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Abstract
Hypersonic flight, defined as traveling at speeds greater than Mach 5, represents a revolutionary fron-
tier in aerospace technology, promising transformative impacts on both military and civilian aviation.
This revolution is driven by advancements in materials science, propulsion systems, and aerodynamic de-
sign, enabling aircraft and missiles to operate efficiently in extreme conditions encountered at hypersonic
speeds. Critical developments include scramjet (supersonic combustion ramjet) engines, which facilitate
sustained hypersonic flight by efficiently mixing and combusting air at high velocities, and heat-resistant
materials that withstand the intense thermal loads. Beyond military applications, such as rapid global
strike capabilities and advanced missile defense systems, hypersonic technology holds potential for civil-
ian use, including ultra-fast passenger travel and space access. Hypersonic aircraft could drastically reduce
travel times, connecting distant global cities within hours. However, significant challenges remain, includ-
ing thermal management, material durability, and precise navigation and control at hypersonic speeds. It
highlights the revolutionary potential of hypersonic flight, emphasizing the technological breakthroughs
and ongoing research aimed at overcoming existing barriers. The continued evolution of hypersonic tech-
nology promises to redefine the boundaries of speed and efficiency in aerospace travel, heralding a new
era of rapid, high-speed transportation and advanced military capabilities.
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1. Introduction

The field of hypersonics, which involves flight at speeds exceeding Mach 5, has captivated re-
searchers for decadeswith its immense potential. From the first successful hypersonic demonstration
in 1949 to today’s cutting-edge railgun and VMaX technologies, this realm pushes the boundaries of
aerodynamics and propulsion [1, 2, 3, 4].

Hypersonic systems like the Russian Kh-47M2 Kinzhal and Chinese DF-17 have spearheaded mil-
itary advancements, while jet-assisted take-off concepts and advanced materials pave the way for
commercial applications such as the long-awaited hypersonic airliner. However, intense aerody-
namic heating and other obstacles pose significant challenges that current HAWC research aims to
overcome, making hypersonics a thrilling frontier in aerospace engineering (Fig. 1) [5, 6, 7, 8].

Hypersonic flight refers to the motion of an aircraft or object through the atmosphere at speeds
greater than Mach 5, or five times the speed of sound. This threshold, typically around 3,800 miles
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Figure 1. Hypersonic flight experimentation.

(6,116 km) per hour, is significant because it marks the point where certain physical phenomena
become more prominent and influential on the vehicle’s performance and design [9].

At hypersonic speeds, the following key factors come into play:

1. Aerodynamic Heating: The intense friction between the vehicle and the air molecules causes
extreme heating of the vehicle’s surface, requiring specialized thermal protection systems and
materials capable of withstanding these high temperatures.

2. Air Dissociation: The high kinetic energy of the air molecules causes them to dissociate, or
break apart, into their constituent atoms. This changes the properties of the air, affecting the
aerodynamics and heat transfer characteristics.

3. Low-Density Flow: The high speeds create a low-density flow regime, where the air behaves
more like a rarefied gas, requiring different aerodynamic modeling and design considerations.

4. Thin Shock Layer: The shock wave formed in front of the vehicle becomes extremely thin,
making it challenging to accurately predict and manage the aerodynamic forces and heat transfer.

5. Viscous Interaction: The interaction between the boundary layer and the shock wave becomes
more significant, influencing the overall aerodynamic performance and heat transfer character-
istics.

6. Entropy Layer: The high-temperature air behind the shockwave creates an entropy layer, which
affects the vehicle’s aerodynamics and heat transfer.

To achieve and sustain hypersonic flight, specialized propulsion systems are required. Proposed
methods include:

• Scramjet Engines: These supersonic combustion ramjet engines can operate efficiently at hyper-
sonic speeds by compressing and combusting the air without the need for rotating machinery.

• Detonation Engines: These engines rely on controlled or rotating detonation waves to combust
the fuel-air mixture, potentially offering higher efficiency and thrust at hypersonic speeds.

Hypersonic flight has applications in various domains, including:

• Weapons and Defense Systems: Hypersonic missiles and glide vehicles offer enhanced speed,
maneuverability, and the ability to penetrate advanced defense systems.

• Space Exploration: Hypersonic vehicles could potentially providemore efficient and cost-effective
access to space, serving as reusable launch vehicles or enabling rapid global transportation.
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• Commercial Transportation: The prospect of hypersonic airliners capable of significantly re-
ducing travel times has been a long-standing goal, although significant technical challenges re-
main.

2. Historical Milestones

The quest for hypersonic flight has been a long-standing endeavor, marked by numerous ground-
breaking achievements and milestones. One of the earliest and most significant events was the
launch of the V-2 rocket from White Sands Proving Ground on February 24, 1949. This rocket car-
ried a second stage called the WAC Corporal, which reached a maximum velocity of 5,150 mph
(8,288 km/h) and an altitude of 244 miles (393 km), becoming the first human-made object to achieve
hypersonic flight, surpassing Mach 5 (Fig. 2) [10, 11, 12].

Figure 2. Body-fixed coordinate system.

Since this pioneering feat, numerous vehicles have flown at hypersonic speeds, including:

1. Intercontinental Ballistic Missile (ICBM) Nose Cones: These re-entry vehicles routinely
achieve hypersonic speeds during their descent, demonstrating the ability to withstand extreme
aerodynamic heating and aerodynamic forces.

2. Spacecraft and Research Vehicles:
• The X-15 research aircraft, which flew 199 flights between 1959-1968 at speeds up to 2 km/s
(4,474 mph), providing invaluable knowledge of hypersonic aerodynamics, thermal protection,
and reusable aircraft structures.

• The Apollo reentry capsules, which achieved reentry speeds of 11 km/s (24,600 mph) between
1966-1975, demonstrating the ability to withstand very high aerothermal loads.

• The Space Shuttle program, which launched 135 times, achieving reentry speeds of 8 km/s
(17,900 mph) and contributing to the understanding of hypersonic aerodynamics and reusable
thermal protection systems.

3. Missile Systems: Many of today’s interceptor missiles, such as theKh-47M2 KinzhalandDF-17,
fly in the hypersonic domain at speeds ranging from 2-5 km/s (4,474-11,185 mph), showcasing
advanced guidance, navigation, and control algorithms.

4. Reusable Launch Vehicles: The SpaceX Falcon 9 launch system routinely achieves stage sep-
aration at approximately 2 km/s (4,474 mph), with the recovery of the first stage demonstrating
the feasibility of routine reusable hypersonic flight.

5. Scramjet-Powered Vehicles:
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• In 2004, the NASA X-43A flew on a scramjet engine for 10 seconds and then glided for 10
minutes, demonstrating the feasibility of scramjet-powered hypersonic flight.

• In 2013, the Boeing X-51 Waverider flew on a scramjet engine for 210 seconds, reaching Mach
5.1, further advancing scramjet technology for hypersonic propulsion.

These historical milestones have paved the way for ongoing research and development in the field
ofhypersonics, pushing the boundaries of aerodynamics, propulsion, and materials science to enable
faster and more efficient transportation systems, both in the atmosphere and beyond [13].

2.1 Current Research and Initiatives

The field of hypersonics is witnessing a surge of research and development efforts aimed at over-
coming the immense challenges posed by hypersonic flight. At the forefront of these initiatives is
the University of Central Florida, where researchers have developed a propulsion system using an
oblique detonation wave engine that could enable hypersonic flight at speeds ranging from Mach 6
to 17 (over 4,600 to 13,000 mph). The key innovation is a new hypersonic reaction chamber called the
’HyperREACT facility,’ which contains a 30-degree angle ramp to stabilize the oblique detonation
wave, making it more efficient than traditional propulsion engines. This detonation-based propul-
sion system has the potential to enable faster air travel as well as more efficient and cleaner rocket
propulsion for space missions. Notably, the researchers were able to sustain the detonation wave for
3 seconds, a significant improvement over the typical microsecond or millisecond durations [14, 15,
16].

Meanwhile, several test vehicles have demonstrated short-duration scramjet operation at hypersonic
speeds:

• The X-43 and X-51 have achieved Mach 9.6 and Mach 5, respectively.
• The HIFiRE program, a joint effort between NASA, AFRL, and Australia’s DSTO, tested a dual-
mode ramjet/scramjet engine, transitioning from subsonic to supersonic combustion.

NASA’s Vehicle Analysis Branch (VAB) plays a critical role in the design, analysis, and mission plan-
ning for hypersonics research, supporting the Hypersonic Technology Project (HTP). Additionally,
Stratolaunch conducted the first powered test flight of its Talon-A-1 unmanned hypersonic research
craft, which reached high supersonic speeds approaching Mach 5. The Talon-A-1 was carried aloft
by Stratolaunch’s massive six-engine carrier aircraft called the Roc and then released and powered
by its own liquid-fuel rocket engine. Stratolaunch has announced flight contracts with the U.S. Air
Force Research Laboratory and the Navy’s Multiservice Advanced Capability Test Bed program [17].

Hypersonictechnology is also being actively developed by various aerospace companies in collabora-
tion with the Department of Defense. Companies like Venus Aerospace, Stratolaunch, and Hermeus
are working on developing core technologies like rotating detonation engines andhypersonicproto-
types, often with government funding and partnerships. Whilehypersonictechnology is still in the
early stages of development, comparable to the current state of quantum computing, the focus is on
proving the basic viability of the technology [18, 19].

3. Challenges and Obstacles

The quest for sustained hypersonic flight faces numerous formidable challenges that span various
domains, including aerodynamics, materials science, propulsion, and structural engineering. One
of the most significant obstacles is the intense aerodynamic heating experienced by hypersonic ve-
hicles, which can cause catastrophic failures if not properly managed. This was tragically demon-
strated by the failed test of the Hypersonic Technology Vehicle 2 (HTV-2) in 2011, where the extreme
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heating caused the vehicle’s skin to peel away [20].

Thermal management, particularly for the high energy dissipation in boost-glide systems, remains
a critical technical challenge. Achieving hypersonic speeds requires technological advances beyond
just more powerful engines, as conventional turbine engines would disintegrate at these speeds. Key
technological hurdles persist in areas such as:

• Aircraft Structure: Hypersonic vehicles are subjected to extreme aerodynamic and thermal loads,
which can reduce the stiffness and strength of the airframe, making the structure more susceptible
to fluid-structure interactions (FSI).

• Materials: Aerodynamic heating at hypersonic speeds necessitates the use of heat-resistant ma-
terials to protect the vehicle and its payload. However, material degradation from dissociated
oxygen and nitrogen radicals is a critical challenge, especially for leading edges and propulsion
systems.

• Maneuverability: Maintaining precise control and accurate guidance is crucial due to the rapidly
changing aerodynamic forces and thermal environments at hypersonic speeds.

Furthermore, the complex coupled physics of FSI can lead to reduced aerodynamic performance,
structural fatigue, and potentially catastrophic failure if not properly managed. Researchers are
studying these intricate interactions to develop computational tools for designing hypersonic vehi-
cles that can withstand these extreme conditions are explained in Table1 [21, 22, 23].

Table 1. Key challenges in the hupersonic flights

Key Challenges Description

Aerodynamic Heating Intense heating due to friction with air molecules, requiring
advanced thermal protection systems and materials

Propulsion
Developing efficient and reliable propulsion systems for
sustained hypersonic flight, as traditional jet engines cannot
ingest supersonic or hypersonic air

Materials
Designing materials that can withstand extreme
thermal loads, aerodynamic forces, and vibrations,
while also being lightweight and cost-effective.

Control and Guidance
Maintaining precise control and accurate
guidance in rapidly changing aerodynamic
and thermal environments.

Testing and Validation
Conducting ground-based and flight testing
to gather data, verify designs, and optimize
performance under challenging hypersonic conditions.

Cost and Viability
Developing and operating hypersonic aircraft is an extremely
expensive endeavor, making cost-effective hypersonic flight a
significant challenge for commercial and military applications.

Aerodynamics and Propulsion The pursuit of sustained hypersonic flight within the atmosphere
necessitates the development of specialized propulsion systems capable of operating efficiently at
these extreme velocities. A key technology enabling hypersonic air-breathing flight is the supersonic
combustion ramjet (scramjet) engine. Unlike conventional jet engines, scramjets do not rely on
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rotating machinery to compress the incoming air. Instead, they utilize the vehicle’s forward motion
to compress and decelerate the incoming airflow through a series of oblique shockwaves, allowing
for supersonic combustion within the engine’s combustor [6].

Several experimental hypersonic aircraft projects have demonstrated the feasibility of scramjet tech-
nology, including:

1. NASA’s X-43A: This unmanned scramjet-powered vehicle achieved a top speed of Mach 9.6
(nearly 7,000mph) during its third and final flight in 2004, setting a new record for an air-breathing
engine.

2. USAF’s X-51AWaverider: In 2013, this scramjet-powered vehicle reached a maximum speed of
Mach 5.1 (approximately 3,800 mph) and maintained powered flight for over 210 seconds, show-
casing the potential for sustained hypersonic air-breathing propulsion.

Figure 3. Pressure field.

These groundbreaking projects have paved the way for further advancements in hypersonic air-
breathing engines, which offer several advantages over traditional rocket propulsion systems (Fig. 3):

• Improved Fuel Efficiency: By utilizing atmospheric oxygen for combustion, hypersonic air-
breathing engines like ramjets and scramjets can achieve higher fuel efficiency compared to rock-
ets, enabling practical long-range hypersonic travel.

• Gradual Engine Start/Shutdown: Unlike rockets, which experience abrupt ignition and shut-
down, air-breathing engines can gradually transition between different flight regimes, offering
greater operational flexibility.

• Horizontal Takeoff and Abort Capability: Air-breathing hypersonic vehicles can potentially
take off and land horizontally, similar to conventional aircraft, enabling safer abort procedures in
case of emergencies.

However, realizing the full potential of hypersonic air-breathing propulsion requires overcoming
significant technological challenges, including:
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• Extreme Temperatures and Stresses: Propulsion components like inlets, nozzles, and com-
bustors experience extreme temperatures and stresses during hypersonic flight, necessitating the
development of advanced high-temperature materials.

• MaterialsDevelopment: Refractory alloys, ceramicmatrix composites (CMCs), andmetalmatrix
composites (MMCs) are being explored to withstand the harsh hypersonic environment. For ex-
ample, alloys like TaWHf offer high-temperature strength but suffer from oxidation, while emerg-
ing high-entropy alloys show promise. Carbon-carbon (C/C) composites have excellent high-
temperature properties but require oxidation-resistant coatings and matrix modifications.

• Computational Modeling: Accurate computational tools are needed to predict complex phe-
nomena like hypersonic boundary layers, shock-wave/boundary-layer interactions, and environ-
ment material interactions, enabling more efficient and reliable hypersonic vehicle designs.

As researchers continue to tackle these challenges, hypersonic air-breathing propulsion systems
hold the potential to revolutionize various domains, including high-speed reconnaissance, weapon
delivery, and even space access, where combined air-breathing and rocket propulsion could offer
higher payload capacity, mission flexibility, and reusable structures [16].

4. Materials Science and Engineering

The quest for sustained hypersonic flight has catalyzed groundbreaking advancements in materials
science and engineering. Hypersonic vehicles are subjected to extreme aerothermal heating, with
stagnation temperatures reaching up to 10,000°C. This necessitates the development of materials
capable of withstanding such intense thermal loads while maintaining structural integrity and min-
imizing weight [18, 20, 21, 22].

Materials for hypersonic applications can be broadly classified into three categories:

1. Refractory Metals: These high-melting-point metals, such as niobium, molybdenum, tantalum,
and their alloys, offer excellent high-temperature strength and oxidation resistance. However,
their high density and limited operational temperature range pose challenges for certain applica-
tions.

2. Composites: Composite materials, particularly carbon-fiber-reinforced composites and ceramic
matrix composites (CMCs), offer superior strength-to-weight ratios and thermal properties. Car-
bon carbon (C-C) composites are preferred for modern leading-edge structures, enabling passive
cooling through favorable weave patterns and thermally conductive materials.

3. Ceramics: Ceramics like silicon carbide (SiC) and ultra-high-temperature ceramics (UHTCs)
exhibit exceptional thermal stability and oxidation resistance, making them suitable for high-
temperature applications. However, their brittleness and low fracture toughness can limit their
use in certain structural components.

To mitigate the intense aerothermal heating, a combination of passive and active thermal protection
systems (TPS) is employed :

• Passive TPS: Insulated cold structures and emissive hot structures are used for moderate heat
fluxes. These systems rely on materials with low thermal conductivity and high emissivity to
minimize heat transfer and radiate heat away from the vehicle.

• Active TPS: For extreme conditions, active transpiration cooling is required, where a coolant (e.g.,
gaseous or liquid) is circulated through porous materials or channels to absorb and dissipate heat.

Significant research efforts have focused on developing advanced coatings and materials to enhance
the performance and durability of hypersonic vehicles. For instance, contractors like C-CAT and
PWR have developed coatings for C-C leading edges to improve oxidation protection and enable
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multiple mission lifetimes. These coatings include SiC conversion coatings, Si3N4 or SiC pre-ceramic
polymer (PCP) coatings, and Si3N4 coatings via chemical vapor deposition (CVD) on inhibited C-C
substrates (Fig. 4) [24, 25].

Figure 4. The schematic diagram of the time cooperative problem with hypersonic vehicles.

Advancedmaterialslike Ir/HfO2multi-layer oxidation protection (MLOP) coatings, PCPs, and carbon
fiber reinforced CMCs have also been evaluated for hypersonic applications. Additionally, contrac-
tors like RCI and SMARF have developed advanced multi-layer foil insulation (MLFI) systems for
high-temperature multi-layer insulation (HTMLI), enabling effective thermal management [26].

4.1 Applications in Space Exploration

The potential applications of hypersonic technology in space exploration are vast and promising.
One of the most significant advantages lies in the ability to achieve more efficient and cost-effective
access to space. Hypersonic vehicles could serve as reusable launch vehicles, reducing the need for
expendable rockets and lowering the overall cost of space missions.

Furthermore, hypersonic vehicles could enable rapid global transportation, revolutionizing the way
we travel and transport goods across the planet. By leveraging their ability to operate at extreme
speeds, these vehicles could significantly reduce travel times, potentially enabling transcontinental
journeys in a matter of hours.

Hypersonic technology also holds promise for interplanetary exploration and sample return mis-
sions. The high speeds attainable by hypersonic vehicles could facilitate more efficient and faster
travel to other planets and celestial bodies within our solar system. Additionally, their maneuver-
ability and precision could enhance the ability to collect and return samples from these celestial
bodies, providing invaluable insights into their composition and characteristics [27, 28].

Potential applications of hypersonic technology in space exploration include:

• Reusable Launch Vehicles: Hypersonic vehicles could serve as reusable launch vehicles, reduc-
ing the cost of space missions by eliminating the need for expendable rockets.

• RapidGlobal Transportation: By operating at extreme speeds, hypersonic vehicles could enable
transcontinental journeys in a matter of hours, revolutionizing global transportation.

• Interplanetary Exploration: The high speeds attainable by hypersonic vehicles could facilitate
more efficient and faster travel to other planets and celestial bodies within our solar system.
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• Sample Return Missions: The maneuverability and precision of hypersonic vehicles could en-
hance the ability to collect and return samples from celestial bodies, providing invaluable insights
into their composition and characteristics.

While significant challenges remain, the development of hypersonic technology holds immense po-
tential for advancing our exploration and understanding of the cosmos, paving the way for ground-
breaking discoveries and pushing the boundaries of what is possible in space exploration.

5. Commercial and Military Implications

The emergence of hypersonic weapons and aircraft has significant implications for both military
and commercial sectors. On the military front, new classes of hypersonic capabilities are emerging
worldwide, including hypersonic cruise missiles and boost-glide systems. These hypersonic strike
systems can be categorized by range - short (<1,000 km), medium (1,000-3,000 km), intermediate
(3,000-5,500 km), and intercontinental (>5,500 km) (Fig. 5).

Figure 5. Simulation model schematics in MATLAB/Simulink.

• Powered Cruise Missiles: These systems use solid rocket propulsion to accelerate to scramjet-
powered speeds, enabling sustained hypersonic flight.

• Boost-Glide Systems: Solid rockets are used to accelerate a glide vehicle to hypersonic speeds,
which then glides unpowered towards its target.

Major powers like Russia, China, and the U.S. are actively developing various hypersonic strike
weapon systems, driving a potential shift in the global balance of power. As these offensive capabil-
ities proliferate, the development of defensive countermeasures is expected to intensify, leading to
a continuous cycle of new offensive and defensive hypersonic technologies.

On the commercial front, the potential for hypersonic passenger transport has long been a tantaliz-
ing prospect. Concepts have been explored for hypersonic aircraft that could fly from Brussels to
Sydney in just 4 hours. While significant technological hurdles remain, the possibility of an X-15-
like hypersonic aircraft with a few crew members by 2030 and larger passenger aircraft by 2040 is
envisioned. Key factors driving the potential for a successful hypersonic airliner include technolog-
ical advances in modeling, materials, and engines, as well as continued global economic growth and
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demand for premium air travel are given in Table2 [29, 30, 31].

Table 2. Primary constraints in the hypersonics

Challenges Description

Environmental Impact Addressing CO2 emissions and sonic boom concerns
Regulatory Framework Certification and integration into national airspace systems

Cost and Viability Developing and operating hypersonic aircraft
is an extremely expensive endeavor

The global supersonic and hypersonic aircraft market was valued at $4,137.3 million in 2021 and
is expected to reach $5,400.4 million by 2032, growing at a CAGR of 2.73% during 2022-2032. This
market is segmented into military and commercial applications, with key drivers including demand
for faster travel, technological advancements, market competition and investment, and military ap-
plications.

6. Conclusion

The field of hypersonics represents a frontier in aerospace engineering, pushing the boundaries of
speed, propulsion, and materials science. While the challenges are formidable, from managing ex-
treme aerothermal heating to developing advanced propulsion systems and high-temperature mate-
rials, ongoing research and development efforts are steadily advancing the state of the art. Sustained
hypersonic flight holds immense potential, promising to revolutionize everything from military ca-
pabilities and global transportation to space exploration and celestial reconnaissance. As nations
and private entities continue to invest in this cutting-edge technology, the coming decades may
witness the realization of hypersonic passenger travel, reusable hypersonic launch vehicles, and
even interplanetary exploration at unprecedented speeds. However, the path forward will require
multidisciplinary collaborations, innovative breakthroughs, and a commitment to overcoming the
significant obstacles that stand in the way of routine hypersonic operations. The conquest of hyper-
sonic flight beckons as a testament to humanity’s relentless pursuit of scientific and technological
advancement.
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