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The evolution of aviation technology has significantly transformed global transport, yet it has introduced complex 

environmental challenges. The characterization of Air Pollution Emissions From Jet Enginesserves as a critical

focus for aerospace engineers, environmental scientists, and regulatory bodies. Since the late 1960s, researchers

such as E.R. Lozano and R.E. George have documented the chemical constituents of jet exhaust, highlighting a

transition from visible smoke concerns to the invisible yet potent impacts of nitrogen oxides, carbon monoxide, and

volatile organic compounds.

To understand the environmental footprint of modern aviation, one must analyze the combustion processes within 

gas turbine engines. Unlike reciprocating piston engines, jet engines operate on the Brayton Cycle, where

continuous combustion at high pressures and temperatures facilitates the formation of various pollutants. This

article provides an in-depth exploration of the chemical mechanisms, historical data, and engineering strategies

employed to mitigate these emissions.

1. Fundamental Mechanisms of Pollutant Formation in Gas Turbines

Pollutant formation in jet engines is primarily a function of the air-to-fuel ratio, combustion temperature, and

residence time within the combustion chamber. The process can be broken down into specific chemical pathways

for each major contaminant.

1.1 Nitrogen Oxides (NOx)

Nitrogen oxides, primarily NO and NO2, are formed through the high-temperature oxidation of atmospheric 

nitrogen. The most common mechanism is the Thermal NOxor Zeldovich mechanism. In this process, the triple

bond of the N2 molecule is broken at temperatures exceeding 2,800°F (1,540°C). Because jet engines operate at

peak temperatures during take-off and climb, NOx production is highest during these phases.

1.2 Carbon Monoxide (CO) and Unburned Hydrocarbons (UHC)

Conversely, CO and UHC are products of incomplete combustion. These typically occur when the combustion

efficiency is suboptimal, often during low-power settings such as idling or taxiing. At these stages, the air-fuel

mixture is relatively lean, and the lower temperatures prevent the complete oxidation of carbon into CO2.

1.3 Aldehydes and Smoke

Aldehydes are intermediate products of hydrocarbon oxidation. While present in smaller quantities, they are

significant due to their odor and irritating properties. Smoke, or particulate matter (PM), consists of carbonaceous

soots formed in fuel-rich zones of the combustor. Historical research by Linden (1971) suggests that while smoke

was once considered a primary concern for visibility and military stealth, its reduction often came at the cost of

increasing NOx levels due to higher combustion temperatures.

2. Historical Data and Comparative Emission Profiles



The study of jet emissions gained momentum with the seminal work of the Los Angeles County Air Pollution 

Control District. Data from 1968 and 1969 established the baseline for how different engine types contribute to

atmospheric degradation. The following table summarizes the average emission rates of air contaminants for

various gas turbine engine classes during a standard flight cycle.



Engine Category Nitrogen Oxides (lb/
flight)

Carbon Monoxide 
(lb/flight)

Hydrocarbons (lb/
flight)

Particulates/Smoke 
(lb/flight)

Commercial Turbojet 12.4 35.2 15.8 4.2

Turbofan (High 
Bypass)

18.6 12.1 2.4 1.8

Military Afterburning 24.5 110.4 45.0 12.5

Turboprop Engine 4.2 8.5 3.1 0.5

As illustrated, Turbofan engines, which are the standard for modern commercial aviation, show improved

efficiency in reducing hydrocarbons and CO compared to older turbojets, though NOx remains a persistent

challenge due to higher operating pressures.

3. The Pindex Evaluation: A Multi-Pollutant Metric

In 1970, L.R. Babcock Jr. introduced the Combined Pollution Index (Pindex)to provide a holistic measurement of

air quality impact. Rather than analyzing pollutants in isolation, the Pindex weights each contaminant based on its

toxicity and environmental persistence. This model was instrumental in evaluating the efficacy of "clean" burner

cans.

3.1 Mathematical Representation of Pindex

The Pindex calculation typically follows a weighted summation model:

Pindex = :2�„6’�ò�6’•

Where:

  Ci: Concentration of pollutant i.

  Si: Air quality standard or tolerance threshold for pollutant i.

Research indicated that the implementation of advanced burner cans could eliminate up to 99% of hydrocarbon

emissions, significantly lowering the Pindex score of a jet engine despite slight increases in NOx.

4. Operational Impact: The Landing and Take-Off (LTO) Cycle

To standardize emission measurements, the International Civil Aviation Organization (ICAO) utilizes the LTO Cycle. 

This cycle represents the phases of aircraft operation below an altitude of 3,000 feet (915 meters), where

emissions have the most direct impact on local air quality around airports.

1.  Taxi/Idle (Out): Engines operate at 7% power. High CO and UHC emissions due to low combustion efficiency.

2.  Take-Off: Engines operate at 100% power. Maximum NOx and PM emissions due to peak temperatures.

3.  Climb-Out: Engines operate at 85% power. Continued high NOx production.

4.  Approach: Engines operate at 30% power. A transition phase where both NOx and incomplete combustion 

products are present.

5.  Taxi/Idle (In): Similar to the initial taxi phase.

5. Engineering Solutions and Technical Mitigation



Reducing emissions requires a multifaceted engineering approach. Modern jet engines utilize several advanced

technologies to balance thrust requirements with environmental constraints.

5.1 Lean Premixed Prevaporized (LPP) Combustion

One of the most effective methods for NOx reduction is LPP combustion. By mixing the fuel and air before they

reach the primary combustion zone, engineers can ensure a leaner mixture. This lowers the peak flame

temperature, directly inhibiting the Zeldovich mechanism and reducing NOx formation by up to 60% compared to

traditional diffusion flames.

5.2 Advanced Fuel Injection Systems

Fuel atomization is critical for reducing particulates and smoke. By using high-pressure swirl injectors, the fuel is

broken into finer droplets, increasing the surface area for evaporation and ensuring a more homogenous mixture.

This prevents the formation of "fuel-rich pockets" where soot is typically generated.

5.3 Ground Operation Strategies

As identified by Gelinas (1979), not all mitigation happens inside the engine. Controlling aircraft ground 

operationsat major airports can lead to significant reductions in ambient pollution. Recommended strategies

include:

•  Single-Engine Taxiing: Operating only one engine during ground movement to keep that engine at a higher, 

more efficient power setting while the others remain off.

•  Towing Aircraft: Using electric or low-emission tugs to move aircraft from the gate to the runway.

•  Reduced Idle Time: Implementing optimized gate-release timing to prevent long queues at the runway 

threshold.

6. Comparison of Piston-Prop vs. Gas Turbine Emissions

The environmental impact of general aviation (piston-prop) versus commercial aviation (jet) differs significantly in

terms of exhaust chemistry and altitude of release. Spark-ignition (SI) piston engines, often air-cooled, have

different emission profiles as shown below.



Feature Piston-Prop (SI) Gas Turbine (Jet)

Primary Fuel AVGAS (Lead-based historically) Jet A/A1 (Kerosene-based)

Combustion Type Intermittent (4-Stroke) Continuous

Leading Pollutant CO and Lead (Pb) NOx and CO2

Efficiency Range Highest at low altitudes Highest at cruise altitudes

7. Case Study: Evaluation of "Clean" Burner Can Retrofits

In the early 1970s, an investigation into jet engine emission data evaluated the impact of retrofitting older engines

with optimized burner cans. The goal was to solve the "smoke problem" that plagued airports like LAX and JFK.

Scenario: A fleet of JT8D engines was monitored before and after burner can replacement.Findings:

  Hydrocarbon Reduction: 99% decrease recorded.

  Visible Smoke: Virtually eliminated (Ringelmann Scale reduction from 2.0 to 0.5).

  Nitrogen Oxide Trade-off:A measurable 5-8% increase in NOx due to the slightly higher temperatures required

to oxidize the hydrocarbons fully.

8. Operational Challenges and Troubleshooting

Engineers often face operational hurdles when trying to meet stringent ICAO Annex 16 standards. Common failure

modes in emission control include:

8.1 Coking of Fuel Nozzles

Over time, residual fuel in the nozzles can carbonize (coking) due to high heat soak-back after engine shutdown.

Coked nozzles produce uneven spray patterns, leading to hot spots in the combustor. This not only increases NOx

but can also cause physical damage to turbine blades.

Solution: Implementation of fuel nozzle heat shields and periodic detergent-based cleaning cycles.

8.2 Combustor Liner Degradation

Advanced low-NOx combustors often run closer to the material limits of the liner. Any degradation in the cooling

holes (film cooling) can lead to localized rich zones, increasing smoke and particulate emissions.

Solution:Utilization of Thermal Barrier Coatings (TBC) and advanced borescope inspections to monitor liner

integrity.

9. The Future of Aviation Emission Control

The aviation industry is currently moving beyond the measurement of traditional pollutants toward a focus on non-

CO2 climate impacts. This includes the formation of contrails and the emission of ultra-fine particles (UFP). 

Emerging technologies such as Sustainable Aviation Fuel (SAF)offer a promising pathway. SAFs contain fewer

aromatic compounds than conventional kerosene, which leads to a significant reduction in soot formation and

particulate matter.



Furthermore, the development of Open Rotorengines and hybrid-electric propulsion systems aims to decouple

thrust from high-temperature combustion entirely in certain flight phases. As we look toward 2050, the integration of

these technical advancements with rigorous operational ground controls will be essential to mitigating the

atmospheric burden of jet aircraft.

The synthesis of historical research by George, Lozano, and Linden with modern engineering reveals a clear

trajectory: while jet engines have become remarkably more efficient and less "smoky," the chemical complexity of

their exhaust requires constant innovation. Technical mastery of the combustion chamber remains the primary

defense against the environmental degradation caused by our global reliance on jet-powered flight. By balancing

the Pindex metrics with thermodynamic efficiency, the aerospace industry continues to refine the delicate

equilibrium between mobility and ecology.
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