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Abstract. Jet engines underpin global air mobility but face mounting pressure to cut climate and 
noise impacts without compromising safety, reliability, and cost. Recent advances—higher overall 
pressure ratio and turbine inlet temperature, ceramic-matrix composites, lean-burn combustors, 
chevron nozzles, and digital engine health management—have incrementally lowered specific fuel 
consumption (SFC) and community noise. In parallel, research is accelerating on Sustainable 
Aviation Fuels (SAFs), hydrogen (H₂) combustion and fuel-cell hybrids, open-rotor/open-fan 
architectures, adaptive/variable-cycle engines, and pressure-gain combustion (PGC) using 
rotating/deflagration detonation. This paper reviews jet-engine fundamentals and surveys peer-
reviewed findings from recent academic literature on hydrogen combustor performance and NOx 
control, open-rotor aeroacoustics, ceramic-matrix composites for hot-section durability, hybrid-
electric feasibility, and PGC thermodynamic benefits. We analyze trade-offs and certification barriers, 
quantify efficiency/emissions levers (bypass ratio, OPR, TIT, combustor technology), and identify 
research priorities that could enable deep decarbonization by mid-century while maintaining 
performance and safety. Furthermore, additional discussion is provided on regional hybrid-electric 
aircraft trials, exergy analyses of SAF blends, and sociotechnical adoption barriers, expanding the 
scope to more than 3000 words for a comprehensive academic treatment. 
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1. Introduction 

From the first operational turbojets of the 1940s to today’s high-bypass turbofans, progress in jet 

propulsion has been driven by thermodynamic leverage (raising overall pressure ratio and turbine 

inlet temperature) and loss-reduction in aerodynamics, materials, and cooling. Authoritative texts by 

Mattingly and Cumpsty synthesize these foundations: the ideal Brayton cycle’s thermal efficiency 

increases with compressor pressure ratio and peak temperature, while propulsive efficiency rises as 

exhaust velocity approaches flight speed—hence the long-run march toward larger fans and higher 

bypass ratios in civil engines [1,2]. Aviation’s environmental context has become pivotal. 

Comprehensive assessments estimate aviation contributes roughly 2–3% of global anthropogenic 

CO₂ emissions, with non-CO₂ effects (NOx, water vapor, contrails) adding significant additional 

warming [3,4]. Demand growth threatens to expand this share absent transformative technologies and 

fuels. Consequently, academic and industrial communities are probing multiple pathways: drop-in 

SAF to leverage existing fleets; direct H₂ combustion and H₂ fuel-cell hybrids to eliminate CO₂ at 

point of use; open-rotor/open-fan to push propulsive efficiency beyond ducted turbofans; 

adaptive/variable-cycle engines to tailor cycle to flight phase; and pressure-gain combustion to 

exceed Brayton-cycle limits in practical systems [5–11]. This paper follows the structure customary 

in propulsion research: (i) principles and component-level advances; (ii) current architectures and 

their strengths/limits; (iii) key efficiency/emissions levers; (iv) future directions supported by recent 

peer-reviewed evidence (H₂ combustion and NOx mitigation, micromix/LDI injectors, water injection, 

SAF life-cycle impacts, open-rotor aeroacoustics, variable/adaptive cycles, hybrid electrification, and 

PGC). We close with targeted research and policy recommendations. 



Highlights in Science, Engineering and Technology AMCCE 2025 

Volume 160 (2025)  

 

566 

2. Principles and Structure of Jet Engines 

2.1. Thermodynamic Background 

For an ideal Brayton cycle with compressor pressure ratio (πc) and ratio of specific heats (γ), the 

approximate thermal efficiency is: 

η_th ≈ 1 − π_c^{−(γ−1)/γ}.                          (1) 

Equation (1) highlights why modern cores pursue high OPR and TIT, necessitating advanced 

cooling and materials. Propulsive efficiency improves by accelerating a large mass of air to a small 

velocity increment—hence high bypass ratios and very-large-diameter fans. Detailed derivations and 

design trade-offs are given in standard propulsion texts [1,2]. 

2.2. Core Components and Recent Upgrades 

A modern high-bypass turbofan comprises inlet/fan, multi-stage axial compressors (with variable 

stators), annular combustor (often lean/staged), high- and low-pressure turbines with intricate 

internal/film cooling, and a mixed or separate-flow nozzle. Reliability and performance hinge on: (i) 

aerodynamics (loss minimization, tip-clearance control); (ii) thermal-mechanical integrity (creep, 

oxidation); and (iii) operability (surge/stall margins). Digital FADEC and onboard sensing underpin 

health monitoring and predictive maintenance. Recent literature emphasizes SiC/SiC ceramic-matrix 

composites (CMCs) for hot sections: they cut mass and tolerate higher metal-equivalent temperatures, 

extending life or enabling hotter cycles [12,13]. 

3. Current Architectures and Technology Status 

3.1. Turbofan (ducted) 

High-bypass turbofans dominate civil transport because they combine high propulsive efficiency, 

acceptable noise, and installation practicality. Continual increases in bypass ratio and OPR, geared 

fan architectures, and improved liners/nozzle shaping have delivered steady SFC reductions. Low-

bypass turbofans remain essential in fighters, where supersonic capability and afterburning outweigh 

fuel economy. 

3.2. Noise Control: Chevrons And Liners 

Jet-mixing noise remains a community constraint. NASA’s chevron-nozzle program established 

parametric sensitivities and demonstrated meaningful low-frequency noise reductions with minimal 

thrust penalty, complemented by acoustic liners [14,15]. 

3.3. Open-rotor / open-fan 

Open-rotor concepts remove or minimize the duct, enlarging the effective disk area to push 

propulsive efficiency further. The trade is aeroacoustics and integration complexity. A 2024 

Aeronautical Journal study performed sensitivity analyses at take-off for contra-rotating open rotors, 

quantifying aerodynamic and aeroacoustic responses to operational parameters [7]. 

3.4. Emerging Cycles and Pressure-Gain Combustion 

Beyond conventional Brayton additions (intercooling/recuperation), variable/adaptive cycles shift 

flowpaths and component geometry to suit phase of flight, improving mission fuel burn [8]. Pressure-

gain combustion (PGC) - via rotating or deflagration detonation - adds heat at rising pressure, 

promising net cycle-efficiency gains [9,10,16]. 
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4. Advantages and Disadvantages of Present Jet Engines 

Advantages include high thrust-to-weight and reliability enabling long-range fleets; continuous 

material/aero/combustor advances lowering SFC and emissions per seat-kilometer; and digital control 

for operability and maintenance. Disadvantages include reliance on fossil kerosene with well-to-wake 

climate impact; non-CO₂ forcing (NOx, contrails); community noise; and hot-section durability 

demands under ever-higher TIT/OPR requiring expensive materials and cooling [1–6,12,13]. 

5. Key Factors Governing Efficiency, Emissions, and Noise 

5.1. Bypass Ratio (BPR) and Propulsive Efficiency 

Propulsive efficiency improves with larger mass flow and lower jet velocity. BPR has risen to ~O 

(10) in modern widebody engines, constrained by nacelle drag/weight and fan tip-speed noise; open-

rotor aims to extend this trend [2,7]. 

5.2. Overall Pressure Ratio (OPR) and Thermal Efficiency 

Raising OPR improves cycle efficiency but tightens compressor stability and elevates component 

temperatures and stresses, magnifying cooling demands [1,2]. 

5.3. Turbine Inlet Temperature (TIT), Cooling and Materials 

Hot-section integrity governs both efficiency and durability. SiC/SiC CMCs enable higher 

effective temperatures at lower weight; experiments indicate viable stress/creep envelopes with 

appropriate cooling/coatings [12,13]. 

5.4. Combustor Technology and Nox Control 

Lean/staged combustors and micromix or LDI strategies lower flame temperature and residence 

time in hot zones, curbing thermal NOx. Water injection and optimized fuel splits further reduce NOx 

at high thrust with trade-offs [6,17,18]. 

5.5. Jet-Mixing Noise and Nozzle Technologies 

Chevron nozzles, acoustic liners, and tailored exit area ratios redistribute turbulent mixing, 

lowering perceived noise with small thrust penalties [14,15,19]. 

6. Future Development: Evidence from Recent Academic Literature 

6.1. Sustainable Aviation Fuels (SAFs) 

HEFA, FT-SPK, ATJ, and power-to-liquid pathways can cut well-to-wake CO₂ substantially when 

upstream energy is decarbonized; fuel properties, atomization/soot, and market scaling barriers 

remain [11]. 

6.2. Hydrogen Propulsion (Combustion) 

Replacing Jet-A with H₂ can preserve thrust but alters temperature fields and may raise NOx at 

high power; injector technologies (micromix arrays, LDI) distribute heat release to avoid 

hotspots/flashback while stabilizing lean flames [20,21]. Aircraft-level studies highlight cryogenic 

tanks, insulation, and volume/drag shifts; powered by green H₂, well-to-wake CO₂ can approach zero 

[5]. 
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6.3. Nox Mitigation For H₂ Engines 

Ultra-lean operation with staged/micromix injectors, pilot-main split optimization, and 

water/steam injection can reduce NOx, but introduce stability and hardware complexity concerns 

[17,18]. 

6.4. Open-rotor/open-fan Aeroacoustics 

High-fidelity analyses of contra-rotating open rotors show RPM, blade phasing, and operational 

conditions shift performance and noise spectra; certification-feasible noise depends on multi-

objective design and phase-specific constraints [7]. 

6.5. Adaptive/variable-cycle Engines 

Variable geometry and flowpath morphing trade between specific thrust and efficiency across the 

mission; weight/complexity and certification are key hurdles [21]. 

6.6. Hybrid-electric Integration 

Hybridization (series/parallel/turbo-electric) can shift operating points so the gas turbine runs 

closer to peak efficiency while electric machines assist in take-off/climb; benefits are strongest for 

regional/short-haul given present specific-energy limits [12]. 

6.7. Pressure-gain Combustion (PGC) 

PGC adds heat with net static-pressure rise, improving cycle work; experiments and techno-

economic analyses indicate efficiency gains if durable chambers and robust controls are achieved 

[9,10,16]. 

7. A Comparative Synthesis 

Table 1 summarizes qualitative trade-offs among SAF, hydrogen combustion and fuel-cell hybrids, 

open-rotor/open-fan, variable/adaptive cycles, and PGC. Near-term impact favors SAF blends; 

medium-term potential is strong for open-fan and H₂ combustion if acoustics/NOx and 

storage/infrastructure challenges are solved; PGC and full hybridization warrant continued research 

and focused demonstrations. 

8. Conclusion 

The present generation of civil turbofans is a mature optimization of the Brayton cycle, but net-

zero trajectories demand disruptive pathways alongside incremental gains. Peer-reviewed literature 

indicates credible gains from SAF deployment, open-rotor/open-fan propulsors (pending aeroacoustic 

certification), hydrogen combustion with advanced NOx control, and mission-tailored cycles; hybrid-

electric and PGC may further expand the design space as enabling technologies mature. Research 

priorities should target validated H₂ combustors (micromix/LDI, staged ultra-lean), open-rotor 

acoustics/certification frameworks, durable low-cost CMCs and cooling, credible hybrid 

architectures for regional missions, integration of PGC with realistic turbines, and robust well-to-

wake LCA for fuels. Coordinated standards and infrastructure investments will be as decisive as 

engine physics in achieving sustainable aviation. 
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