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KEYWORDS Abstract Hypersonic and high-enthalpy wind tunnels and their measurement techniques are the
High-enthalpy flow: cornerstone of the hypersonic flight era that is a dream for human beings to fly faster, higher
Hypersonic wind tunnel; and further. The great progress has been achieved during the recent years and their critical tech-
Aerospace vehicle; nologies are still in an urgent need for further development. There are at least four kinds of hyper-
Aerodynamic balance; sonic and high-enthalpy wind tunnels that are widely applied over the world and can be classified
Heat flux sensor; according to their operation modes. These wind tunnels are named as air-directly-heated hypersonic
Opticgl measurement wind tunnel, light-gas-heated shock tunnel, free-piston-driven shock tunnel and detonation-driven
technique shock tunnel, respectively. The critical technologies for developing the wind tunnels are introduced

in this paper, and their merits and weakness are discussed based on wind tunnel performance eval-
uation. Measurement techniques especially developed for high-enthalpy flows are a part of the
hypersonic wind tunnel technology because the flow is a chemically reacting gas motion and its
diagnosis needs specially designed instruments. Three kinds of the measurement techniques consid-
ered to be of primary importance are introduced here, including the heat flux sensor, the aerody-
namic balance, and optical diagnosis techniques. The techniques are developed usually for
conventional wind tunnels, but further improved for hypersonic and high-enthalpy tunnels. The
hypersonic ground test facilities have provided us with most of valuable experimental data on
high-enthalpy flows and will play a more important role in hypersonic research area in the future.
Therefore, several prospects for developing hypersonic and high-enthalpy wind tunnels are pre-
sented from our point of view.
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1. Introduction

The hypersonic and high-enthalpy flow is referred to as a gas
flow with high kinetic energy, in which there may exist thermal
and chemical reactions behind the bow shock or within the
boundary layer. The term “hypersonic’ was first used by Tsien
in his research article ‘Similarity laws of hypersonic flows’' to
distinguish the flows at speeds much higher than the local
speed of sound from supersonic flows where thermal and
chemical reaction effects on flow motion can be ignored. By
far, hypersonics, the research field of hypersonic and high-
enthalpy flows, has become a leading discipline branch of
gas dynamics for more than a half century, featuring the distin-
guishing characteristics and a promising background of engi-
neering application.” Here, the critical techniques that we are
going to talk about are the wind tunnel techniques to generate
hypersonic and high-enthalpy test flows for the study on the
aerodynamic performance of hypersonic aircraft.’

The primary features of a hypersonic and high-enthalpy
flow are the high kinetic energy and the high stagnation tem-
perature. The key aerodynamic phenomena and their effects
on aircraft performance were first discovered during the atmo-
spheric reentry of the space vehicles such as space capsules or
space shuttles. Such vehicles encounter extremely strong nose
shock waves and viscous friction along the surfaces that can
heat the surrounding air to a temperature up to thousands
or even ten thousand degrees. Molecule vibration excitation,
gas dissociation and atom ionization may occur successively
as the gas temperature increases. In such a situation, air will
no longer be an ideal gaseous mixture, but a chemically react-
ing media varying with the flow temperature. The substantial
change in the flow media results in changes to the constitutive
relation of the high-enthalpy flows in which the energy transi-
tion takes place within chemically reacting gases and flow
motions. This is the fundamental issue of hypersonic and
high-enthalpy flows and boosts study on the chemical physics
of gas dynamics.”

The aforementioned physicochemical processes occurring
in high-enthalpy flows at micro scales may have significant
effects on aerodynamic performance of hypersonic vehicles.
Being different from subsonic and supersonic flows, the chem-
ically reacting gas flows feature nonlinearity, non-equilibrium,
multi-scale and multi-physics properties and impose a big gap
between theoretical analysis and the high-enthalpy flows. For
numerical simulations, the difficulty is still there on the way
to interpret the chemical reaction processes correctly because
of the fact that the flight test data have demonstrated discrep-
ancies from both the numerical simulations and the wind tun-
nel experiments. Therefore, modeling the hypersonic and high-
enthalpy flows with acceptable accuracy is still an open prob-
lem. Consequently, developing advanced hypersonic wind tun-
nel techniques to gain reliable experimental data is the primary
research approach for high temperature gasdynamics.” >

There are four challenging issues for us to consider for
developing hypersonic and high-enthalpy wind tunnels. The
first issue is how to duplicate the total temperature of hyper-
sonic flights. The temperature is a primary requirement to
reproduce the thermo-chemical reactions occurring at different
flight March numbers. For instance, the total temperature
should be around 2300 K to simulate the hypersonic flight at
altitude of 30 km for a Mach number of 7. Oxygen molecules

around the stagnation region start to dissociate at the temper-
ature level. The total temperature of the test flow rises to
4500 K for a Mach number of 10 and nitrogen molecules begin
to dissociate behind the bow-shock. In the Mach number 20
hypersonic flight, both oxygen and nitrogen atoms may ionize
in the boundary layer around hypersonic vehicles. Therefore,
the total temperature is the key parameter for simulating
high-enthalpy flows. The second one is how to make the chem-
ically reacting processes similar to each other at both the scaled
test model and the full-size vehicle in flight tests. The binary
scaling is not applicable for chemically reacting flows where
recombination reactions take place since the flow temperature
decreases downstream from the stagnation region. Further-
more, for the hypersonic boundary layer transition, the surface
roughness and catalytic reactions are also not scalable. There-
fore, large-scale test models, if applicable, are required in
hypersonic and high-enthalpy flow tests to avoid the model-
scaled effect associated with chemical reactions. So, both the
pure air and the large test flow field are also the primary
requirements for acquiring reliable experimental data from
hypersonic wind tunnel tests. The third one is how to simulate
the flow velocity according to flight conditions. The reasonable
simulation of velocity profiles of the boundary layer along a
vehicle surface is a base to obtain both the friction drag and
heat flux with acceptable accuracy.

The last issue is how to simultaneously realize the hyperve-
locity, chemical kinetics and large-scale test models, while
maintaining sufficient long test time with hypersonic and
high-enthalpy wind tunnels. For instance, to simulate the real
flight conditions for a Mach number of 8 at an altitude of
30 km, the required total temperature is up to 3000 K. Fur-
thermore, if a test flow field with a diameter of 3 m is required
to accommodate large-scale models, the output power of the
facility is about 900 MW. The output power is even higher
than the total installed power capacity of the Gezhouba hydro-
power station located in the Yangtze River in west China. It is
not practicable to meet such an output power for conventional
blow-down wind tunnels operated in a continuous mode.

After more than sixty years’ research work, hypersonic
ground test facilities suitable for exploring aero-
thermochemistry still rely on high-enthalpy shock tunnels.
Many shock tunnels were built over the world, for example,
the Large Energy National Shock tunnels (LENS) in USA,
the High-Enthalpy Shock Tunnel (HIEST) in Japan, the
High-Enthalpy Shock Tunnel (HEG) in Germany, the JF-10
high-enthalpy shock tunnel, the JF-12 hypersonic flight-
duplicated shock tunnel and the JF-16 hypervelocity expansion
tunnel in China.> ® Some examples of high-enthalpy shock
tunnels running in the world and their main features are listed
in Table 1. Valuable data have been produced with these shock
tunnels for both hypersonic gas dynamics and hypersonic vehi-
cle development.

Fig. 1 shows the flight trajectory of various hypersonic vehi-
cles. The total temperature of the test flow is about 1500 K to
simulate the hypersonic flight at the velocity U, of 1.5 km/s
with a wind tunnel while it rises to around 10000 K for the flow
velocity of 10 km/s, £ is the height. The challenge is obvious for
developing measurement techniques to diagnose the high-
enthalpy flows under such a severe thermo-environment. A ser-
ies of the measurement techniques have been developed and
applied to high-enthalpy flow tests during the recent decades.
These techniques can be classified into three types, i.e., the
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Table 1 Examples of high-enthalpy shock tunnels in operation over the world.

Tunnel Driver mode Total length (m) Exit nozzle diameter (m) Test time (ms) Mach number simulated
JF-12 Detonation driver ~275 1.5 or 2.5 100-130 5-9

LENS-II Heated H, or He ~65 1.07, 1.52 or 1.83 20-100 7-15

HEG Free piston driver ~62 0.88 3-6 6-10
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Fig. 1  Typical flight trajectories of various hypersonic vehicles (altitude vs velocity).’

balance for measuring aerodynamic forces and moments, ther-
mal sensors for aerodynamic heating, and optical techniques
for flow diagnosis. When developing these techniques, one of
the critical issues is the trade-off between measurement accu-
racy and device survivability under the chemically reacting
environment of high-enthalpy flows. The test duration is the
second issue that is subject to the extremely high thermal loads
upon high-enthalpy test facilities. Consequently, the short test
time of high-enthalpy wind tunnels reduces the accuracy of the
balance and brings forth severe constraints to the technical
development of aerodynamic balances. The third issue is the
high-temperature flow environment which can induce the sur-
face erosion, washout, oxidization and charged ions to thermal
sensors, which affect their lifetime and experimental data
accuracy. Therefore, the key technique for aerodynamic heat
transfer measurement is how to develop the high-accuracy
thermal-sensors. Optical techniques for flow visualization
and diagnosis work in a non-intrusive mode, and can keep
high-enthalpy flow phenomena free from disturbances. One
can obtain shock and flow structures, flow temperature, gas
species, and flow velocity using special optical techniques.
Image quantification and data accuracy are the key issues for
improving optical measurement techniques.

During the recent decades, hypersonic ground test facilities
have provided us with most of valuable data on high-enthalpy
flows and played an important role in the hypersonic research

area. However, the critical technologies as mentioned above
have their own limitations on high-enthalpy flow generation
and measurement techniques. It is the limitations that result
in experimental data uncertainties that make the hypersonic
wind tunnel tests have difficulties to meet the requirements
from continuously growing aerospace engineering projects.
Hypersonic technology has become the top priority of the
aerospace and aviation industries since the beginning of the
21st century. Its development has significant effects on modern
society. Therefore, hypersonic and high-enthalpy tunnels and
their measurement techniques are the critical technologies for
hypersonic research, and their importance can hardly be
overemphasized.

2. Progress in high-enthalpy tunnels

During the recent decades, several types of high-enthalpy tun-
nels have been investigated and built up over the world.? The
primary difference among these wind tunnels is their operation
mode that is how to heat the compressed test gas and acceler-
ate it to a required flow velocity. By far, there are two methods
broadly used to gain high-enthalpy flows, i.e., the air-directly-
heated blow-down type hypersonic wind tunnels and the
shock-heated high-enthalpy tunnels. The latter can be further
divided into three classes according to the driving mode, i.e.,
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the light-gas-heated driver, the free-piston driver and the deto-
nation driver. These three kinds of shock tunnels are widely
used for high-enthalpy flow tests over the world and they have
provided us with massive experimental data. The critical tech-
nologies for developing these wind tunnels are introduced in
this section, and their merits and weakness are discussed based
on wind tunnel performance evaluation. The problems
encountered in their development are also described and the
techniques for solving the problems are the potential chal-
lenges to the research and development of advanced high-
enthalpy tunnels in future.

2.1. Air-heated hypersonic wind tunnel

Following the operation mode of conventional supersonic
wind tunnels, heating the test gas directly is one way to gener-
ate hypersonic flows. This kind of hypersonic wind tunnel is
referred to as the air-directly-heated hypersonic wind tunnel.
Several kinds of the heating systems can be used to heat air
at high pressure conditions to a required temperature, and
then the same process is carried out for all the wind tunnels,
that is, the high-pressure and high-temperature gas is
expanded through a convergent-divergent nozzle and acceler-
ated to a hypersonic state in the test section. Because the air-
heating process usually takes long time, the high heat-
resistant capability is required for both the air-directly-
heated system and the test gas reservoir. As the crucial technol-
ogy of the air-directly-heated hypersonic wind tunnel, four
types of air heaters are accepted widely, i.e., (A) Nickel-
Chromium electric resistance heater which can endure a high
temperature up to 1000K; (B) Ferrum-Chromium-
Aluminum electric resistance heater which can endure the
maximum temperature up to 1450 K; (C) Nitrogen-Tungsten
electric resistance heater which can endure a temperature of
2200 K; (D) Graphite electric resistance heater which can
endure a maximum temperature of 2800 K. These heaters are
usually used to heat a device with special structure, named
as accumulator made of high-heat-resistance materials for heat
accumulation. The test gas will be heated to a required temper-
ature when it moves by passing through accumulators. The
total temperature of the test flows depends on the accumula-
tor’s configuration, test flow speed and heat transfer rate
between the accumulator materials. The heat transfer rate
between the test gases and accumulators is the critical issue
for the air-heating system to obtain a constant temperature
of the test gas. The aluminum-oxide/gravel heat accumulator
can be operated at a high temperature of 1670 K. The
zirconium-oxide/gravel heat accumulator works for the maxi-
mum temperature of 2500 K. The test time of the conventional
air-directly-heated hypersonic wind tunnels is of a magnitude
from seconds to minutes,’ and the maximum Mach number
simulated by the hypersonic wind tunnels is less than 7. Actu-
ally, the arc-heated wind tunnel is also operated in the air-
directly-heated mode, but it is not discussed here because its
usage is focused mainly on materials erosion tests.

Another approach was tried in the NASA Glenn Research
Center, where nitrogen is heated first with the electric arc, and
then mixed later with oxygen to produce the high-enthalpy air
flow. The Hypersonic Tunnel Facility (HTF)” setup in Glenn
RC is a typical air-directly-heated hypersonic wind tunnel.
The HTF was built up in 1966 for testing atomic rocket engi-

nes and reconstructed to be a hypersonic wind tunnel in 1969
for testing air-breathing hypersonic engines. The original
gravel heat accumulator was replaced with a graphite heat
accumulator to enhance the HTF performance. In each oper-
ation, the nitrogen is heated first in the HTF, and then mixed
with oxygen subsequently. In this way, the surface oxidation
occurring in the air-heated mode can be weakened and the
working environment of the heater and accumulator can be
improved. The HTF can be used to simulate hypersonic and
high-enthalpy flows of Mach number 5-7 at altitude 20—
30 km. The total temperature is about 1200-2200 K. The
experimental research on Hypersonic Research Engine
(HRE) was conducted with HTF. A full-scale, water-cooled,
hydrogen-oxygen fueled scramjet model was tested and its
experimental results were reported.

The air-directly-heated hypersonic wind tunnels can be
operated in a continuous mode for long test time and are
broadly used in aerodynamic tests for hypersonic vehicles.
However, the construction cost of the wind tunnel is massive
due to its complicated air-heating system. The heat accumula-
tor is subject to heavy thermal loads, surface erosion and oxi-
dation, and washout of high-speed flows. Test gas
contamination is also a problem and can result in some uncer-
tainties of experimental data. In addition, a test gas flow with a
total temperature higher than 2000 K can hardly be generated
by such wind tunnels due to the capability limitation on the
heater and the accumulator. Nevertheless, the air-directly-
heated hypersonic wind tunnel plays an essential role in hyper-
sonic flow tests, especially for measuring aerodynamic forces
and moments. However, there are still some technical prob-
lems to be solved for improving wind tunnel operation and
one of them is about the total temperature. To reduce the huge
thermal load on heating systems, test gases are heated to the
temperature that is required not by flight conditions but by
no air condensation after its expansion. In the case, the test
flow has low static temperature but high March number.
Therefore, for hypersonic wind tunnel tests, the hypersonic
flow may not be equal to the hypervelocity flow even if the flow
Mach number is the same, and this may lead to confusion.

2.2. Light-gas-heated high-enthalpy shock tunnel

For shock tunnels, the shock theory indicates that the incident
shock Mach number increases with the increase of the pressure
and the sound speed of the driver gas, and the total tempera-
ture of the test gas depends on the incident shock Mach num-
ber. For the light-gas-heated shock tunnel, the light gas with a
high sound speed is accepted as the driver gas, and heating the
light gas can further increase its sound speed. The U-12 shock
tunnel developed by Russian TSNIIMASH Center is driven by
a light-gas-heated driver and a hydrogen-oxygen combustion
driver. Typical light-gas-heated shock tunnels are the Large
Energy National Shock tunnels (LENS) facilities located in
Calspan University of Buffalo Research Center (CUBRC) in
Northeast of America. The LENS I uses electric-heated hydro-
gen or helium as the driver gas and the LENS II uses a helium-
nitrogen mixture.®® 2

The research and development of the LENS can be traced
back to 1986 with a goal of providing with high-enthalpy test
flows and long test time for the study on turbulent flows at
high Reynolds numbers and high Mach numbers. The design
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indexes at that time are as follows: total pressure of 180 MPa,
total enthalpy of 35 MJ/kg, and total temperature of 12,000
K.’ To fulfill the design index, the hydrogen heated to a very
high temperature was used as the driver gas, and unfortu-
nately, a severe accident occurred during the tunnel calibration
due to the facility erosion caused by the high-temperature
hydrogen. Then, the research plan of the LENS was modified
by reducing the total flow enthalpy down to 12.5 MJ/kg."
Later, CUBRC further upgraded the shock tunnels for simu-
lating hypersonic flights at Mach number 615 to match with
requirements from the NASP program for scramjet research.
The recent upgrading work of the LENS is to improve its
capability to simulate flight conditions at different altitudes
so that it can be used to study the aero-optic problem induced
by flow field variation in the vicinity of mounted transducers.
At present, the LENS I can be used to simulate hypersonic
flows of Mach number 7-14, and the LENS II can do the flow
of Mach number 3-7. The LENS XX is an expansion shock
tunnel that can simulate high-enthalpy flows above Mach
number 12. The dual diaphragm technique applied in LENS
guarantees their repetitiveness of test flows.

Symmetrical experiments have been conducted with the
LENS at CUBRC, such as the shock/boundary layer interac-
tion, heat flux over double-cone models, surface catalysis
effect, and aero-optical problem.'"'> Moreover, the experi-
ments covering most of the American hypersonic projects have
also been conducted, including the full-scale X-51A, HTV-2
and X-43A. The LENS is a successful example in the hyper-
sonic research area. These facilities at CUBRC become one
of the few hypersonic facilities in the world, which can dupli-
cate hypersonic flight conditions. However, because the heated
light gas is used for the LENS facilities, the operation cost is
extremely high due to the massive consumption of light gas
for each shot. In addition, the security problem is also a critical
issue that may occur during the storage, transportation, heat-
ing and exhausting processes of the driver gas. Nevertheless,
there is a limitation on the LENS output power since a
mechanical compression approach is accepted to increase the
driver gas pressure. All the aforementioned factors are techni-
cal challenges to the light-gas-heated shock tunnels for the
future scale-up and the output power enhancement.

The U-12 shock tunnel at the TSNIIMASH Research Cen-
ter is a large-scale hypersonic test facility. The high pressure
section has an inner diameter of 500 mm and is 120 m in
length. The low pressure section has an inner diameter of
402 mm and is 190 m in length. The filling pressure of the high
pressure section can be up to 20 MPa while the initial pressure
of the low pressure section is from 1 Pa to 5 MPa. Both a con-
toured nozzle and a conical nozzle can be used for the U-12
shock tunnel. Available papers reported its experimental
results on flow visualization and aerodynamic force measure-
ment. However, there is a lack of the relevant literatures pre-
senting the later progress on tunnel techniques and
experimental studies. From the given configuration parame-
ters, it can be identified that the length-to-diameter ratio of
the low pressure section is too large, which can result in not
only the severe attenuation of the incident shock wave but also
the excessive development of the boundary layer. Such prob-
lems should be avoided in design of high-enthalpy shock
tunnels.

2.3. Free-piston driven high-enthalpy shock tunnel

In a free-piston driven high-enthalpy shock tunnel, the high
pressure driver gas is generated by a rapidly-moving piston.
During shock tunnel operation, a heavy piston is first acceler-
ated to a high speed in a shock tube, and then compresses the
driver gas in front of its nose. When the driver gas pressure
reaches a required value, the primary diaphragm between the
driver section and the driven section ruptures. Subsequently,
an incident shock wave is generated in the driven section and
compresses test gases at the end of the driven section. The con-
cept of a free-piston driver is first proposed by Stalker from
Australia, and the shock tunnel development was reported in
his later publication.'® At present, the free-piston driving tech-
nique is applied broadly over the world,'*>* and many free-
piston driven shock tunnels have been built up and put in oper-
ation, including T3 at National University of Australia, T4, X2
and X3 at Queensland University,'* '° T5 at California Insti-
tute of Technology,'”"'®* HEG at DLR in Germany,'’ and
HEK and HIEST at JAXA of Japan.””>' These free-piston
driven shock tunnels have provided valuable experimental data
of high-enthalpy flows. For example, Eitelberg (1994) studied
the heat flux over the thin model with the HEG shock tunnel.
The experimental data indicated that the longitudinal decay
rate of the heat flux is different from computation results."”
Hornung et al. investigated the high-temperature effect caused
by a relatively large jet impinging spot where the heat flux
could be severely enhanced when they studied shock/shock
interaction in the T5 shock tunnel.”” The results highlight sig-
nificant importance of studies on high-enthalpy flows.

Among free-piston driven shock tunnels over the world, the
HIEST located at JAXA, Japan is a typical one for its large
scale, long test time and technical maturity. The compression
tube of the HIEST is 42 m long with an inner diameter of
600 mm, and its shock tube is 17 m long with an inner diameter
of 180 mm. The weight of free pistons in use can be 220, 290,
580, and 780 kg, respectively. The exit diameter of the conical
nozzle is 1.2 m while its throat diameter can be 24-50 mm. The
exit diameter of the contoured nozzle is 0.8 m with a throat of
50 mm. The key parameters are listed as follows: the maximum
stagnation pressure is 150 MPa, the maximum total enthalpy is
25 MJ/kg, and the effective test time is about 2—5 ms. The test
time can be longer under test conditions of low total flow
enthalpies. The test flow generated is characterized with the
parameters as follows: the flow velocity ranges from 3 to
7 km/s, the Mach number covers 8-16, and the dynamic pres-
sure is 50-100 kPa. During the HIEST calibration, Itoh pro-
posed a tuned operation method for realizing soft landing of
a heavy piston to avoid facility damages from the piston
impact. Both numerical and experimental studies demon-
strated that the method is successful for safe operation of
free-piston driven shock tunnels.”’ A series of high-enthalpy
flow tests have been conducted by JAXA with HIEST so far,
such as the high-temperature effect on the pitching moment
of Hope-X, the surface catalysis in high-enthalpy flows, scram-
jet engine tests at Mach number 8, etc.”’ A large-scale free-
piston driven shock tunnel has been set up and put in opera-
tion in China in recent years with its techniques and perfor-
mance reported.”
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There is no doubt that the technical development of free-
piston drivers is successful and free-piston driven shock tun-
nels became a hypersonic test facility widely accepted for the
study on high-enthalpy flows over the world. However, from
its operation experience, it is recognized that the flow quality
is not high and the test time is short. The problems arise from
the free piston motion without any constant speed period,
which results in a continuously varying pressure of the test
gas state. Although the overall size of the HIEST facility is
almost 100 m in length, its test time for the typical hyperveloc-
ity condition is only about 2-5ms. For free-piston driven
shock tunnels, the pressure in front of the moving piston will
fall rapidly once the diaphragm ruptures. Such a phenomenon
results in a rapid decay of the incident shock wave. The tuned
operation mode can be applied to improve the incident shock
decay and the test duration of the free-piston driven shock tun-
nels could be extended, but it is still measured in millisecond.
Another problem is due to the moving part of free piston dri-
vers. A heavy piston of 1000 kg, moving at high speeds, will
lead to technical difficulties in operation for piston launching
and stopping. The heavier the piston is, the more difficult
the shock tunnel operation is.

2.4. Detonation-driven high-enthalpy shock tunnel

A detonation driver is established based on high pressure and
temperature detonated products from which the required inci-
dent shock wave is generated. Because of the fact that the gas
detonation pressure is much higher than the filling pressure of
detonable gas mixtures and detonated products have high
sound speeds, the detonation driver is a convenient, powerful
and efficient technique for high-enthalpy shock tunnels. The
concept of detonation drivers was proposed first by Bird and
the performance of a detonation driven shock tube was inves-
tigated when the detonable mixture was ignited at each end of
the deriver section, respectively.”

To explain the working principle of detonation drivers, we
take a circular steel tube with one end closed as a detonation
section. When a detonable gas mixture is ignited at its closed
end, a detonation wave generated propagates towards the
other end. Due to the stationary boundary condition at its
closed end, an expansion wave system is developed behind
the detonation front through which the gas flow velocity grad-
ually decreases to a stationary state. The column length of the
detonated-gas at rest, which still has very high temperature
and pressure, is about half of the propagation distance of the
detonation front. The operation mode is called the forward
detonation driving if the driven section is located at the open
end of the detonation section and there is no steady flow region
behind the incident shock wave due to rarefaction waves. The
operation mode is called the backward-detonation driving if
the ignition point is located at the primary diaphragm between
the detonation section and the driven section and there is the
column length of the detonated-gas that is ready for driver
gases.”®

However, in a backward-detonation driven shock tunnel,
the detonation front propagates along the detonation section
and is reflected from the end of the driver section. This physi-
cal phenomenon results in extremely high pressure loads on the
facility and can impose a severe safe problem in shock tunnel
operation. Yu proposed a concept by appending a damping

section to the open end of a detonation tube for accommodat-
ing the gases with huge energy carried by the detonation front
to ensure shock tunnel operation safety.”” With Yu’s damping
concept, the backward detonation driver became applicable in
engineering. A detonation-driven high-enthalpy shock tunnel
(laboratory series number JF-10) was set up in 1998 in the
Institute of Mechanics (IMECH), Chinese Academy of
Sciences.”” *> The high-enthalpy shock tunnel (TH2-D)
located in Aachen Industry University (AIU) in Germany is
another detonation-driven shock tunnels which was developed
through cooperation between IMECH and AIU.**** The
HYPULSE shock tunnel built up at NASA Langley Research
Center (LaRC) can work in dual operation modes: the detona-
tion driven mode and the heated-light-gas driven mode.*>*°
These shock tunnels have been applied to study aerodynamic
forces and heat fluxes of hypersonic flows, and the experimen-
tal data of the high-temperature effect, aero-physics, super-
sonic combustion and scramjet engine tests are also reported.
For development of the critical techniques for detonation
driven shock tunnels, the research work completed in IMECH
is systematic and innovative. Yu et al. has initialized the study
on detonation drivers since 1960s, and a series of concepts and
technique validation were carried out with the JF-8 shock tun-
nel.’” The BBF100 detonation tube and the JF-10 detonation-
driven high-enthalpy shock tunnel were successively developed
and operated for high-enthalpy flow tests.”® The JF-10 shock
tunnel has a driver section of 10 m in length with an inner
diameter of 150 mm. Its driven section is 12.5m long with
an inner diameter of 100 mm. A conical nozzle is used in the
JF-10 shock tunnel and its exit diameter is 500 mm. The main
performance parameters of the JF-10 shock tunnel are listed as
follows: the total temperature up to 8000 K, nozzle flow veloc-
ity up to 6 km/s and the test duration about 3—6 ms. The suc-
cessful development of the JF-10 shock tunnel is a turning
point since which the detonation-driven high-enthalpy shock
tunnel has become a practical test facility from a concept.
The backward-detonation driver utilizes only detonation
products at rest behind the detonation front as the driver
gas. The pressure of the products is about half of the C-J pres-
sure. Theoretically speaking, the driving power of the forward
detonation driver is about five times higher than that of the
backward detonation driver under the same initial conditions
by measuring with the C-J detonation parameters. However,
the Taylor expansion waves lead to a gradual attenuation of
the incident shock wave, and result in the fact that the forward
detonation driver is not acceptable for practical applications to
shock tunnels. To solve the aforementioned problem, Jiang
et al. proposed the Forward Detonation Cavity (FDC) driver
based on the multi-shock reflection concept.'* The FDC driver
consists of three parts, i.e., the detonation section, the reflect-
ing cavity and the auxiliary detonation section. When a deto-
nation wave passes through the reflecting cavity, its middle
part propagates directly into the auxiliary detonation section
while the circumferential part of the detonation front is
reflected back from the end wall of the cavity and forms a
reflected shock wave that is travelling upstream. The coming
gas flow passes through the upstream-travelling shock wave,
and the shock interaction results in the pressure and tempera-
ture increase of the coming flows. Considering the shock sys-
tem developed in the FDC driver, it is understood that the
stronger upstream-travelling shock wave and the weaker
downstream-travelling shock wave from shock interaction
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are favorable for enhancing the FDC driver performance. This
is also the principle for configuration optimization of the FDC
driver. The JF-10 shock tunnel was further improved by intro-
ducing a FDC driver to achieve the test time of 6 ms and the
critical techniques were well validated.*

Under the support of Chinese National Project of Scientific
Instrumentation research and development, Jiang and Yu et al.
developed the Long-test-duration Hypervelocity Detonation-
driven Shock Tunnel (LHDST) based on the backward deto-
nation driver with several innovative techniques by the end
of May in 2012.>>%*4! The laboratory series number of the
shock tunnel is JF-12 and its operation principle is depicted
in Fig. 2 by the wave diaphragm and transient wave structure.
Fig. 3 shows schematically the JF12 shock tunnel with a photo
showing the entire nozzle, the test section and vacuum sys-
tem.*” From its left to right, the first part is the vacuum system
for damping wave reflection during the nozzle starting process,
and the vacuum tank with a volume of 600 m> is 3.5 m in diam-
eter. The second part is the test section being 15 m in length
and 3.5 m in diameter. The contoured nozzle is 15 m in length
and 2.5m in its exit diameter. The second nozzle is smaller,
having a nozzle exit of 1.5m in diameter for Mach number
of 5-7. Next to the nozzle, there is the driven section being
89 m in length and 720 mm in diameter. The detonation driver
is 99 m in length and 400 mm in diameter. The driver operates
in the backward detonation mode. The driver and the driven
section are connected with the transient part by which the tube
diameter is gradually reduced from 720 mm to 400 mm.
Between the driver section and the transient part, there is the
diaphragm rig that is used to produce the incident shock wave
in the shock tunnel after the direct detonation initiation. The
damping section is located at the far right end of the facility,
and is 19 m in length and 400 mm in diameter.

A series of the innovative techniques are integrated into the
JF-12 shock tunnel, such as the tailored interface condition for
detonation-driven shock tunnels, the precursor shock attenua-
tion in damping tank, and the shock/boundary layer interac-

(a) Wave diaphragm
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(b) Transient wave structure
Fig. 2 Wave diaphragm and transient wave structure of JF-12

shock tunnel (DW-detonation wave, TRW-Taylor rarefaction
wave, UEW-unsteady expansion wave, SEW-steady expansion
wave, SSW-secondary shock wave, CS-contact surface, ISW-
incident shock wave).

tion control at the end of the driven section. Its performance
tests demonstrated that the facility is capable of reproducing
the pure airflow for Mach numbers from 5 — 9 at altitude of
25-50 km with 100 ms test duration, so the JF-12 shock tunnel
will be a useful tool for testing engine/frame-integrated hyper-
sonic vehicles and investigating into fundamental physical
issues in hypersonic and high-temperature gas dynamics.
2016 AIAA Ground Testing Award was presented to Jiang
and AIAA commented that Jiang’s work had advanced the
state of the art in large-scale hypersonic test facility. The JF-
12 shock tunnel has a series of advantages, such as long test
time, low operation cost, good repeatability and large-scale
test flow field. These made it become the first hypersonic
ground test facility over the world, which can duplicate the real
flight conditions both in flow parameters and test model size.
On the other hand, the challenges still exist in design and oper-
ation of such high-enthalpy tunnels, such as safe and robust
detonation initiation,*” material limitation on the total temper-
ature and pressure, the tunnel inner surface erosion caused by
the high-temperature gas flows, hydrogen brittleness, facility
cleaning after each shot, etc.

3. Measurement and diagnostic technology

Hypersonic vehicles encounter an aero-thermodynamic envi-
ronment characterized by strong shocks, high temperatures
and chemical reactions, and the surrounding air flow in hyper-
sonic regime behaves quite differently from supersonic flows.
The kinetic energy associated with hypersonic flight is con-
verted into the internal energy which increases the air flow
temperature and induces endothermic reactions, such as mole-
cule vibration excitation, dissociation and ionization of the air
flow near the vehicle surface. Thus, the air flow becomes a
chemically-reacting gas media. Aerodynamic heating where
the heat transfer from the surrounding high-temperature gases
to the vehicle surface is the critical issue for hypersonic tech-
nology and makes the hypersonic vehicle design different from
supersonic ones. The heat transfer rate depends on many fac-
tors, such as the free-stream flow velocity, the vehicle surface
curvature, the temperature difference between the gases and
wall surfaces and surface catalysis. Therefore, for the chemi-
cally reacting flow, it is a challenge to develop flow diagnostic
technologies with high precision for high-enthalpy wind tunnel
tests. From requirements from hypersonic vehicle develop-
ment, there are three types of measurement technologies
widely used in exploring hypersonic and high-enthalpy flows,
including the heat-transfer measurement, the aerodynamic bal-
ance and optical diagnostic techniques. These technologies
based on different physical principles have gotten great pro-
gress during the recent decades and contributed a lot to wind
tunnel dada acquisition.

3.1. Heat-transfer measurement

Aerodynamic heating is a unique physical phenomenon for
hypersonic vehicles where the heat is transferred from the flow
to vehicle surfaces. This is a severe problem for long-flight
hypersonic crafts and results in a special need for a Thermal
Protection System (TPS). Accurately measuring heat-flux dis-
tribution over the aircraft surface is a primary basis for design-
ing the TPS structure and selecting heat-resistant materials.
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For development of high-enthalpy shock tunnels, one of the
important objectives is to identify the aero-thermal-
environment of hypersonic vehicles.** Due to short test time,
high temperature and chemical reactions of the high-
enthalpy flows, the development of heat-flux sensors with high
sensitivity, short response time and low thermal load is a
challenge.

According to the working principles, the heat-flux sensor
that can meet the above requirements can be divided into
two categories, i.e., the surface thermometer and the calorime-
ter.** The surface thermometer detects the temperature varia-
tion on the sensor surface during testing, and then the heat
transfer rate is calculated with the heat conduction theory.
The thin-film resistance thermometer and the coaxial thermo-
couple are two types of the commonly used surface thermome-
ters, and each has its own advantages and limitation. The thin-
film resistance thermometer is of high sensitivity, but has poor
anti-erosion capability. Therefore, it is suitable for the test flow
of a low total temperature with short test duration. In contrast,
the coaxial thermocouple is of relatively low sensitivity, but
has the strong anti-erosion capability. Therefore, it is suitable
for the test flow of the high total temperature with long test
duration. The plug-type copper foil calorimeter is a representa-
tive of the calorimeter sensors and has good stability and
strong anti-erosion capability. However, its thermal response
feature is significantly affected by its machining process, and
its miniaturization is also difficult to achieve for improving
spatial accuracy.

Although a variety of heat-transfer sensors are available for
high-enthalpy flow tests, there are still some technical prob-
lems to overcome, such as large dispersion and low accuracy
of experimental data, flow-scouring effect, and short lifetime.*
At present, the data accuracy of the advanced heat-flux sensors

JF-12 shock tunnel.*

is generally about 10% error band, and will be much lower in
the region of shock/boundary-layer interaction. Moreover, the
repeatability of the heat-transfer experiment is not good due to
high-temperature-induced oxidation on the sensor surface and
the conductivity of high-enthalpy flows. Therefore, further
development should be focused on improving the measure-
ment accuracy and increasing sensor’s service life.

3.2. Aerodynamic balance technique

Aerodynamic forces and moments acting on aircraft are the
most important experimental dada for wind tunnel tests, and
the aerodynamic balance is a necessary device for wind tunnel
technique. The aerodynamic balance can be divided into two
classes: the multi-component balance and the single-
component balance. The six-component balance is widely used
in wind tunnel tests and the single-component balance is
accepted mainly for engine tests. Based on their working prin-
ciples, the aerodynamic balance can be classified further into
three types: the mechanical balance, the strain gauge balance
and the piezoelectric balance. For the mechanical balance,
the force is decomposed and transmitted through mechanical
components on the balance, and then measured by mechani-
cally measuring elements or load cells. The strain gauge bal-
ance is designed based on the strain acting on the elastic
element, and strain gauge making up a Wheatstone-bridge is
used to measure the aerodynamic force acting on the test
model. For the piezoelectric balance, the aerodynamic force
is measured with piezoelectric elements.*® Usually, the
mechanical balance was used in the low-speed wind tunnel
tests and the strain balance was used for the high-speed wind
tunnels. Since the 1970s, the strain gauge balance has been
commonly used in low-speed wind tunnels due to the
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development of resistance strain gauges, automated measure-
ment and control technology. The piezoelectric balance has
also begun to be used for high-speed aircraft tests in some
hypersonic wind tunnels since then.

For high-enthalpy flow experiments, the impulse-typed
strain gauge balance is often used to cope with short test dura-
tion of shock tunnels because the aerodynamic balance must
have fast response (high-frequency above 1000 Hz) to match
with short test time. The stagnation pressure is very high in
hypersonic and high-enthalpy flows, so that the balance must
be able to withstand a large starting impulse load. In addition,
the dynamic pressure variation of high-enthalpy shock tunnels
is also very large and a wide measurement range is required for
the balance. Compared with traditional strain gauge balances,
the measured signals of the impulse-type strain gauge balance
usually contain inertial force signals generated from vibrations
of the test model and force measurement system, and test flow
perturbations. Therefore, the inertia compensation and wave-
filtering measures are needed in balance design.*’

When the low natural vibration period of the force mea-
surement system is close to the test duration of shock tunnels,
the inertial force will affect seriously the balance output signal
and the force measurement accuracy. The inertia compensa-
tion becomes one of the key issues that must be solved in the
development of the impulse-type balance. In particular, the
hypersonic wind tunnel test requires to use large-scale aircraft
test models, and thus, the aerodynamic balance for high-
enthalpy shock tunnel has always been a critical technology
attracting much attention for decades.

There are some structure interferences whether the tail- or
back-type model support is employed, and the interferences
become particularly serious in testing the hypersonic aircraft/
engine-integrated model. The model support can interfere
not only with the flow field around the aircraft tail, but also
with the engine nozzle operation. In addition, when testing air-
craft at a high attack angle, the unsteady aerodynamic force
acting on the test model will also cause low-frequency vibra-
tions of the model support system, which will ruin the experi-
mental data accuracy and can cause damage to balances. To
solve the problems, a concept of the tension-supported balance
was proposed. Being different from the conventional balance
support, the test model is connected to a strain gauge balance
which is suspended by several steel wires from the wind tunnel
test section. Because the suspension support has low interfer-
ences with test flowfield, the model support effect on aerody-
namic forces and moments becomes smaller than both the
tail- and back-supports. To further reduce support interfer-
ences, a magnetic suspension support was developed and the
test model is suspended with the magnetic constraint. Aerody-
namic forces and moments are obtained by continuously mea-
suring model acceleration and displacement.

The technique development of the aerodynamic balances
indicates that to obtain the high-accuracy data of the forces
and moments acting on test models, it is important not only
to develop the new conceptual balance and improve the sup-
port structure from interferences, but also to consider the
overall-designing strategy of whole measurement system
including wind tunnels, test models, balances, and support
for balance development.*® In such a balance-integrated design
concept, the balance design must be based on the following

factors: the wind tunnel test duration, the starting process of
nozzle flows, the natural frequencies of model support system,
and the low frequency of each component of the balance.*’ In
addition, the temperature effect on strain gauges and the flow-
field perturbation at the model tail, arising from the support
system, also have significant impacts on measurement data
reliability and accuracy.

3.3. Optical diagnostic techniques

There are more parameters, defining high-enthalpy flows
where gases are chemically reacting, than those that can be
measured with the above mentioned techniques. These param-
eters include gas components, reacting rates and constants,
heat transfer coefficient, diffusion property, relaxation time,
etc., which are of significant importance for highlighting the
chemical-physical phenomena in high-enthalpy flows. Optical
diagnostic techniques possess special advantages to diagnose
chemically reacting flows, such as the non-intrusive measure-
ment, multi-parameter detection feature (temperature, compo-
nents, concentration, velocity), high time resolution, overall
review of flow structures and so on. Therefore, these tech-
niques have received more and more attention during the
recent decades. Spectacular progress has been made in the
development of new, nonintrusive, optical methods for prob-
ing supersonic and hypersonic flows in ground-testing
facilities.”

Schlieren, shadows and interference fringe optical systems
are widely used to visualize shock structures, density variation,
shear layer insatiability and vortex evaluation. These mature
techniques have provided us with a large amount of flow field
information to understand gas physics, but quantitative mea-
surements are still in need. The absorption spectrum technique
and the planar laser-induced fluorescence were developed suc-
cessfully. The high-enthalpy flow with different total tempera-
tures has different constitution with different spectral
characteristics. The absorption spectrum for each gas compo-
nent is closely related to its temperature and density, so the
absorption spectrum technique can perform an identification
of each gas species and their temperature. The application of
the absorption spectroscopy to the high-enthalpy flow mea-
surement is successful, but the three-dimensional integration
effect results in some uncertainness on experimental data of
complex flows. The Planar Laser Induced Fluorescence (PLIF)
is a promising diagnostic method for three-dimensional high-
enthalpy flows. Based on the measured gas species, the PLIF
technique can excite electronic transitions among energy levels
for a selected species in high-enthalpy flows by using a
specially-modulated pulsed planar laser. After the planar laser
disappears, the electronic transition of the selected species
within the excited flow field jumps back to the original energy
levels to produce fluorescence with different intensities, and the
intensity distribution is related to the concentration distribu-
tion of the selected gas species. By using the enhanced photog-
raphy technique, the fluorescence distribution can be obtained
and contains both the quantitative and qualitative information
of the selected species in flow field. The Pressure- and
Temperature-Sensitive Paint (PSP and TSP) techniques also
belong to optical diagnostic methods. With PSP and TSP tech-
niques, the overall view of temperature and pressure distribu-
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tions on test models can be obtained at the same time. This
kind of the experimental information is useful not only for
aerodynamic heating and forces analysis, but also for diagnos-
ing boundary layer development and transition process.”'>

So far, we can see that the optical diagnostic technique
plays more and more important role in hypersonic and high-
enthalpy wind tunnel tests, but how to improve the accuracy
of quantitative measurements is a critical issue in future. More-
over, the identification of three-dimensional chemically-
reacting flows is a promising research topic. It could be con-
cluded that, with advanced aerospace aircraft development,
the optical diagnostic technique may initiate a revolutionary
process on the critical technologies of ground-based hyper-
sonic test facilities.

4. Concluding remarks and future challenges

With the development of hypersonic aerospace vehicles, the
critical technologies of hypersonic and high-enthalpy flow have
been continuously improved by aiming to duplicate hypersonic
flight conditions for decades. However, there are still some lim-
itations to meet engineering requirements that include the
flight Mach number, freestream Reynolds number, flow veloc-
ity, static pressure at flight altitude, total enthalpy, density
ratio cross shocks, test gas composition, air chemistry and
reaction process, and these parameters affect experimental
data accuracy and reliability in different ways. To promote
hypersonic technology development, the following research
topics should be paid more attention in the future.

4.1. Hypersonic and high-enthalpy wind tunnels

The development of hypersonic technology requires more
advanced high-enthalpy test facilities to highlight high-
temperature gas dynamic phenomena. These facilities should
be capable of duplicating hypersonic flight conditions for var-
ious Mach numbers at different altitudes so that high-enthalpy
flows can be reproduced correctly for reliable ground testing.
To achieve this goal, the following parameters are of primary
importance: (A) the flow velocity should be the same to the
flight speed so that the prediction of aerodynamic forces and
heat transfer rates could be more reliable; (B) the pure air is
better to use as the test gas so that the chemistry can be cor-
rectly simulated to approach reasonable energy transitions;
(C) the static pressure and temperature are important for the
performance prediction of hypersonic propulsion systems since
the chemical reaction processes can be guaranteed for a
required hypersonic flow; (D) the large test flow field appears
more and more important for high-enthalpy flow tests because
there is not any properly scaling law for simulating chemically-
reacting flows. Therefore, the large test model could minimize
the model-scaled effect on experimental data.

In addition, the test duration is also a key performance
parameter for hypersonic and high-enthalpy shock tunnels
and usually measured in milliseconds. It takes time for the flow
field around test models to reach a steady state and the short
test time also imposes a challenge to measurement techniques.
Generally speaking, the test duration is longer, and the exper-
iment will be easier. However, the long test duration not only
can increase significantly experimental cost, but also will cause
severe damages to test facility structures due to the heavy heat

load from hypersonic and high-temperature flows. Usually, it
takes 5-30 ms for heat transfer measurements to obtain reli-
able experimental data and the long test duration may result
in surface erosion of heat flux sensors. For aerodynamic forces
and moments tests, it takes longer time than the heat transfer
measurement. The test time needed can be determined accord-
ing to test model sizes and balance stiffness. The requirement is
that the test time should be three times longer than the period
of the first-order modal vibration of the balance system. The
inertial compensation technique is a nice method to obtain
accurate experimental data from shock tunnel tests. Long test
time is in need for scramjet engine tests since many physical
processes have to complete to obtain stable combustion. The
100 ms test time could be long enough to investigate super-
sonic combustion phenomenon.” Another issue necessary to
emphasize is that for development of the high-enthalpy wind
tunnel technology, it should focus not only on high Mach
number simulations, but also on hypervelocity flow duplica-
tion. Sometimes, the hypersonic flow is not equal to the hyper-
velocity flow at the same Mach number if the static
temperature of the test flows is different. Therefore, there
may be a discrepancy between hypersonic wind tunnels and
hypervelocity wind tunnels since the hypersonic flow is mea-
sured with the local sound speed while the hypervelocity flow
is in meters per second.

4.2. Measurement techniques for high-enthalpy flows

To complete hypersonic and high-enthalpy flow tests, the mea-
surement techniques are required to have some special fea-
tures: (A) the sensor should have an anti-erosion capability
due to the high flow velocity; (B) the response of the measure-
ment systems must be fast enough because of the short test
duration of shock tunnels; (C) the disturbances on the local
flow field where sensors are installed should be small because
of the fact that shock-induced flow structures can change sig-
nificantly thermal-dynamic states, Therefore, the non-
intrusive measurement technique is promising; (D) the sensor
should have a heat-resistant capability because of the severe
harsh thermo-environment of high-enthalpy flows. Most of
sensor damages could be taken to be induced by huge
thermo-loads imposed on the sensor surface exposed to high-
enthalpy flows. There is another critical issue that was not con-
sidered seriously before. This is the effect of the charged parti-
cles in the chemically reacting gases, which will interfere with
sensor signals and result in uncertainness in experimental
results. The interference is also varying with local flow states
and there is still no feasible correction method. The measure-
ment techniques of hypersonic and high-enthalpy flows are
the challenging problems and belong to the critical technolo-
gies of hypersonic and high-enthalpy wind tunnels. From our
experience, the miniaturized heat-flux sensor has a promising
future because of its small exposed surface and spatial mea-
surement accuracy. However, its heat- and erosion-resistant
capabilities need to be further improved. The aerodynamic bal-
ance for large-scale test models in pulse hypersonic test facili-
ties like shock tunnels is worth more attention since it is of
great significance for improving test data accuracy and mini-
mizing the model-scaled effect.

For chemically reacting flows, optical diagnostic techniques
are quite promising, because these techniques do not interfere
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with the test flow field and also can diagnose more parameters
than conventional measurement techniques. Schlieren, shad-
ows and interference fringe optical systems are widely used
for flow visualization. The absorption spectroscopy, the emis-
sion spectroscopy, and the planar laser induced fluorescence
are also used to diagnose the chemically reacting flows and
are of significant importance for investigating chemical-
physical flow phenomena of hypersonic and high-enthalpy
flows. The optical diagnostic techniques have been improved
for high-enthalpy flows in various aspects, but improving their
quantitative measurement capability and data accuracy is the
future research direction.

4.3. Modeling high-enthalpy flows for computing

The development of the critical technologies of hypersonic and
high-enthalpy wind tunnels is an extremely difficult topic, but
a fundamental research realm. Its limitation is imposed not
only by a large amount of manpower and cost, but also by
material strength and structure regulation. However, as the
rapidly increasing need for hypersonic aerospace vehicles, a
large amount of wind tunnel test data is in urgent need for
understanding hypersonic and high-enthalpy gas flows that
are of non-linear, multi-physical and non-equilibrium charac-
teristics. Facing such a huge challenge, it is absolutely neces-
sary to develop different research methods for exploring the
high-enthalpy flows, and the most important one is how to
model the high-enthalpy flow for reliable numerical
computations.

There are a lot of complaints about big discrepancies
between fight tests and computational results. This indicates
that the present models of high-enthalpy flows are lack of
accuracy and reliability. There are four aspects being impor-
tant for modeling high-enthalpy flows to build a computing
platform that can meet the need from aerospace engineering
projects. First, the chemical shock tube should be further
developed to gain the detailed information on the chemically
reacting gas kinetic properties. Such information is important
for tuning simplified reaction models of high-enthalpy flows. It
is also understood that the chemically reacting flow is domi-
nated by the static flow temperature, but the local pressure also
plays an important role in reaction processes. The chemical
shock tube is a valuable facility available at present. Secondly,
a series of experiments of typical hypersonic vehicle models
under different flight conditions are necessary to carry out with
hypersonic and high-enthalpy wind tunnels, so that the reliable
validation and verification of physical models and computing
techniques can be completed. Thirdly, it is necessary to
develop special algorithms for solving the multi-species gov-
erning equations aimed at resolving chemical-reaction stiff-
ness, hypersonic boundary-layer transition, reasonable
discretization of complex boundaries, and computing dissipa-
tion and dispersion. In this way, the high-performance com-
puting can work as numerical wind tunnels providing
comprehensive data of high-enthalpy flows for the hypersonic
vehicle development.

In addition, considering limitations on hypersonic and
high-enthalpy wind tunnel techniques and computational
methods, the ground-to-flight correlation of aerodynamic
force and heat transfer experimental data from hypersonic
and high-enthalpy wind tunnels appears to be a critical issue.

Because of lack of similarity simulation criteria for experimen-
tal gas dynamics, some hypersonic flow phenomena cannot be
accurately predicted. Therefore, the ground-to-flight correla-
tion theory can bridge over the gap, make the best use of
experimental data and support directly hypersonic technology
development.

These comments are remarked from a point of view of gas-
eous dynamics and indicate an urgent need for technological
innovation and theoretical discovery. The hypersonic technol-
ogy is obviously different from the aviation and aerospace
technologies that we have had for decades, and their upgrading
may not be enough to support such a new generation of high
technology.
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