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Guy Norris Xiamen, China

Lifting the Veil

Major investments, 

test facilities and  

swift achievements  

underpin China’s  

rapid rise in  

hypersonics

F
or many years, any coherent view 
of China’s highly ambitious hy-
personic research program, just 

like its mist-shrouded coastline, has 
been all but impossible to see from the 
outside world.

However, following the apparent de-
cision to reveal more about its latest 
hypersonic research activities, the fog 
is lifting for the frst time over at least 
some of China’s test and development 
eforts in high-speed fight.

What has come into view is a cohe-
sive, nationwide hypersonic research 
and technology program that not only 
shows astonishing depth and breadth, 
but has also produced a bewildering 
number of major accomplishments 
in a relatively short period. The new 
picture emerged in early March at the 
21st International Space Plane and 
Hypersonic Systems and Technology 
conference held here, where China’s 
top academic and government re-

search units presented progress in 
unprecedented detail, on everything 
from hypersonic missions and vehicles 
to the latest on new test facilities and 
development of propulsion, power and 
control systems.

The event marked the first inter-
national hypersonic conference held 
in China, as well as the frst meeting 
to be organized in the country by the 
American Institute of Aeronautics 
and Astronautics, in association with 
the China Academy of Engineering. 
Aimed at providing a domestic forum 
for China to internationally showcase 
its growing prowess in hypersonics, 
the conference promoted the open 
exchange of academic research while 
attempting to skirt the more sensitive 
defense-related aspects.

The conference, which gave many 
Chinese researchers their frst oppor-
tunity to display many years’ worth 
of research to a wider Western audi-

ence, underlined the nation’s impres-
sive overall advances in all areas of 
high-speed fight research for defense, 
transport and space access. While 
progress in some specifc defense ar-
eas—most notably the recent flight 
tests of the DF-ZF/WU-14 hypersonic 
glide vehicles—was not discussed, the 
progress indicated by the underlying 
research makes it readily apparent 
that China is making strides in hy-
personic capability much faster than 
previously thought.

The scope of high-speed technology 
activity, added to evidence shown at 
the conference of large-scale govern-
ment investment in comprehensive 
test facilities, appears to support re-
cent assertions made in the U.S. that 

China is on track 
to quickly over-
take  America’s 
hard-won leader-
ship in the field. 
The claim, made 
in 2016 by the U.S. 
National Academy 
of Sciences and by 
think tanks such as 
the Arlington, Vir-
ginia-based Mitch-
ell  Institute for 
Aerospace Stud-
ies, comes as both 
China and Russia 
conduct demon-
stration flights of 
air-breathing and 
boost-glide hyper-

sonic weapon systems. Both nations 
are believed to be targeting 2020 for 
deployment of the first operational 
units (AW&ST Feb. 20-March 5, p. 20)

A major revelation early on at the 
conference was the first formal ac-
knowledgement of a Chinese scram-
jet fight test in December 2015. It is 
highly likely, though not yet confrmed, 
that the milestone achievement is as-
sociated with the same program for 
which the Feng Ru Aviation Science 
& Technology Elite trophy (Feng Ru 
was a Chinese aviation pioneer) was 
presented in 2015 to Zhenguo Wang, 
a professor at the National University 
of Defense Technology (NUDT) in 
Changsha. The award, presented by 
the Chinese Society of Aeronautics 
and Astronautics at the 2nd China 
Aeronautical Science and Technology 
Conference, gave no details other than 
that it was for the successful develop-
ment of a kerosene-fueled scramjet.

HYPERSONICS

China has revealed the frst known 
images of an indigenous scramjet 
test that it says was successfully 
conducted at speeds up to Mach 7 
and altitudes up to 30 km, in  
December 2015.

NATIONAL NATURAL SCIENCE FOUNDATION OF CHINA
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Showing images at the March hyper-
sonic conference of the scramjet being 
ground-launched on a rocket booster, 
Chinese Academy of Sciences profes-
sor Lihong Chen said: “We also devel-
oped a low cost near-space science and 
technology flight test platform. The 
first flight test was successfully car-
ried out, and key issues of the scramjet 
were demonstrated at Mach 3.5-7 and 
at altitudes of 15-30 km [9-18 mi.].” Of-
fering no further details, Chen says the 
fight test was targeted at fundamental 
research under a program that she lik-
ened to the Australian-U.S. Hypersonic 
International Flight Research Experi-
mentation (HIFiRE) efort.

Hypersonics reseArcH plAn
Many of the achievements out-

lined at the conference, including the 
scramjet test, have emerged from a 

multiyear national “near-space” re-
search initiative supported by the 
National Natural Science Foundation 
of China. “The focus is on long-range 
hypersonic maneuverable aircraft 
fying at altitudes of 30-70 km,” says 
Chen. The 150 million yuan ($22 mil-
lion) project, which ran in 2007-16, 
was targeted at three key areas: de-
veloping theory and methods to guide 
relevant hypersonic technology re-
search and development; driving in-
novative breakthroughs for “leap-for-
ward” technology developments; and, 
lastly, fostering a team of outstanding 
researchers to support the sustained 
development of technology for near-
space vehicles in China.

Within these broad research groups, 
“funding was given to fostering early 
concepts and key and integrated proj-
ects,” says Chen. Topic areas included: 
aerodynamics, thermal environment, 
scramjet propulsion, coupling mecha-
nisms and prediction methods for gas 
and turbulence efects, computational 

and numerical simulation, materials 
and structures, thermal protection and 
intelligent, autonomous control. 

Over the life of the various projects, 
the road map covered three periods, 
she adds: “These were the ‘sowing’ 
period, where all areas were funded 
for the first four years. The second 
covered years fve and six and includ-
ed follow-on funding, particularly for 
programs with multidisciplinary op-
timization. The fnal phase, covering 
the seventh to ninth years, funded the 
integrated projects.”

Key accomplishments include de-
velopment of a theory for hypersonic 
unsteady fow, as well as understand-
ing of complex fow mechanisms and 
advances in numerical simulation. 
“We improved the understanding of 
coupled-physical efects and found new 
fow phenomena,” says Chen. “We also 

established optimal design methods 
for high-lift/drag-ratio hypersonic air-
craft and methods to reduce heat fux 
and drag as well as developed technol-
ogy for no-ablation, active cooling. A 
proposed active thermal protection 
system [TPS] without ablation was 
demonstrated in the JF12 shock tun-
nel.” The JF12 is a detonation-driven 
shock tunnel in the State Key Labo-
ratory of High Temperature Gas Dy-
namics in Beijing’s Chinese Academy 
of Sciences.

Propulsion highlights outlined 
by Chen, in addition to the scramjet 
fight test, included the identifcation 
of blowout limits of supersonic com-
bustion with hydrocarbon fuel—vital 
to knowing the operability range of a 
scramjet. Researchers also proposed 
a new design method for hypersonic 
inlets, including a concept based on a 
curved compression face. 

Chen says accomplishments in 
lightweight and heat-resistant ma-
terials, including structural TPS, in-

clude the development of materials 
in which resistance to thermal shock 
was enhanced by ‘“bionic” (biologically 
inspired) design of a ceramic surface 
structure. The result “increased ther-
mal resistance by nearly 10,000 times,” 
she adds. Researchers also developed 
advanced TPS deigns to provide more 
options for hypersonic vehicle design, 
using a variety of carbon foams, ceram-
ic coverings and sandwich insulation, 
as well as combinations of corrugated 
sandwich materials and insulation.

Chinese developers have also per-
fected a manufacturing process for 
heat-resistant structures that com-
bines fber bundles made by an inter-
penetrating weaving method with a 
secondary layering process. The com-
bined efect creates a 3D lattice com-
posite structure “to solve the problem 
of low interfacial strength of panels 

and cores,” says Chen. “Based on this 
technology, a new aerospace industry 
standard has been established and 
applied to a new generation of rockets 
and reusable space vehicles.”

Chen also highlighted flight con-
trol, and described development of a 
new design method for fine attitude 
controlthat “has been applied to a wa-
verider hypersonic vehicle to ensure 
efficient operation of the scramjet 
engine,” she says. “Flight test results 
show the control system can ensure 
an angle of attack below 1.5 deg.” 
Chen also described development of 
an active control law using an adaptive 
structural flter designed to improve 
futter boundary and suppress futter. 
“We have also developed a ground fut-
ter simulation system for the rudder, 
which has been applied to research of 
the aerodynamic elasticity of hyper-
sonic vehicles,” she adds.

“There are also a lot of programs 
I cannot show here,” says Chen, who 
also declined to discuss the scramjet 

Studies of a folding-wing hyper-
sonic boost-glide vehicle designed 
for deployment from a launcher at 
Mach 5 and 30-km altitude show 
dramatic changes in the center of  
pressure on release.

China aCademy of LaunCh VehiCLe TeChnoLogy
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fight test in further detail. More hints 
about progress in this classifed area 
came from Yancheng You, confer-
ence co-chair and a Xiamen Uni-
versity hypersonics specialist. 
Believed to be referencing 
NUDT’s scramjet pioneer 
Zhenguo Wang, You says: 
“From the very beginning 
we wanted to invite another 
keynote speaker, a [big name 
in hypersonics] from China. 
But it was a little bit difficult 
because the topic is sensitive.”

Compared to the most recent 
U.S.-hosted hypersonics and space-
planes conference in Atlanta in 2014, 
when just 89 papers were presented, 
a record 347 were shown in Xiamen—
of which 272 were from China. Hyper-
sonics is “definitely a very hot topic 
here,” says You, who cites the explo-
sive growth of academic papers on the 
topic as evidence. 

Between 2002 and 2015, more than 
33,300 papers were published in the 
Chinese language with “hypersonic/
space planes” in the title, while 3,582 
journal papers with the same key-
words were published in Chinese 
over the same span. The trend is seen 
globally as well, says You. Of more 
than 1,660 academic papers published 
in English on hypersonics in 2011-15, 
some 627, or 38%, were from China. 

The U.S. accounted for 25%, with 422, 
with the remainder produced by na-
tions including France, Germany, Italy, 
India, Japan, Russia and the UK. 

Combined-CyCle ConCepts
Highlighted presentations at Xia-

men on missions and vehicles in-
cluded an integrated design method 
for an adaptable hypersonic dual wa-
verider with twin scramjets fed by two 
3D inward-turning inlets. The paper, 
from researchers at Avic, indicated 
the sharply swept delta-winged de-
sign with bifurcated inlets would have 
“satisfactory” performance at diferent 
angles of attack across a speed range 
of Mach 4-6.

A second highlighted vehicles study, 

presented by Yuan Yu of the Beijing-
based China Academy of Launch Ve-
hicle Technology, evaluated a recon-
fgurable waverider that would unfold 
its wings following deployment from 

beneath the shroud of a launch vehi-
cle. While the details of the application 
were not discussed, the study appears 
to be clearly aimed at increasing the 
potential size—and therefore capa-
bility—of hypersonic glide vehicles 
that could be boosted into the upper 
atmosphere by intermediate or large 
ballistic missiles.

The papers also reveal a major Chi-
nese focus on advanced combined-cy-
cle propulsion systems for two-stage 
orbital vehicles, including precooling 
hypersonic air-breathing engines as 
well as a variety of turbine-based com-
bined-cycle (TBCC) and rocket-based 
combined-cycle engines. Researchers 
from the Beijing Institute of Aerospace 
Technology also provided one of the 
most startling revelations of the con-
ference, of significant progress on a 
hybrid engine dubbed the turbo-aided 
rocket-augmented ramjet (TRRE) 
combined-cycle engine (see page 55).

Under testing and development for 
more than two years by the Beijing 
Power Machinery Research Institute, 
the TRRE is designed to operate from 
a standing start to Mach 6+ and from 
sea level to 33-km altitude. The propul-
sion system combines a turbine engine, 
rocket and ramjet with a common, 
adaptable inlet and exhaust and is in 
the frst of three planned development 
phases. Developers plan to conduct the 
frst tests of the prototype engine up 
to Mach 6 in a free-jet facility later 
this year. Initial fight tests of a TRRE 
subscale demonstrator are planned by 

HypersoniCs

Tests of a magneto-hydrodynamic heat shield system showed performance 
could be boosted by seeding the fow with potassium particles.
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Ground tests of a hydrogen-fueled continuous-rotating detonation ramjet 
at Mach 4.5 and simulated 18.5-km altitude indicated positive thrust was 
obtained (see page 54).
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2025 and full-scale envelope expansion 
by 2030.

Another combined-cycle concept, 
the Xiamen Turbine Ejector-Ramjet 
Combined Cycle (XTER), is being stud-
ied by Xiamen University’s School of 
Aerospace Engineering as a research 
training project. The propulsion sys-
tem is another variation on the TriJet 
combined cycle outlined by Aerojet 
Rocketdyne in 2011, and combines a 
turbine, rocket-ejector and superson-
ic ramjet in a compact tandem/over-
under hybrid fowpath arrangement.

“We know there is a lot of work to be 
done, but the XTER engine could sat-
isfy the thrust requirements of future 
hypersonic vehicles over a wide range 
of Mach numbers up to Mach 6. The 
propulsion components, including an 
inward-turning TBCC-inlet, scramjet 
combustor, ejector ramjet and expan-
sion ramp nozzle have been prelimi-
narily studied,” says Yin Zeyong, dean 
of the School of Aeronautics and As-
tronautics at Xiamen University.

Thermal management system con-
cepts unveiled at the event included a 
magneto-hydrodynamic (MHD) heat 
shield system that uses a solenoid 
magnet in the nosecone to push the 
hypersonic bow shock away from the 
surface of the vehicle during reen-
try. The study, by researchers at the 
NUDT, found the shock standof dis-
tance could be increased twentyfold by 
using MHD. It also found that shock 
control and thermal protection at 
lower Mach numbers could be signif-
cantly improved by seeding the infow 
with particles of potassium to increase 
ionization.

Another thermal management sys-
tem study that closely resembles the 
precooler work undertaken by the Jap-
anese Aerospace Exploration Agency 
in the air turbo ramjet engine expand-
er cycle program, and by UK-based 
Reaction Engines for its synergistic 
air-breathing rocket engine system, is 
a compact heat exchanger under test 
by a team at Beihang University in Bei-
jing. The system, which would be used 
to precool air for the turbine in a com-
bined-cycle engine, consists of tightly 
bundled tubes through which an un-
specifed coolant is pumped. The sys-
tem produced “excellent performance” 
in early tests, say the researchers, who 
plan additional evaluations.

Several papers focused on ramjet 
and scramjet developments, with a 
heavy emphasis on mixing, injection 

and ignition, all of which are impor-
tant for combustion. Working with 
the State Key Laboratory of Laser 
Propulsion and Application in Bei-
jing, researchers from NUDT looked 
into the fundamentals of scramjet 
combustion, and in particular inves-
tigated auto-ignition caused by an 
oblique shock in a fow feld at Mach 
2.5. Using an imaging technique called 
nanoparticle-based planar laser scat-
tering, they discovered that auto-igni-
tion performance can be extended by 
increasing fuel injection pressure and 
the temperature of the airfow. They 
also found a longer fame cavity aids 
combustion.

Another group from the same uni-
versity has also studied the use of suc-
cessive laser shots to ignite ethylene 
fuel in a scramjet combustor at Mach 
2.52. They found that increasing the 
energy of the laser shortened igni-
tion time and increased the size of the 
initial fame but that plasma ignition 
could fail altogether if the gap between 
laser pulses exceeded 50 microsec.

China’s early fight test success of a 
hydrocarbon-fueled (kerosene) scram-
jet in 2015 has prompted follow-on re-
search into better combustion systems 
for dual-mode scramjets capable of op-
erating over a broader speed range up 
to Mach 10. Researchers from North-
western Polytechnical University in 

Xian tested a scramjet combustor 
made up of two fameholder cavities 
mounted in tandem. The direct-con-
nect tests, which were conducted at 
Mach 2 and at a set inlet temperature, 
showed the fameholding capacity in-
creased with higher inlet pressures 
and that combustion stability moved 
from the upstream to the downstream 
cavity as pressure decreased. 

ProPulsion reseArch
Recent advances in propulsion com-

ponent research include studies of an 
over-under TBCC exhaust system 
incorporating a moveable ramp for 
adjusting throat area ratio. Developed 

by Nanjing University of Aeronautics 
and Astronautics’ (NUAA) Jiangsu 
Province Key Laboratory of Aerospace 
Power Systems, in collaboration with 
Avic’s Shenyang Aircraft Design and 
Research Institute, the new confgura-
tion is aimed at smoothing the tran-
sition from turbojet to ramjet. The 
device was tested on an experimental 
TBCC nozzle in NUAA’s blowdown 
wind tunnel and showed that while the 
two fowpaths interacted, the ramjet 
fow had a greater impact on the inter-

Experiments showed supersonic 
shockwaves could be controlled 
with an arc-driven plasma synthet-
ic jet (PSJ) actuator.
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about progress in this classifed area 
came from Yancheng You, confer-
ence co-chair and a Xiamen Uni-
versity hypersonics specialist. 
Believed to be referencing 
NUDT’s scramjet pioneer 
Zhenguo Wang, You says: 
“From the very beginning 
we wanted to invite another 
keynote speaker, a [big name 
in hypersonics] from China. 
But it was a little bit difficult 
because the topic is sensitive.”

Compared to the most recent 
U.S.-hosted hypersonics and space-
planes conference in Atlanta in 2014, 
when just 89 papers were presented, 
a record 347 were shown in Xiamen—
of which 272 were from China. Hyper-
sonics is “definitely a very hot topic 
here,” says You, who cites the explo-
sive growth of academic papers on the 
topic as evidence. 

Between 2002 and 2015, more than 
33,300 papers were published in the 
Chinese language with “hypersonic/
space planes” in the title, while 3,582 
journal papers with the same key-
words were published in Chinese 
over the same span. The trend is seen 
globally as well, says You. Of more 
than 1,660 academic papers published 
in English on hypersonics in 2011-15, 
some 627, or 38%, were from China. 

The U.S. accounted for 25%, with 422, 
with the remainder produced by na-
tions including France, Germany, Italy, 
India, Japan, Russia and the UK. 

Combined-CyCle ConCepts
Highlighted presentations at Xia-

men on missions and vehicles in-
cluded an integrated design method 
for an adaptable hypersonic dual wa-
verider with twin scramjets fed by two 
3D inward-turning inlets. The paper, 
from researchers at Avic, indicated 
the sharply swept delta-winged de-
sign with bifurcated inlets would have 
“satisfactory” performance at diferent 
angles of attack across a speed range 
of Mach 4-6.

A second highlighted vehicles study, 

presented by Yuan Yu of the Beijing-
based China Academy of Launch Ve-
hicle Technology, evaluated a recon-
fgurable waverider that would unfold 
its wings following deployment from 

beneath the shroud of a launch vehi-
cle. While the details of the application 
were not discussed, the study appears 
to be clearly aimed at increasing the 
potential size—and therefore capa-
bility—of hypersonic glide vehicles 
that could be boosted into the upper 
atmosphere by intermediate or large 
ballistic missiles.

The papers also reveal a major Chi-
nese focus on advanced combined-cy-
cle propulsion systems for two-stage 
orbital vehicles, including precooling 
hypersonic air-breathing engines as 
well as a variety of turbine-based com-
bined-cycle (TBCC) and rocket-based 
combined-cycle engines. Researchers 
from the Beijing Institute of Aerospace 
Technology also provided one of the 
most startling revelations of the con-
ference, of significant progress on a 
hybrid engine dubbed the turbo-aided 
rocket-augmented ramjet (TRRE) 
combined-cycle engine (see page 55).

Under testing and development for 
more than two years by the Beijing 
Power Machinery Research Institute, 
the TRRE is designed to operate from 
a standing start to Mach 6+ and from 
sea level to 33-km altitude. The propul-
sion system combines a turbine engine, 
rocket and ramjet with a common, 
adaptable inlet and exhaust and is in 
the frst of three planned development 
phases. Developers plan to conduct the 
frst tests of the prototype engine up 
to Mach 6 in a free-jet facility later 
this year. Initial fight tests of a TRRE 
subscale demonstrator are planned by 

HypersoniCs

Tests of a magneto-hydrodynamic heat shield system showed performance 
could be boosted by seeding the fow with potassium particles.
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Ground tests of a hydrogen-fueled continuous-rotating detonation ramjet 
at Mach 4.5 and simulated 18.5-km altitude indicated positive thrust was 
obtained (see page 54).
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the world and capable of replicating 
fl ight conditions at altitudes of 25-50 
km and speeds of Mach  5-9. Opened 
in 2012, the JF12 can put test speci-
mens through hypersonic conditions 
for more than 100 millisec .

However, China is still adding to its 
suite of large-scale test sites, and en-
gineers at the China Academy of Aero-
space Aerodynamics in Beijing are 
currently completing commissioning 
of a new large-scale free-piston shock 
tunnel  that is designed to test  from 
Mach 10-15. Built in 2016, the FD21 is 
170 m long overall, eclipsing even the 
mighty JF12. The facility can be oper-
ated as a conventional shock tunnel, a 
high-enthalpy tunnel with a test time 
of 5 millisec.  or a moderate-enthalpy 
tunnel with a 50-millisec.  test time. 

Other new additions to the suite 
of test facilities include a Mach 6 hy-
personic quiet tunnel built in 2016 at 
NUDT . Confi gured with a nozzle exit 
diameter of 300 mm and producing an 
operating time of  more than 15 sec. , the 
tunnel is  still undergoing commission-
ing but has already shown that inter-
ference from the sidewalls, or “noise,” 
is as low as 0.1% with pressures at or 
below 0.5 megapascals (MPa). Scram-
jet researchers based at the Hyperve-
locity Aerodynamics  Institute at the 
China Aerodynamics Research and 
Development Center in Mianyang  have 
meanwhile developed a combustion-
heated facility capable of simulating 
fl ight conditions of Mach 4-7 with run 
durations of up to 600 millisec.    c

HYPERSONICS

Latest hypersonic test assets 
now being commissioned in China 
include a Mach 6 quiet wind tunnel 
in Changsha, Hunan.
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The  170-m-long FD21 free-piston 
shock tunnel in Beijing, opening 
soon, is the largest test facility of 
its type in the world.

nal fl ow of the turbojet nozzle.
In other hypersonic propulsion 

studies, NUDT’s detonation research 
group from Changsha  revealed details 
of work underway since 2009 on a con-
tinuous rotating detonation ramjet en-
gine (CRDRE). Operating on the same 
basic principle as the pulse-detonation 
engine, the CRDRE incorporates an 
annular combustor, into which propel-
lants are fed axially to produce deto-
nation waves that rotate circumferen-
tially around the chamber. 

Continuous rotating detonation is 
a form of  pressure-gain propulsion 
that is gaining increasing interest for 
potential application in high-speed 
weapons and vehicles, largely because 
the air-breathing concept is highly ef-
ficient and mechanically simple and 
can be applied to either turbojets or 
ramjets. The NUDT team built and 
tested a 660-mm-long detonation wave 
ramjet in both direct-connect and free-
jet conditions using both hydrogen and 
ethylene fuels. Positive thrust was 
measured with the hydrogen fuel-led 
version in free-jet tests representing 
Mach 4.5 and 18.5 km (see photos on 
page 52), and researchers say nozzle-
area contraction ratio is a key factor 
for propulsive performance and alter-
ing combustor pressure.

In the power and control systems 
area, a team from the Xian-based Air 
Force Engineering University and the 
School of Electrical Engineering at 
Xian Jiaotong University, is evaluating 
the potential application of arc-driven 
plasma synthetic jets to control the 
angle and position of supersonic shock-
waves. The study recommends further 
work to improve control intensity and 
stability, as well as possible use to re-
duce heat fl ux and fl ow separation.

Other areas of  advancement include 
studies of stif ened carbon composite 
structures for space vehicles and re-

search into silicon nitride/silica com-
posites for potential use for spacecraft 
thermal protection. Several research 
facilities also unveiled results of fl ow 
and gas physics experiments in hy-
personic fundamentals,  and 45 pa-
pers were presented on advances in 
hypersonics studies using computa-
tional methods.

China’s hypersonics initiative is 
grounded in a vast—and still expand-
ing—nationwide network of test and 
evaluation facilities, the most notable 
of which is  the Chinese Academy of 
Sciences’ JF12 detonation-driven 
shock tunnel. With a 99-m-long  (324-ft-
long) detonation chamber and a noz-
zle exit diameter of 2.5 m, the JF12 is 
currently the largest shock tunnel in 
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C
hinese engineers will test a prototype combined-cycle 
hypersonic engine later this year that they hope will 
pave the way for the frst demonstration fight of a 

full-scale propulsion system by 2025. If successful, the en-
gine could be the frst of its type in the world to power a 
hypersonic vehicle or the frst stage of a two-stage-to-orbit 
spaceplane.

Combined-cycle systems have long been studied as a po-
tential means to access to space and long-range hypersonic 

vehicles because they use both air-breathing and rocket en-
gines to enable aircraft-like operations from a standing start 
to cover a wide range of speeds and altitudes. Such systems 
also take advantage of using atmospheric oxygen for fuel.

Various turbine, rocket and ramjet combinations have 
been studied in the West for decades, but it seems that a new 
Chinese-developed variation on this theme—the turbo-aided 
rocket-augmented ram/scramjet engine (TRRE)—appears 
to be closest to becoming the frst practical combined-cycle 
propulsion system. Developers at the Beijing Power Machin-
ery Research Institute say the engine will have sufcient ca-
pability to power horizontal-takeof-and-landing hypersonic 
“near-space reconnaissance-and-strike” vehicles, two-stage-
to-orbit and even the single-stage-to-orbit vehicles.

Although similar to several earlier combined-cycle con-
cepts, including the Trijet proposed by Aerojet Rocketdyne 
in 2008, the TRRE incorporates the three main propulsion 
systems in just two main ducts. The TRRE consists of a 
turbine, liquid oxygen/kerosene-liquid-fueled rockets and 
a kerosene-fueled ram/scramjet combined with a common 
inlet and exhaust and is designed to operate from a standing 
start to Mach 6+. The turbine, which operates from take-
of to Mach 2, is housed in an upper low-speed duct, while 
the ramjet and rockets are located in the lower high-speed 

duct. Two rockets are mounted in the duct; an aft-mounted 
rocket for transonic acceleration and mode transition, and 
a main rocket mounted farther forward in the duct for fame 
stabilization during acceleration through to scramjet transi-
tion at Mach 6.

Updating test progress on the TRRE at the AIAA/China 
Academy of Engineering International Space Planes and 
Hypersonic Systems conference in Xiamen, Wei Baoxi 
of the Beijing Power Machinery Research Institute says 
simulations and experiments over the past two years have 
“validated its comprehensive advantages for acceleration, 
cruise, mobility and other aspects. The results show that 
the TRRE engine can reconcile the demands of high thrust 
at lower Mach numbers and high specifc impulse at a Mach 
number of 6.0.”

For a typical cycle, the TRRE would operate in the turbine 
mode for takeof with both ejector rockets in the high-speed 
duct, or channel, augmenting thrust to overcome transonic 
drag. Around Mach 2, the low-speed duct is closed and the 
engine transitions to using the ramjet and rocket/ramjets 
in the high-speed duct. From Mach 3 to Mach 6, the engine 
operates in ram mode and rocket ram mode using both the 

high-speed inlet and the forward-mounted ejector rocket in 
tandem. The engine enters scramjet mode with the activa-
tion of the rocket/ramjet compound combustion chamber 
at Mach 6.

“The main advantage of the TRRE is that it can solve the 
problems of an RBCC at low thrust and low speed by using 
the turbine engine for takeof and landing as well as low-
speed fight,” says Baoxi. “The second advantage is that with 
the rocket engine it solves the problem of the TBCC transi-
tion thrust ‘pinch,’ and it can also achieve a high specifc 
thrust from Mach 3 to Mach 10. If integrated well, it will 
provide smooth mode transition and solve the thrust gap 
between the turbine and ramjet as well as provide a wide 
range of thrust capability between subsonic, supersonic and 
hypersonic conditions. It will also be good for acceleration 
and maneuvering. The confguration will also enhance the 
stability of engine operation under extreme conditions using 
the combustion and steady fame efect of the rocket gas jet. 
Using these, we can expand the boundaries of stable opera-
tion,” he adds.

Numerical test results of the TRRE prototype show it can 
“operate in the full fight envelope of Mach 0-6+ and have 
demonstrated the integrated high- and low-speed channels 
work cooperatively,” says Baoxi. “They also show reliable 
power-mode transition and the feasibility of the rocket/ram-
jet working in cooperation in the high-speed channel over an 
extremely wide speed range between Mach 1.5 and 7.” 

In 2016, developers completed inlet and nozzle wind-

Guy Norris Xiamen, China

Hyper Hybrid
Chinese engineers say ambitious 

turbo-aided rocket and scramjet are 

on track for 2025 fight tests 

The TRRE combined-cycle system integrates a high-
speed turbine, rockets and ramjets in an “over-under” 
two-duct confguration.

Beijing Power Machinery research institute

AW_04_17_2017_p50-56.indd   55 4/13/17   5:05 PM

54    AVIATION WEEK & SPACE TECHNOLOGY/APRIL 17-30, 2017 AviationWeek.com/awst 

the world and capable of replicating 
fl ight conditions at altitudes of 25-50 
km and speeds of Mach  5-9. Opened 
in 2012, the JF12 can put test speci-
mens through hypersonic conditions 
for more than 100 millisec .

However, China is still adding to its 
suite of large-scale test sites, and en-
gineers at the China Academy of Aero-
space Aerodynamics in Beijing are 
currently completing commissioning 
of a new large-scale free-piston shock 
tunnel  that is designed to test  from 
Mach 10-15. Built in 2016, the FD21 is 
170 m long overall, eclipsing even the 
mighty JF12. The facility can be oper-
ated as a conventional shock tunnel, a 
high-enthalpy tunnel with a test time 
of 5 millisec.  or a moderate-enthalpy 
tunnel with a 50-millisec.  test time. 

Other new additions to the suite 
of test facilities include a Mach 6 hy-
personic quiet tunnel built in 2016 at 
NUDT . Confi gured with a nozzle exit 
diameter of 300 mm and producing an 
operating time of  more than 15 sec. , the 
tunnel is  still undergoing commission-
ing but has already shown that inter-
ference from the sidewalls, or “noise,” 
is as low as 0.1% with pressures at or 
below 0.5 megapascals (MPa). Scram-
jet researchers based at the Hyperve-
locity Aerodynamics  Institute at the 
China Aerodynamics Research and 
Development Center in Mianyang  have 
meanwhile developed a combustion-
heated facility capable of simulating 
fl ight conditions of Mach 4-7 with run 
durations of up to 600 millisec.    c

HYPERSONICS

Latest hypersonic test assets 
now being commissioned in China 
include a Mach 6 quiet wind tunnel 
in Changsha, Hunan.

C
H

IN
A
 A

C
A
D

E
M

Y
 O

F
 A

E
R

O
S

P
A
C

E
 A

E
R

O
D

Y
N

A
M

IC
S

NATIONAL UNIVERSITY OF DEFENSE TECHNOLOGY

The  170-m-long FD21 free-piston 
shock tunnel in Beijing, opening 
soon, is the largest test facility of 
its type in the world.

nal fl ow of the turbojet nozzle.
In other hypersonic propulsion 

studies, NUDT’s detonation research 
group from Changsha  revealed details 
of work underway since 2009 on a con-
tinuous rotating detonation ramjet en-
gine (CRDRE). Operating on the same 
basic principle as the pulse-detonation 
engine, the CRDRE incorporates an 
annular combustor, into which propel-
lants are fed axially to produce deto-
nation waves that rotate circumferen-
tially around the chamber. 

Continuous rotating detonation is 
a form of  pressure-gain propulsion 
that is gaining increasing interest for 
potential application in high-speed 
weapons and vehicles, largely because 
the air-breathing concept is highly ef-
ficient and mechanically simple and 
can be applied to either turbojets or 
ramjets. The NUDT team built and 
tested a 660-mm-long detonation wave 
ramjet in both direct-connect and free-
jet conditions using both hydrogen and 
ethylene fuels. Positive thrust was 
measured with the hydrogen fuel-led 
version in free-jet tests representing 
Mach 4.5 and 18.5 km (see photos on 
page 52), and researchers say nozzle-
area contraction ratio is a key factor 
for propulsive performance and alter-
ing combustor pressure.

In the power and control systems 
area, a team from the Xian-based Air 
Force Engineering University and the 
School of Electrical Engineering at 
Xian Jiaotong University, is evaluating 
the potential application of arc-driven 
plasma synthetic jets to control the 
angle and position of supersonic shock-
waves. The study recommends further 
work to improve control intensity and 
stability, as well as possible use to re-
duce heat fl ux and fl ow separation.

Other areas of  advancement include 
studies of stif ened carbon composite 
structures for space vehicles and re-

search into silicon nitride/silica com-
posites for potential use for spacecraft 
thermal protection. Several research 
facilities also unveiled results of fl ow 
and gas physics experiments in hy-
personic fundamentals,  and 45 pa-
pers were presented on advances in 
hypersonics studies using computa-
tional methods.

China’s hypersonics initiative is 
grounded in a vast—and still expand-
ing—nationwide network of test and 
evaluation facilities, the most notable 
of which is  the Chinese Academy of 
Sciences’ JF12 detonation-driven 
shock tunnel. With a 99-m-long  (324-ft-
long) detonation chamber and a noz-
zle exit diameter of 2.5 m, the JF12 is 
currently the largest shock tunnel in 
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tunnel experiments as 
well as direct-connect 
test rig evaluations of 
power-mode transitions 
at Mach 1.8. Testing in 
the direct-connect rig 
was also performed to 
assess steady state per-
formance between Mach 
2 and 6. “The results veri-
fied the design methods 
of the TRRE inlet, nozzle 
and combustor. And the 
thrust performance ob-
tained by the power mode 
transition experiments 
show the engine can 
achieve a reliable shift 
from the turbine mode to 
the rocket-ramjet mode,” 
says Baoxi. “When the 
scale efect is taken into 
account, thrust at the 
power mode shift state 
can reach around 16,000 
lb. [8 tons] for an engine 
with the capture area of 1 
m2, which basically meets 
the requirement of the ve-
hicle design,” he adds.

One of the biggest mile-
stones for the program 
will occur later this year, 
when developers plan to 
conduct free jet tests of 
the engine for the first 
time. The work will evalu-
ate the TRRE through 
power-mode transitions and steady state operation at Mach 
2-6 and forms the heart of the frst development phase, which 
is focused on proving core technologies and overall operations. 
During this phase, which runs through 2020, Baoxi says: “We 
plan to adopt a small turbine for the prototype to verify the 
working principle.”

Baoxi indicates that the turbine for the ground prototype 
will be an of-the-shelf, low-bypass engine which is capable 
of around Mach 0.8. However, he adds that the engine will 
be adapted through unspecifed means to represent condi-
tions at Mach 1.8, which is the lowest mode transition speed 
already tested in the direct connect rig. “So it can be used to 
validate our operating principle,” he notes.

For the follow-on fying demonstrator, Baoxi says the tur-
bine will likely be based on the WS-15, a super-cruising turbo-
fan under development by Xian Aero Engine Corp. for later 
production versions of the twin-engine Chengdu J-20 stealth 
fghter. However, even though the initial batch of J-20s en-
tered service early this year with the People’s Liberation Air 
Force, they are believed to be powered by an interim variant 
of the Russian-made Saturn AL-31 rather than the WS-15. 
An ofcial quoted on the website China Military Online on 
March 13 commented that although WS-15 development is 
proceeding well, overall progress for production readiness 
has been hampered by quality control issues with relatively 

recently developed areas of advanced engine technology for 
China, specifcally single-crystal superalloy turbine blades 
and powder metallurgy superalloy turbine disks.

It is unclear if the targeted thrust of the WS-15 (believed to 
be more than 40,000 lb. when installed in the J-20) is suited 
to the transition Mach numbers aimed at for the fying dem-
onstrator planned for the second development phase in the 
2020-25 time frame. “Before 2025, an in-service mature tur-
bine engine will be adopted to form the engineering program 
and support completion of the small horizontal-takeof-and-
landing free-fight test vehicle,” says Baoxi, who confrms the 
aircraft will conduct the tests from a runway rather than 
being air-dropped from a carrier aircraft. 

Phase three, running from 2025-30, will focus on devel-
opment and integration of an advanced high-speed turbine 
engine into the TRRE. Program success will also hinge on 
parallel breakthroughs in “the operation of the scramjet at 
higher Mach numbers, particularly in technology areas such 
as the adjustable combustion chamber ramjet suitable for 
a wide range of work,” says Baoxi. In addition, development 
of a high-efciency precooling system will be required. Pre-
liminary work to support this is underway at various sites 
in China. Once combined with these enhancements, he adds, 
“the operating range of the TRRE engine can be further 
expanded.” c

Beijing Power Machinery research institute
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