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Hypersonic Transition in High Enthalpy Facilities

• Longshot at the von Karman Institute, Belgium [25, 26]

• High Enthalpy Shock Tunnel Göttingen (HEG), Germany [27–31].

In the following section the High Enthalpy Shock Tunnel Göttingen (HEG) and its operating principle will be
introduced in more detail as a representative free-piston driven reflected shock tunnel.

2.1 The High Enthalpy Shock Tunnel Göttingen (HEG)

The High Enthalpy Shock Tunnel Göttingen (HEG) is a free-piston driven reflected shock tunnel providing a
pulse of gas to a hypersonic nozzle at stagnation pressures of up to 200 MPa and stagnation enthalpies of up to
25 MJ/kg.[32–35] The overall length and mass of the facility is 60 m and 250 t, respectively. As depicted in
figure 1 the tunnel consists of three main sections. The driver section consists of a secondary reservoir which
can be pressurized up to 23 MPa and a 33 m long compression tube. The adjoining shock tube (or driven tube)
has a length of 17 m. The end of the tube is equipped with a sleeve to allows tests at high enthalpy.[36] The
shock tube is separated from the compression tube by a 3 − 18 mm stainless steel main diaphragm. The third
section is separated by a thin Mylar R© diaphragm and consists of the Laval nozzle, the test section and the
dump tank. HEG was designed to investigate hypersonic flows with high enthalpies. To obtain such enthalpies,

Figure 1: Schematic view of the High Enthalpy Shock Tunnel Göttingen (HEG), Martinez Schramm [37].

high shock speeds are required in the shock tube which is realized by generating a driver gas with a high
speed of sound. This is achieved through a combination of light driver gas and a high driver gas temperature.
Various techniques have been developed to generate such driver gas conditions, e.g. heating through electrical
resistance, arc heating, combustion drivers or shock heated drivers. However, these techniques have a number
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the shock tube end wall and ruptures the secondary diaphragm mounted close to the nozzle throat, position 5.
The reflected shock leaves a region of almost stationary high temperature test gas in the nozzle reservoir which
subsequently expands through the convergent-divergent hypersonic nozzle, position 6, into the test section, po-
sition 7, and the dump tank, position 8.
Figure 2 shows a subset of the HEG test conditions which are realized by the above described operating prin-
ciple. The test conditions are presented in an altitude over velocity coordinate system to indicate the achieved
velocities typical for high enthalpy shock tunnels. Furthermore, the figure contains information on the different
Mach number ranges and test windows for instance of interest with regard to hypersonic glider and scramjet
studies.

3.0 FREE-STREAM DISTURBANCES IN SHOCK TUNNELS

Free-stream disturbances play an important role in the boundary layer transition process since the breakdown
mechanisms are initial condition dependent. The process through which free-stream disturbances such as vor-
ticity, sound, entropy inhomogeneity as well as microscale and macroscale particulates, enter the boundary
layer as unsteady fluctuations of the basic state is called receptivity.[44] Since the majority of the transition
studies are conducted in noisy facilities and existing quiet tunnels cannot cover the full range of hypersonic
flows it is important to characterize the free-stream disturbances.
A number of experimental techniques are commonly used for this purpose. For instance hot wire anemometry
(HWA) is widely used to quantify disturbances radiated from a supersonic turbulent boundary layer or to de-
termine the source and the nature of the disturbances.[45, 46] Recently, Masutti et al. [47] characterized the
disturbance level of the Mach 6 blow-down facility H3 at VKI. Unfortunately, the technique is not applicable to
shock tunnels. Due to the limited bandwidth, approximately 100 kHz, the high frequency content in such flows
cannot be assessed. Furthermore, the total temperatures in such facilities are very high compared to blow-down
or Ludwieg tube facilities which thwarts the data reduction strategy introduced by Smits et al. [48]. Further-
more, the harsh test environment and the impulsive nature of the flow most likely compromise the delicate HWA
wires. Another popular technique widely used to assess free-stream disturbances is the pitot probe.[25, 49–53]
Although the technique is easy to realize, it suffers from a number of drawbacks. For instance, to avoid pro-
tective cavities, which lead to frequency-dependent damping effects and resonances, the transducers need to be
flush-mounted facing the stagnation conditions. In shock tunnels, this puts the transducers at risk of excessive
thermal loading and particulate impact. Furthermore, Chaudhry et al. [54] studied the transfer function of
various pitot probe geometries, considering fast acoustic, slow acoustic and entropy disturbances. The transfer
functions were found to be a strong function of the shock stand-off distance and the probe geometry, which
is not standardized, and thus makes the comparison of results obtained with different probes difficult.[55] A
promising alternative to intrusive techniques is the non-intrusive focused laser differential interferometer tech-
nique applied by Parziale et al. [56] to conduct quantitative measures of density fluctuations in the reflected
shock tunnel T5. The technique was first described by Smeets [57] and exhibits a very high frequency response
(above 10 MHz) and an adequate spatial resolution. The technique is limited to density fluctuations and unfor-
tunately cannot easily be transferred between different facilities due to its elaborate setup.
Ali et al. [58] investigated the free-stream disturbance spectra in a Mach 6 wind tunnel by means of a cone probe
in combination with HWA and a pitot probe. The experimental activities were complemented by a numerical
study conducted by Schilden et al. [59]. The combined study also aimed for decomposing the measured free-
stream disturbances into the three disturbance modes as introduced by Kovasznay [60]. For the investigated test
cases the acoustic mode was found to be about one order of magnitude higher compared to the entropy mode
whereas the vorticity mode was found to be negligible, which is in line with Pate’s observation [61].
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Figure 4: Amplitude spectra (signal rms in a 1 kHz frequency window) measured using piezoelectric transduc-
ers on the wedge probe in HEG at Mach 7.4. [9]

Figure 5: Surface pressure rms normalized by mean surface pressure evaluated between 1 kHz and 50 kHz. [9]

Figure 6: Surface pressure rms normalized by mean surface pressure evaluated between 200 kHz and 300 kHz.
[9]
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second mode instability from the image noise. A detailed study of the second mode wave packets by means of
wavelet analysis is provided in Benjamin [65]. The proof of the existence of the second mode instability and

Figure 8: Wavelet analysis applied to a schlieren image (top) to capture the fundamental wave of the second
mode instability (middle) and the first harmonic (bottom).[65]

its dominance in the transition process allows to develop possible control strategies as will be discussed in the
following section.

4.2 Transition Control Strategies

Vehicles that would benefit most from transition control, resulting in a delay of transition, are those travelling
over a long period of time at hypersonic speeds such as airbreathers or gliders. In contrast, reentry vehicles
and missiles are due to their short peak-heating times less sensitive to transition. In general, transition control
strategies can be active or passive. They can be used to trip the boundary layer or to postpone the transition
process. For the latter, active strategies modulate the boundary layer at frequencies comparable to the frequency
of the travelling instability wave. The topic is subject to present research typically using electrical discharge
devices which can generate high frequency disturbances up to 1 MHz and above [66–69] or plasma generators
[70–74].

Passive control strategies are more robust and thus more likely to be realised first on hypersonic systems. To
successfully control transition the dominant instability mechanism leading to transition needs to be identified.
A detailed description of hypersonic transition mechanisms is provided by Saric et al. [75]. Based on the
identified dominant instability the following strategies can be followed to control transition (in any sense):

• body shaping (e.g. nose bluntness, surface curvature, cross flow avoidance) [76–78]

STO-AVT-289 - Multiphysics phenomena analysis on boundary layer stability in hypersonic regime 7- 9





Hypersonic Transition in High Enthalpy Facilities

Figure 10: Measured reflection coefficient of a CC-SiC. [6]

4.2.0.2 HEG Wind Tunnel Model

A 7◦ half-angle blunted cone with an overall length of 1100 mm and an exchangeable nose tip was used to
study passive hypersonic boundary layer transition control by porous coatings in HEG. For the experiments
nose radii of 2.5 mm and 5 mm were used. The model was equipped with a 835 mm long insert of ultra-

Figure 11: Technical drawing of a 7 ◦ half angle cone model with porous insert for passive transition delay. The
total length of the model is 1100 mm.

sonically absorptive carbon-carbon ceramic (C/C). The insert started at 182 mm measured from the 2.5 mm
model tip and covers 122◦ of the model surface in circumferential direction, figure 11. To minimize potential
discontinuities at junctions the model was machined with the C/C insert installed. The model was equipped
with 49 flush mounted coaxial thermocouples to measure the transition location by means of surface heat flux
evaluation. Furthermore, 12 piezoelectric fast response pressure transducers were flush mounted on the solid
surface and the porous surface. The transducer positions on the model were chosen based on the experience
gathered in previous studies, Wagner et al. [96].
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Figure 13: Normalized heat flux distribution on the cone above a smooth and a porous surface showing a
significant delay of the transition process on the porous surface for different unit Reynolds numbers. [97]

surface compared to the smooth surface. After successfully proofing the concept a design approach was set up
to allow a targeted material development, optimized for a predefined application range. The new materials will
be CC-SiC ceramics and will not only have improved acoustic properties but will also be temperature stable to
resist heat loads present in hypersonic sustained flight. To facilitate the optimization process between material
development, manufacturing and testing a test bench to inexpensively access the reflection coefficient of new
materials was setup. This allows to investigate a number of possible ceramics and to finally chose the most
promising candidate for wind tunnel or flight tests.[6]

5.0 CONCLUSION

Hypersonic high enthalpy facilities play an important role in the field of boundary layer transition research. Al-
though these facilities, in general shock tunnels, have a number of drawbacks such as short test times and harsh
test environments, they provide access to typical flight conditions which cannot be covered by cold hypersonic
facilities. Efforts are taken to determine the free-stream disturbance levels in shock tunnels. Although it is
a challenging task, progress has been achieved by introducing a wedge shaped probe which was successfully
used in HEG and two additional cold hypersonic facilities at Mach 3, Mach 6 and Mach 7.4. The test conditions

STO-AVT-289 - Multiphysics phenomena analysis on boundary layer stability in hypersonic regime 7- 13





Hypersonic Transition in High Enthalpy Facilities

[11] Cerminara, A., Boundary-layer receptivity and breakdown mechanisms for hypersonic flow over blunt
leading-edge configurations, Ph.D. thesis, University of Southampton, 2017.

[12] He, Y. and Morgan, R. G., “Transition of compressible high enthalpy boundary layer flow over a flat
plate,” Aeronautical Journal, 1994, pp. 25–34.

[13] Mee, D. J. and Goyne, C. P., “Turbulent spots in boundary layers in a free-piston shock-tunnel flow,”
Shock Waves, Vol. 6, 1996, pp. 337–343.

[14] Mee, D. J., “Boundary layer transition measurements in hypervelocity flows in a shock tunnel. AIAA
Paper 2001-0208,” 39th AIAA Aerospace Sciences Meeting and Exhibit, January, 2001, pp. 8–11.

[15] Adam, P. H. and Hornung, H. G., “Enthalpy Effects on Hypervelocity Boundary-Layer Transition: Ground
Test and Flight Data,” Journal of Spacecraft and Rockets, Vol. 34, No. 5, 1997, pp. 614–619.

[16] Germain, P. D. and Hornung, H. G., “Transition on a slender cone in hypervelocity flow,” Experiments in
Fluids, Vol. 22, No. 3, Jan 1997, pp. 183–190.

[17] Parziale, N. J., Shepherd, J. E., and Hornung, H. G., “Differential Interferometric measurement of Insta-
bility in a hypervelocity boundary layer,” AIAA Journal, Vol. 51, No. 3, Nov. 2012, pp. 750–754.

[18] Wadhams, T. P., Mundy, E., Lean, M. G. M., and Holden, M. S., “Ground Test Studies of the HIFiRE-1
Transition Experiment Part 1: Experimental Results,” Journal of Spacecraft and Rockets, Vol. 45, No. 6,
November-December 2008, pp. 1134–1148.

[19] Holden, M. S., Wadhams, T. P., MacLean, M., and Mundy, E., “Review of studies of boundary layer tran-
sition in hypersonic flows over axisymmetric and elliptic cones conducted in the CUBRC shock tunnels,”
AIAA paper, Vol. 782, 2009.

[20] Wadhams, T. P., MacLean, M., Holden, M., and Berry, S., “A Review of Transition Studies on Full-Scale
Flight Vehicles at Duplicated Flight Conditions in the LENS Tunnels and Comparisons with Prediction
Methods and Flight Measurement,” AIAA Paper, Vol. 1246, 2010, pp. 48.

[21] Wadhams, T. P., MacLean, M. G., and Holden, M. S., “Recent Experimental Studies of High Speed
Boundary Layer Transition in LENS Facilities to Further the Development of Predictive Tools for Bound-
ary Layer Transition in Flight,” 50th AIAA Aerospace Sciences Meeting including the New Horizons Forum
and Aerospace Exposition, 2012, AIAA 2012-0470.

[22] Tanno, H., Komuro, T., Sato, K., Itoh, K., Takahashi, M., and Fujii, K., “Measurement of hypersonic
boundary layer transition on cone models in the free-piston shock tunnel HIEST,” 47th AIAA Aerospace
Sciences Meeting, January 2009, AIAA 2009-781.

[23] Tanno, H., Komuro, T., Sato, K., Itoh, K., Takahashi, M., and Fujii, K., “Measurement of hypersonic high-
enthalpy boundary layer transition on a 7 degree cone model,” 48th AIAA Aerospace Sciences Meeting
Including the New Horizons Forum and Aerospace Exposition, January 2010, AIAA 2010-310.

[24] Nagayama, T., Nagai, H., Tanno, H., and Komuro, T., “Visualization of Hypersonic Boundary Layer
Transition on Elliptic Cone in High Enthalpy Shock Tunnel with Temperature-Sensitive Paint,” AIAA
SciTech Forum, Jan. 2016.

STO-AVT-289 - Multiphysics phenomena analysis on boundary layer stability in hypersonic regime 7- 15





Hypersonic Transition in High Enthalpy Facilities

[40] Morgan, R., Free piston driven reflected shock tunnels, Chapter 4.2 in Handbook of Shock Waves, Vol. 1,
Academic Press, 2001.

[41] Stalker, R. J., An investigation of free piston compression of shock tube driver gas, No. MT-44 in Canada
Nrc Mechanical Engineering Report Mt, National Research Council of Canada, 1961.

[42] Stalker, R. J., “The Free-Piston Shock Tube,” The Aeronautical Quarterly, Vol. 17, November 1966,
pp. 351–370.

[43] Stalker, R. J., “A Study of the Free-Piston Shock Tunnel,” AIAA Journal, Vol. 5, No. 12, December 1967,
pp. 2160–2165.

[44] Morkovin, M. V., “Critical evaluation of transition from laminar to turbulent shear layers with emphasis on
hypersonically travelling bodies,” Tech. Rep. AFFDL-TR-68-149, Air Force Flight Dynamics Laboratory,
1969.

[45] Laufer, J., “Some Statistical Properties of the Pressure Field Radiated by a Turbulent Boundary Layer,”
The Physics of Fluids, Vol. 7, No. 8, 1964, pp. 1191–1197.

[46] Anders, J. B., Stainback, P. C., Keefe, L. R., and Beckwith, I. E., “Fluctuating disturbances in a Mach 5
wind tunnel,” AIAA Journal, Vol. 15, No. 8, Aug. 1977, pp. 1123–1129.

[47] Masutti, D., Spinosa, E., Chazot, O., and Carbonaro, M., “Disturbance Level Characterization of a Hy-
personic Blowdown Facility,” AIAA Journal, Vol. 50, No. 12, 2012, pp. 2720–2730.

[48] Smits, A. J., Hayakawa, K., and Muck, K. C., “Constant temperature hot-wire anemometer practice in
supersonic flows,” Experiments in Fluids, Vol. 1, No. 2, 1983, pp. 83–92.

[49] Wendt, V., Simen, M., and Hanifi, A., “An experimental and theoretical investigation of instabilities in
hypersonic flat plate boundary layer flow,” Phys. Fluids 7, Vol. 4, 1995, pp. 877–887.

[50] Bounitch, A., Lewis, D., and Lafferty, J., “Improved Measurements of ”Tunnel Noise” Pressure Fluctu-
ations in the AEDC Hypervelocity Wind Tunnel No. 9,” 42nd AIAA Fluid Dynamics Conference, Jan.
2011.

[51] Rufer, S. J. and Berridge, D. C., “Pressure Fluctuation Measurements in the NASA Langley 20-Inch Mach
6 Wind Tunnel,” 42nd AIAA Fluid Dynamics Conference, 2012.

[52] Gromyko, Y. V., Polivanov, P. A., Sidorenko, A. A., Buntin, D. A., and Maslov, A. A., “An experimental
study of the natural noise in the Transit-M hypersonic wind tunnel,” Thermophysics and Aeromechanics,
Vol. 20, No. 4, 2013, pp. 481–493.

[53] Mai, C. L. and Bowersox, R. D., “Effect of a Normal Shock Wave on Freestream Total Pressure Fluctua-
tions in a Low-Density Mach 6 Flow,” AIAA Aviation, June 2014.

[54] Chaudhry, R. S. and Candler, G. V., “Recovery of Freestream Acoustic Disturbances from Stagnation
Pressure Spectrum in Hypersonic Flow,” AIAA SciTech, 2016.

[55] Heitmann, D., C., K., Radespiel, R., Rödiger, T., Knauss, H., and Krämer, E., “Disturbance-level and
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