IJARCCE ISSN (0) 2278-1021, ISSN (P) 2319-5940

International Journal of Advanced Research in Computer and Communication Engineering

Impact Factor 8.102 :: Peer-reviewed & Refereed journal :: Vol. 13, Issue 5, May 2024
DOI: 10.17148/IJARCCE.2024.13522

CRYOGENIC TECHNOLOGY INROCKETS

Prof. Savitha M M1, Jathin B Prasanna?
Assistant Professor, Dept. of ECE, SJC Institute of Technology Chickaballapura, India®
Dept. of ECE, SJC Institute of Technology, Chickaballapura, India?

Abstract: Cryogenic technology has revolutionized rocket propulsion systems, enabling higher performance and
efficiency in space exploration missions. This paper presents a comprehensive review of the latest advancements in
cryogenic technology for rockets, focusing on key developments in cryogenic engines, propellants, and materials. The
historical evolution of cryogenic technology in rocketry is discussed, highlighting significant milestones and
contributions from various countries, including India's notable achievements. The paper also examines the current state-
of-the-art cryogenic engines used in rockets, analyzing their design principles. Additionally, recent research trends and
future prospects in cryogenic technology for rocket are explored, emphasizing the potential for enhancing payload
capacities, reducing launch costs, and enabling advanced space missions. Through a thorough analysis of literature and
technical insights, this paper provides a valuable resource for researchers, engineers, and enthusiasts interested in the
forefrontof cryogenic technology in rocketry.
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l. INRODUCTION

Cryogenic technology is a pivotal force in advancing rocket propulsion, delivering unparalleled efficiency and
performance. This exploration delves into its intricacies, from fundamental principles to future prospects. At its core,
cryogenic technology employs ultra-low temperatures to handle propellants like liquid oxygen (LOX) and liquid
hydrogen (LH2).

These cryogenic propellants, stored below -150°C, offer high density and specific impulse, enhancing payload
capacities and velocities compared to traditional systems. Liquid hydrogen, especially, boasts a remarkable specific
impulse, ideal for deep space and interplanetary missions. Recent advancements have propelled reusable rocket systems
like SpaceX's Falcon 9 and Starship, emphasizing cryogenic propellants' cost-efficiency, reliability, and versatility.
Cryogenic technology's evolution continues to drive innovation in rocketry, expanding possibilities in space exploration
and human discovery beyond Earth.

Figure 1-Cryogenic Rocket Engine
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1. CRYOGENIC ROCKET ENGINE ANDITS TYPES

A cryogenic rocket engine relies on storing fuels or oxidizers at extremely low temperatures, known as cryogenic
temperatures, which played a pivotal role in missions like the Saturn V rocket's Moon journey. During World War I,
engineers from Germany, the United States, and the Soviet Union independently realized the importance of high mass
flow rates of oxidizers and fuels for generating thrust in rocket engines. Initially using oxygen and low molecular
weight hydrocarbons as the oxidizer-fuel pair in gaseous form, storing them as pressurized gases would have increased
fuel tank size and mass, reducing rocket efficiency. To overcome this, engineers turned to cryogenic temperatures,
below -150°C (-238°F), to liquefy these propellants, allowing for higher mass flow rates without sacrificing efficiency.
Consequently, cryogenic rocket engines fall into liquid-propellant or hybrid categories. Exploration of various cryogenic
fuel-oxidizer combinations revealed liquid hydrogen (LH2) and liquid oxygen (LOX) as widely used due to availability,
cost-effectiveness, and high entropy release, resulting in a specific impulse of up to 450 seconds, making them highly
efficient for rocket propulsion.

Liquid Oxygen/Liquid Hydrogen (LOX/LH2) engines utilize liquid oxygen as the oxidizer and liquid hydrogen as the
fuel, renowned for their exceptional specific impulse, indicating their efficacy in converting propellants into thrust.
Examples of LOX/LH2 engines include the Space Shuttle main engines (SSME) and the RS-68 engine on the Delta 1V
rocket, favored for missions demanding substantial thrust and efficiency. Emerging in rocket propulsion are
Methane/Liquid Oxygen engines, using methane (CH4) as fuel and liquid oxygen as the oxidizer. Methane offers
advantages like higher density over hydrogen and potential utility for in-situ resource utilization. The Raptor engine
from SpaceX, powering the Starship spacecraft, demonstrates this type's potential for future space exploration.

Liquid Oxygen/Kerosene engines, a common choice for launch vehicles, balance efficiency and cost- effectiveness with
liquid oxygen as the oxidizer and kerosene (RP1) as fuel. Examples include the Merlin engines on SpaceX's Falcon 9
and the RD-180 engine inthe Atlas V launcher, highlighting versatility in propulsion systems.

Liquid Oxygen/Liquid Methane engines, akin to LOX/LH2 engines but using methane, offer improved density and
potential for extended missions. The BE-4 engine by Blue Origin exemplifies this, showcasing ongoing advancements
in cryogenic engine technology. Hydrogen Peroxide/RP-1 engines, while historically significant, use high-concentration
hydrogen peroxide (H202) as oxidizer and kerosene (RP-1) as fuel, as seenin pioneering rockets like the German V-2
and X-15 rocket plane, showcasing early rocket propulsion developments.

i HISTORY

The concept of liquid propellant rocket engine experiments in the nineteenth century is attributed to Pedro Paulet, a
Peruvian scientist who claimed to have conducted such experiments in Paris. However, it wasn't until 1927 that he
mentioned this in a letter to a Lima newspaper, detailing laboratory tests without flight. The first actual flight powered by
a liquid-rocket took place in 1926 by American professor Robert H. Goddard, using liquid oxygen and gasoline
propellants. This marked a significant step in demonstrating the feasibility of liquid rockets.

1. Pre-1950s: Early Development

The groundwork for cryogenic technology in rockets was laid in the early 20th century by researchers like Robert
Goddard and Hermann Oberth, experimenting with liquid oxygen (LOX) and liquid hydrogen (LH2).

2. 1950s: Initial Applications

Hermann Oberth's successful use of LOX and LH2 in a rocket engine marked progress, with the Cold War era driving
further exploration inmissile and space programs.

3. 1960s: Space Race and Progress

The Space Race era spurred advancements, seen in engines like Pratt & Whitney's RL-10 and the Apollo program's
LOX/LH2 engines.

4. 1970s-1980s: Commercialization andDiversification

Cryogenic technology transitioned to commercial use, with companies like SpaceX and India's development of the
Vikas engine.

5. 1990s: Advancements and Collaboration Advancements continued globally withengines like
RS-25 and RD-180, while Indiacollaborated with Russia for cryogenictechnology.

6. 2000s-Present: Innovation

The 21st century saw innovations like SpaceX's reusable rockets and ISRO's indigenous CE-7.5 cryogenic engine,
showcasing India’s technological prowess.
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7. India's Contributions

India's journey in cryogenic technology, marked by challenges and collaborations, culminated in the successful GSLV
launches, highlighting India's self-reliance and space exploration vision.

This history reflects a narrative of innovation, collaboration, and determination in cryogenic technology's evolution, with
India's significantrole underscoring its space prowess.

V. WORKING OF THE CRYOGENIC ENGINES

Cryogenic rocket engines operate by utilizing cryogenic fluids, typically liquid oxygen (LOX) as the oxidizer and liquid
hydrogen (LH2) as the fuel. The engine's functioning involves several key steps: Firstly, the cryogenic fluids are
stored separately in insulated tanksto preserve their extremely low temperatures. When the rocket ignites, valves open to
allow these fluids into the combustion chamber. Ignition occurs within the chamber, resulting in the combustion of the
LH2 and LOX mixture, generating a high-temperature, high- pressure gas mix. This gas expands rapidly through a
nozzle, accelerating to supersonic speeds and creating thrust based on Newton's third law of motion. The engine’s thrust
can be controlled by regulating cryogenic fluid flow rates, enabling precise maneuvering during flight. Known for their
high specific impulse (ISP), cryogenic engines leverage the efficiency of propellant utilization, achieved through
combustion at extremely low temperatures. Overall, the controlled combustion of cryogenic fluids in these engines
produces high-velocity exhaust gases, facilitating efficient propulsion and making them ideal for a range of space
missions. A cryogenic engine is a complex system comprising several key components for efficient operation. Firstly, it
involves two separate tanks for storing liquid oxygen (LOX) and liquid hydrogen (LH2), crucial elements in the engine's
combustion process. A turbo pump plays a pivotal role in the system, providing high velocity to fine fuel droplets within
the combustion chamber. The gas generator, utilizing energy from pre-burning liquid fuel, drives the turbo pump,
enhancing engine efficiencysignificantly.

The turbo pumps operate at high speeds, around 14,000 rpm, to increase the mass flow rate of fuel before entering the
combustion chamber. The injector, akin to the heart of the engine, regulates fuel flow from the turbo pump to the
combustion chamber, maintaining stability and optimal combustion conditions. Designing an efficient injector is
critical, as even slight deviations from the required combustion chamber frequency of 100-500 cycles per second can
lead to engine failure, as evidenced in the tragedy of the 'Discovery Spacecraft." Within the combustion chamber, the
finely distributed fuel droplets collide at high velocities and cryogenic temperatures, generating immense pressure and
thrust, exceeding 15,000 Ib. The narrow opening towards the nozzle ensures desired thrust levels following the law of
rate of discharge. The combustion chamber and nozzle endure extreme temperatures, up to 3000-4000°C, necessitating
a cooling jacket to prevent deformation.

The cooling jacket employs active cooling, circulating cryogenic propellants to maintain chamber and nozzle integrity.
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Figure 2: Working principle of acryogenic engine
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Plumes of high-temperature exhaust emerge from the nozzle, with plume characteristics varying based on altitude and
ambient pressure. The engine's efficiency peaks at specific altitudes, reaching 100% near sea altitude and remaining
around 88% in vacuum conditions, showcasing the cryogenic engine's ability to adapt and perform optimally across
different environments.

When all these components operate seamlessly, a cryogenic engine facilitates successful space vehicle launches,
demonstrating its crucial role in enabling space missions with high performance andefficiency.
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Figure 3: Construction of the cryogenic rocket engine
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VI APPLICATIONS

1. Space Exploration; Cryogenic technology is pivotal in rocket propulsion for space missions, using liquid
hydrogen (LH2) and liquid oxygen (LOX) to achieve high efficiency and specific impulse (ISP). Notable examples
include the Saturn V and modern rockets likeFalcon 9 and GSLV.

2. Medical Applications: Cryogenic systems are used in cryopreservation, preserving biological samples at ultra-
low temperatures for medical research and storage in biobanks and fertility clinics. Superconducting magnets in MRI
machines operate atcryogenic temperatures for detailed imaging.

3. Industrial Processes: Industries utilize cryogenic technology for LNG production, food freezing, and storing
industrial gases like helium and nitrogen in liquid form. Cryogenic cooling systems enhance material properties and
preserve perishable foods.

4, Superconductivity: Cryogenic temperatures are essential for achieving superconductivity, used in power
generation,Maglev trains, MRI machines, particle accelerators, and quantum computing. Cryogenic cooling
maintains super conducting states critical for these applications.

5. Environmental Contributions: Cryogenic technology aids environmental efforts through carbon capture and
storage (CCS) technologies, air separation for industrial gases, and reducing greenhouse gas emissions.

6. Research and Scientific Experiments: Cryogenic systems are crucial for low- temperature physics, cooling

superconducting magnets in research labs, studying material behavior, and conducting experiments in astrophysics and
quantum mechanics, advancing scientificunderstanding and technological innovations.

VII. CONCLUSION

In summary, cryogenic technology stands as a fundamental pillar in advancing rocket propulsion systems, offering
unmatched performance, efficiency, and adaptability for space exploration endeavors. Its impact transcends rocketry,
spanning across diverse industries and scientific domains, underscoring its critical role in modern technological
landscapes and innovative pursuits. The progression of cryogenic rocket engines has seen significant milestones,
evolving from early 20th-century experiments to the development of sophisticated propulsion systems in the 21st
century. These engines, employing cryogenic fluids like liquid hydrogen and liquid oxygen, showcase exceptional
specific impulse, heightened thrust-to-weight ratios, and enhanced environmental sustainability. Recent strides in
cryogenic technology have centered on refining engine architectures, investigating alternative fuels such as liquid
methane, and creating autonomous refueling infrastructures for spacecraft.

The integration of cryogenic engines into reusable rocket platforms has revolutionized spaceflight economics, reducing
launch expenditures and enabling more frequent and economical access to space. Collaborative research endeavors and
international partnerships have been instrumental in propelling innovation and fostering knowledge exchange in
cryogenic technology. Persistent efforts in advancing insulation materials, cooling methodologies, and environmental
considerations further underscore the pivotal role of cryogenic technology in future space missions. Looking ahead,
cryogenic technology remains at the forefront of space exploration initiatives, paving the path for ambitious
undertakings like missions to distant celestial bodies, asteroid mining ventures, and sustainable human habitats beyond
Earth. Its capacity to unlock new realms of scientific discovery, engineering feats, and exploration opportunities
positions it as a topic of utmost significance in aerospace technology discourse.
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