393 125 0.74 1240 3.58 293 1740 1.66 5.60 NA
180 1.21 120 0.71 1200 3.44 0.859 1650 1.54 6.05 0.94
181 347 121 0.69 1220 3.51 240 1670 1.56 5.89 NA
182 529 115 071 1220 3.77 240 1660 1.56 5.83 NA
183 6.99 115 0.73 1200 3.44 509 1640 1.53 5.94 53
184 7.03 111 0.74 1200 3.44 5.17 1630 1.51 5.84 5.6
185 826 110 0.74 1220 3.51 6.11 1660 1.51 5.80 6.4
189 104 110 N/A 1220 351 N/A N/A N/A 5.85 N/A
190 103 110 0.73 1200 344 752 1620 1.51 5.75 8.14
192 045 110 0.73 1220 3.51 0326 1650 1.54 5.95 0.35
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I11. Shakedown Testing of Stevens Shock Tunnel

A variety of different configurations and setups were attempted in the Stevens Shock Tunnel to optimize operation.
Fig. 1 shows the current setup of the tunnel with a long driven section (11 m) and the diaphragm station in the bottom
before the elbow. A rake with 12 pitot probes was mounted to capture the axial flow profile of the nozzle. Two static
pressure probes were mounted: one 67.56 mm (2.66 in) from the centerline of the nozzle to obtain centerline pressure and
the other 76 mm (3 in) above the nozzle wall. Run conditions are listed in Table 2. Reservoir Conditions were calculated
in MATLAB using Cantera [13] with the Shock and Detonation Toolbox [14]. The appropriate thermodynamic data are
found in the literature [15, 16].

In Fig. 3, shots 180-185 and 189 were conducted with a double diaphragm firing mechanism and a neoprene ball
centerbody (see Fig. 6) at a pressure ratio P4/P; range of 110-121, corresponding to a reservoir enthalpy Hg range of
1.51-1.56 MJ/kg. For a range of driver pressures 1.21 < P4 < 8.26 MPa (175-1200 psia), the reservoir pressure Pg
was sufficiently tailored at 0.859-6.11 MPa and the reservoir temperature was 1630 — 1660 K. For shots 180-190, the
nozzle generated Mach 5.8-6.0 flow with a unit Reynolds number between 0.94-8.1 x 10° 1/m and a static pressure of
0.053-3.62 kPa (0.0076-0.53 psi).

Fig. 3 shows pressure traces with no evidence of driver gas contamination, which we believe to be indicated by the
onset of large oscillations in the Pitot probe traces (see Figs. 7 and 8 for examples). Fig. 4 demonstrates that the core
flow has a diameter of at least 300 mm (11.8 in). Numerical nozzle flow solutions were obtained via the University
of Minnesota Nozzle Code (known also as the Data Parallel Line Relaxation (DPLR) computational fluid dynamics
code) [17]. The measured static pressure, Pitot-pressure profile, and the Mach number agree well with the computed
laminar nozzle calculations; but, the laminar calculation does not predict the shear-layer width. If a turbulent flow
solution is calculated with DPLR, the static and Pitot pressures are over-predicted by approximately 5%, but the larger
shear layers are captured. Because we are only interested in the mean value of the core flow, we will use the laminar
conditions for the run-condition calculation for this paper and examine alternate turbulence models in the future.
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Fig.3 Shock Tunnel Pressure Traces for Shock Tunnel Run Initiated by a Double Diaphragm Firing Mechanism.
Note that pitot probes shown lie within the nozzle core flow. The red overline represents usable test time.

IV. Centerbody Design

Premature arrival of driver gas in the reservoir region would manifest as large oscillations in Pitot-pressure traces, a
bump in the center of the Pitot-pressure profile, and potentially, altering the test-gas composition (as shown in Fig. 12 at
5.5 ms). The causes of this early, nonuniform reservoir contamination likely includes bifurcation. According to Davies
[18] and Davies et al. [19], when helium gas drives nitrogen test gas, bifurcation occurs when the incident shock Mach
number is greater than 3.5, which unfortunately is near the run condition (listed in Table 2) for generating tunnel’s design
enthalpy. From [1, 20], wall-jetting due to bifurcation forms a finger-like structure that contaminates the centerline of the
nozzle exit flow. Following the strategy of Holden et al. and CUBRC [4, 9] for the CUBRC Shock Tunnel, a simplified
implementation of a centerbody apparatus was installed in the reservoir section of the Stevens Shock Tunnel to terminate
nozzle flow once the useful test gas slug has been depleted. As shown in Fig. 6, a neoprene ball was placed 16 mm
(0.63 inches) from the reservoir region. During a shock tunnel run, driven and driver gas push the ball approximately
36 mm (1.415 in) towards the nozzle converging section. The ball’s motion is depicted sequentially in Figs. 6a and 6b.

The neoprene ball centerbody fulfills three major functions. It (1) prevents diaphragm debris from entering the nozzle,
(2) shields the nozzle, and (3) blocks premature arrival of driver gas along the tunnel centerline. As demonstrated by
Fig. 7, the neoprene ball is one major factor in the generation of smooth Pitot and static pressure traces. It prevents
driver gas contamination from occurring within the test time at = 7 ms. Additionally, if the ball properly seals during a
run, nozzle recoil and structural loading are significantly reduced; and potentially, driver gas remaining in the tube can
be piped out and reused. Efforts to reliably seal with the ball centerbody are still ongoing, bearing in mind that the ball’s
center should be initially along the centerline of the nozzle.
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Fig.4 Shock Tunnel Pressure Traces for Shock Tunnel Run Initiated by a Double Diaphragm Firing Mechanism.
Note that pitot probes shown lie within the nozzle core flow.

In the Pitot-pressure traces in Fig. 8, the location of the diaphragm station (top or bottom of elbow) also plays a role in
preventing driver gas contamination from taking place during the test time. With the diaphragm located at the top of the
elbow, the reservoir pressure trace is steady for a longer period, but the test slug is smaller, so the usable test time is
shorter. With the diaphragm station located at the bottom of the elbow, the expansion fan terminates the test time, not
the onset of large flow oscillations.

However, when the ball is used in conjunction with the diaphragm station placed below before the elbow, pressures
traces like those obtained during Shot 169 become routine in the SST, as demonstrated in Figs. 3 and 4. When
considering the deployment of test articles in the test section of the SST, start-up time must be subtracted from usable
test time. Therefore, from Fig. 12 in appendix A, the unwanted growth of the separation bubble, due to driver gas
contamination, can be delayed by 2 ms, resulting a longer, usable test time beyond 5.86 ms, as shown by traces for Run
156, available upon request.

V. Effect of Tunnel Cleanliness

The discussion on the location of the diaphragm station and the use of the ball as a debris blocker extends into shock
tunnel cleanliness. Diaphragm ruptures and dump-tank dust clouds deposit material throughout the shock tunnel.
Cleaning is essential to protect the integrity of the contact surface during a test and to reduce the amount of debris
passing past the ball into the test section. Using the motorized cart presented in Fig. 9 to push out large debris and
lay a line through the driven section in Fig. 1, a foam bucket with microfiber cloths is pulled through, collecting dust
and small debris. In Fig. 10, the effect of tunnel cleanliness manifests as the amount of diaphragm debris prevented
from flying into the test section. Shot 128 is a control shot with no implemented cleaning strategy. Shot 179 is a
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Fig.5 Nozzle Centerbody. Left: Picture of Nozzle Centerbody. Right: Static Pressure Traces for Multiple Shots
Showing Test Intervals and Ball-Plugging Times.

(a) Ball Start Position (b) Ball Final Position

Fig. 6 Schematic of Ball Plugging the Nozzle Converging Section. The ball moves a distance of 35.8 mm (1.41 in)
from positions (a) to (b).

shot that uses driven tube cleaning, without a nozzle centerbody (the ball). Shot 157 shows that the ball centerbody
and tunnel cleaning are effective in keeping the test section clean during the test time. It is noted that schlieren was
unable to indicate the presence of small particulate in the test section. Images were obtained via a Phantom Camera at
20 kHz framerate aimed at the test section window with a Nikon NIKKOR 24-85-mm {/2.8-4D. Maintaining tunnel
cleanliness preserves the surface integrity of test articles and the prevents premature transition to turbulence on test
articles by diaphragm debris. This adds further sustainability to the test article surface (including coatings such as
pressure-sensitive and temperature-sensitive paints [21]) and contributes to the integrity of turbulence experiments, as
emphasized by the work of Jewell et al. [22].

VI. Extending Usable Test Time and Increasing Reynolds Number via N,:He Driver

By using a 50% N,/50% He Driver with P4/P; = 5, the run time can be approximately tripled to 15 ms, and the unit
Reynolds number 7 x 10° 1/m is achieved in exchange for a reduced enthalpy of 0.17 MJ/kg. The run conditions for
this shot, run 173, are detailed in Table 2. The driver gas mixture was prepared in a pressurized tank and left idle for
two days. A 50% N,/50% He Driver with P4/P; = 5 is a compromise in required driver pressure P4 (0.88 MPa vs
~8.3 MPa) and generated reservoir enthalpy (0.17 MJ/kg vs. 1.5 MJ/kg) for a larger Reynolds number and test time.
The extended test time and increased Reynolds number can be used towards turbulence experiments and models which
have longer start-up times.
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Fig. 7 Shock Tunnel Pressure Traces (a) with and (b) without a ball centerbody, shown in Fig. 6. Note that pitot
probes shown lie within the nozzle core flow.

40 ——— 40 ————
——Reservoir Pressure, Pr ——Reservoir Pressure, Pr
35+ —— Static Pressure, Pyqe x 1000 | 351 —— Static Pressure, Pyqre % 1000 |
——Pitot Pressure, Pp x 10 ——Pitot Pressure, Pp x 10
30 1 30 1
T o5t T o5t
< <
g 20t 201
w w
L 15¢ L 15¢
101 101
5r 5
0 J . . . . . . . . . . . 0 ) . . . . . . . . . . .
1 0 1t 2 3 4 5 6 7 8 9 10 11 12 18 1+ 0 1t 2 3 4 5 6 7 8 9 10 11 12 138
Time (ms) Time (ms)
(a) Shot 171: Top Diaphragm Station (b) Shot 169: Bottom Diaphragm Station

Fig. 8 Shock Tunnel Pressure Traces with two Different Diaphragm Locations: (a) after elbow and (b) before
elbow, as shown in Fig. 1. Note that pitot probes shown lie within the nozzle core flow.

VII. Conclusions

Steady pitot and static pressure traces are presented for experiments over a range of unit Reynolds number (0.35-
8.1 x 10° 1/m) at Mach 5.8-6.0 and enthalpy 1.54 MJ/kg. By preventing or delaying the premature arrival of driver gas
by using a nozzle centerbody and a diaphragm station before the elbow, usable test time is maximized up to the arrival of
the expansion fan. Additionally, diaphragm debris was prevented from entering the test section via the nozzle centerbody.
Tunnel cleanliness also played an important role in configuring the Stevens Shock Tunnel for transition and turbulence
experiments. By reducing the debris output of the nozzle, the surfaces of test articles in the test section are protected.
The success of the ball centerbody raises new questions and research opportunities in the Stevens Shock Tunnel.

Appendix A: Driver-Gas Contamination Detection via Schlieren Imaging of a 36°
Hollow-Cylinder Flare
This section shows the size of the separation bubble over a hollow-cylinder flare in Fig. 12 can be used to confirm the

presence of driver gas contamination for shot 106, when nozzle probes are unavailable. A table of run conditions for
shot 106 is provided in Table 3.



Downloaded by Nick Parziale on May 9, 2022 | http://arc.aiaa.org | DOI: 10.2514/6.2022-1402

Shot 128
No Ball
No Cleaning

Shot 179
No Ball
W/ Cleaning

Shot 157
W/ Ball
WY/ Cleaning

t=5ms t=6ms t=8ms

Fig. 10 Effect of Tunnel Cleaning Procedures and Centerbody Apparatus on Debris Entering the Test Section.

Acknowledgments
Nick Pariale, Ahsan Hameed, Ben Segall, Alex Dworzanczyk, and David Shekhtman were supported by various
ONR and ASFOR Grants, including N00014-19-1-2523, N00014-20-1-2637, N00014-20-1-2682, N00014-20-1-2549,
FA9550-16-1-0262, FA9550-18-1-0403, and FA9550-19-1-0182. We thank Eric Marineau and the Office of Naval



Downloaded by Nick Parziale on May 9, 2022 | http://arc.aiaa.org | DOI: 10.2514/6.2022-1402

1 5 T T T
——Reservoir Pressure, Pr

——Static Pressure, Pyaic X 1000
Pitot Pressure, Pp x 10

Pressure (bar)

7.5 10 12.5 15 17.5 20
Time (ms)

Fig. 11 Pressure Traces for Shot 173 with a 50% N,/50% He Driver with P,/P| = 5.

Table 3 Run Condition for a Shot with a Hollow-Cylinder Flare. P, is Driver-section pressure; P,/P; is
the driver-to-driven section ratio; u  is the shock speed; M, is the shock Mach number; 7, is the reservoir
temperature; P, is the reservoir pressure; /, is the reservoir enthalpy; and Y/N denote yes or no, respectively.
Ball and DD represent the use of a centerbody and double diaphragm, respectively.

Shot P4 (MPa) P4/Py uy(m/s)y My P,(MPa) T,(K) h. MJkg) Ball D.Loc. DD
106 78.3 155 1325 3.81 5.55 1930 1.91 N T N

Research for sponsoring the construction and development of the Stevens Shock Tunnel. We also thank ASFOR program
manager Sarah Popkin for her support. We would also like to thank our summer scholars, James Chen and Joyce Lin for
their contribution to diaphragm scoring, tunnel maintenance, and centerbody implementation.
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