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The performance of naturally aspirated aircraft engines declines significantly with 

increasing altitude due to reduced air pressure and density, which adversely affect 

power, torque, in-cylinder pressure, and combustion temperature. This study aims 

to conduct a comparative performance analysis of the carbureted Rotax 912 ULS 

and the fuel-injected Rotax 912iS engines under flight altitudes up to 9,150 

meters using GT-SUITE simulations. Engine models were developed based on 

manufacturer specifications, with the carbureted model validated against 

catalogue data to ensure accuracy before constructing the fuel-injected 

counterpart. The results show that the carbureted engine experiences up to an 

80% reduction in power and a 69% reduction in in-cylinder pressure at high 

altitudes due to its fixed fuel–air mixture. In contrast, the electronic fuel injection 

(EFI) engine shows about a 55–60% reduction in power, a 65–70% reduction in 

torque, and nearly a 48–50% decrease in peak in-cylinder pressure at 9,150 

meters, while cylinder temperature remains around 1900 K (approximately 10–

15% higher than the carbureted version at the same altitude). Although EFI 

substantially reduces altitude-induced performance losses compared to 

carburetion, both configurations still exhibit marked degradation, underscoring 

the inherent limitations of naturally aspirated engines. These findings highlight 

the necessity of advanced altitude-compensation methods—such as turbocharging 

or optimized EFI mapping—to enhance reliability, efficiency, and safety in high-

altitude aviation operations . 
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؛مقاله پژوهشی  

با کاربراتور و انژکتور سوخت در  ۹۱۲تحلیل تطبیقی عملکرد موتورهای روتکس 

 GT-SUITEبا استفاده از شبیه سازی  شرایط پروازی ارتفاع بال

 2یفتح اله امّ، 1سید علی سالاری
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  ل یبه دل ابد، ی یارتفاع کاهش م ش یبا افزا   ی به طور قابل توجه یعیتنفس طب ی مایهواپ ی عملکرد موتورها

و چگال نامطلوب   یکاهش فشار  به طور  که  توان، گشتاور، فشار درون س   یهوا،  دما  لندر،یبر  احتراق    یو 

 Rotax 912  ی کاربراتور  یاز موتورها  یقیعملکرد تطب  لیتحل  کی مطالعه قصد دارد    نی ا  .گذاردی م  ریتأث

ULS  انژکتور پرواز  Rotax 912iS  یو  ارتفاعات  در  شب  ۹,۱۵۰تا    یرا  از  استفاده  با    ی هایسازهیمتر 

GT-SUITE  با ا   ی هاانجام دهد. مدل   ح یتوض  ن یموتور بر اساس مشخصات سازنده توسعه داده شدند، 

م  داده  یکاربراتور  دلکه  مقابل  صحت  یهادر  نمونه    ی سنجکاتالوگ  ساخت  از  قبل  آن  دقت  تا  شد 

ثابت سوخت و    بیترک  لیبه دل  ی که موتور کاربراتور  دهد ینشان م  ج ینتا   حاصل شود.  نان یاطم  ی انژکتور

. در  کندیرا در ارتفاعات بالا تجربه م  لندرسی  درون  فشار  در  کاهش  % ۶۹  و  توان  در  کاهش  % ۸۰هوا تا  

تزر موتور  الکترون   قی مقابل،    در  کاهش  % ۷۰–۶۵  توان،  در   کاهش  %۶۰–۵۵حدود  (  EFI)  ی کیسوخت 

در    دهد،یمتر را نشان م  ۹,۱۵۰در    لندر سی  درون  فشار  حداکثر   در  % کاهش   ۵۰–۴۸  با  تقری  و  گشتاور،

  کاربراتوری  نسخه  از  بالاتر  %۱۵–۱۰  با ی)تقر  ماندیم  ی باق  نی کلو  ۱۹۰۰در حدود    لندریس  یکه دما  یحال

ارتفاع(. همان  ملاحظه  EFI  اگرچه  در  قابل  طور  ناش  یابه  عملکرد  افت  مقا   یاز  در  ارتفاع  با    سهیاز 

  دهند، یاز خود نشان م  ی)کاهش( عملکرد مشخص  ب یهمچنان تخر   ی کربندیهر دو پ  کاهد، یکاربراتور م

محدود بر  طب  ی موتورها  یذات  یهاتیکه  ا کندیم  د یتأک  یعیتنفس  روش  ها افتهی   ن ی.  ضرورت    ی هابر 

ارتفاع   شرفتهیپ   ت یقابل  شی افزا  برای —EFI  نهیبه  ی بردارنقشه  ا ی  نگتوربوشارژی  مانند—جبران 

 . کنندیم دیدر ارتفاع بالا تأک یهوانورد اتیدر عمل یمنیو ا  ،ییکارا  نان،یاطم
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1.Introduction 

The performance of aircraft piston engines is profoundly influenced by 

changes in atmospheric pressure and temperature at high altitudes. As 

altitude increases, the reduction in air density leads to a decrease in 

engine power, torque, and fuel efficiency, which poses a significant 

challenge for aviation propulsion systems. The Rotax 912 engine, a 

widely used four-cylinder, four-stroke aircraft engine, is particularly 

affected by these altitude-induced variations due to its dependence on air-

fuel mixture dynamics and combustion efficiency. The introduction of 

fuel injection technology in the Rotax 912iS aimed to mitigate these 

challenges by optimizing fuel delivery based on real-time environmental 

conditions. However, a comprehensive performance comparison between 

the carbureted and fuel-injected versions of the Rotax 912 at varying 

altitudes remains underexplored. 

Aircraft piston engines, including the Rotax 912, exhibit a gradual decline 

in power and torque with increasing altitude. Studies indicate that power 

and torque decrease by approximately 11.25% and 12.5%, respectively, 

for every 1,000 meters of altitude gain [1]. In a detailed altitude chamber 

experiment, Mansouri et al. (2019) confirmed similar trends, showing up 

to 20% power loss at moderate altitudes and a sharp increase in BSFC. 

Their findings validate the adverse effects of reduced air density on 

combustion stability and heat transfer, emphasizing the importance of 

fuel-air ratio control and ignition optimization at high altitudes [2],[3]. 

Similarly, Shannak and Alhasan (2002) found that even modest altitude 

changes of around 200 meters can lead to up to 40% variation in fuel 

consumption and volumetric efficiency, depending on engine speed. Their 

study underscores the critical need to adjust the air–fuel ratio dynamically 

to maintain optimal performance across different altitudes. 

Simultaneously, fuel consumption rates increase by 14.4% at low speeds 

and 2.8% at high speeds per 1,000 meters, largely due to the necessity of 

maintaining a proper air-fuel ratio for stable combustion [4]. Thermal 

efficiency is also impacted, as lower ambient temperatures at higher 

altitudes cause a significant decrease in cylinder surface temperature, 

affecting overall heat management and combustion stability [5] These 

findings highlight the necessity of optimizing fuel mixture strategies and 

ignition timing to mitigate performance degradation at altitude. 

The introduction of electronic fuel injection (EFI) in the Rotax 912iS 

represents a significant advancement in maintaining optimal performance 

at varying altitudes. The Engine Control Unit (ECU) continuously adjusts 

the fuel delivery and ignition parameters based on altitude-related 

changes in ambient pressure, temperature, and air density [4]. This system 
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enhances fuel efficiency by over 20% compared to the carbureted Rotax 

912ULS while also eliminating common issues such as carburetor icing 

and manual choke adjustments [6]. Additionally, the ECU’s dual-sensor 

system monitors exhaust gas composition, airbox vacuum, and throttle 

position, ensuring that the engine operates efficiently across a wide range 

of environmental conditions [7] Despite these improvements, the actual 

performance benefits of EFI over traditional carbureted systems in high-

altitude operations have not been fully quantified . 

Simulation-based analyses provide valuable insights into engine behavior 

under different altitude conditions. Modeling approaches using 1D and 

0D simulation tools such as AVL Boost and GT-Suite allow for precise 

predictions of power output, fuel consumption, brake mean effective 

pressure (BMEP), and thermal efficiency [8], [9]. Prior studies have 

successfully validated simulation models against experimental data, 

demonstrating a high degree of accuracy in predicting engine 

performance trends at altitude.  

However, previous research primarily focused on ground-level or 

turbocharged engine simulations, such as those conducted on the Rotax 

915iS, which includes a factory-installed turbocharger to counteract 

altitude-induced power loss [10]. In contrast, the naturally aspirated Rotax 

912 lacks forced induction, making it significantly more susceptible to 

altitude-induced degradation. A detailed comparative analysis of the 

carbureted and fuel-injected versions of the Rotax 912 under high-altitude 

conditions remains necessary to determine the extent to which EFI can 

compensate for the loss of power and efficiency in non-turbocharged 

configurations. Additionally, Zhang et al. (2019) conducted a multi-

objective optimization of diesel engine performance at different altitudes 

using Kriging surrogate models and genetic algorithms. Their findings 

revealed that optimal control of injection timing and compression ratio 

can lead to significant improvements in BSFC and power recovery, 

achieving up to 85% power restoration at 8000 m, highlighting the 

effectiveness of adaptive strategies under reduced air density conditions 

[11]. Similarly, Zhou et al. (2025) reviewed the state-of-the-art in two-

stage turbocharging systems, emphasizing their capacity to recover up to 

95% of sea-level power at 5.5 km altitude while mitigating emission 

deterioration. Their proposed integrated framework synthesizes system 

configuration, flow dynamics, and parameter optimization to enhance 

piston engine adaptability in both aviation and ground applications [12]. 

Recent investigations into small internal combustion engines at altitude 

have demonstrated that fuel delivery methods play a crucial role in 

maintaining power output and fuel economy. Experiments conducted 

using altitude chambers and controlled atmospheric test benches confirm 

that fuel injection systems provide superior adaptability to altitude 
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changes compared to traditional carburetors [13], [14]. Furthermore, 

engine performance modeling under varying intake pressures and 

temperatures has shown that altitude effects can be partially mitigated 

through optimized air-fuel ratio control and intake manifold pressure 

regulation [15]. These findings reinforce the need for a direct comparative 

study between the Rotax 912ULS (carbureted) and Rotax 912iS (fuel-

injected) using high-fidelity simulation techniques. In line with these 

efforts, Xu et al. (2025) applied a Kriging-based surrogate modeling 

approach combined with NSGA-III to optimize CI aviation piston engine 

performance at variable altitudes. Their simulation-driven study 

demonstrated that injection timing, compression ratio, and variable 

geometry turbocharger control can significantly enhance fuel economy 

and power recovery, achieving up to 85% power restoration at 8000 m 

altitude [16]. 

This study aims to conduct a detailed comparative analysis of the 

performance of the carbureted and fuel-injected Rotax 912 engines at 

various altitudes using GT-Suite simulations. The research will evaluate 

power output, fuel consumption, BMEP, and thermal efficiency while 

assessing the effectiveness of EFI in compensating for altitude-induced 

losses. Recent efforts have also focused on developing experimental 

setups to replicate high-altitude conditions for small engines. Schmick et 

al. (2011) designed a high-fidelity altitude test chamber capable of 

simulating flight altitudes up to 30,000 feet, with precise control over 

pressure, temperature, and airflow. Their system enabled detailed analysis 

of engine power, fuel consumption, and thermal behavior, providing a 

robust framework for validating numerical simulations [17]. 

Koh et al. (2018) performed a computational study using GSP simulation 

software to investigate the effects of altitude on the deteriorated 

performance of a high-bypass turbofan engine. Their findings showed that 

reduced air density at higher altitudes leads to significant decreases in air 

mass flow and thrust, while specific fuel consumption initially improves 

but worsens at very high altitudes due to increased fuel demands. This 

work highlights the broader impact of altitude on engine behavior and 

supports the importance of accurate modeling in propulsion studies [18]. 

Recent work by Gorgulu and Karakoç (2025) extends this line of 

investigation to commercial jet engines by using CFD simulations and 

real engine data to analyze combustion characteristics and emission 

behavior across varying altitudes. Their findings confirm that higher 

flight levels significantly reduce combustion temperature and pressure, 

emphasizing the importance of fuel-air ratio optimization to maintain 

engine efficiency and minimize emissions [19], [20]. By leveraging 

advanced 1D modeling and validation against empirical data, this study 

seeks to provide critical insights into the operational advantages and 
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limitations of fuel injection over carburetion in non-turbocharged aircraft 

piston engines. 

In addition, Previous investigations have been carried out in studies such 

as “Study of performance parameters of turbocharged aircraft engine at 

altitude using one-dimensional modeling” and “Performance prediction of 

aircraft gasoline turbocharged engine at high-altitudes.” In those works, 

the analysis was primarily focused on turbocharged engines, where forced 

induction directly compensates for the loss of ambient pressure at altitude, 

and one-dimensional modeling approaches were employed to predict 

engine behavior. By contrast, in the present study, the novelty lies in the 

detailed examination of naturally aspirated Rotax 912 engines in both 

carbureted and fuel-injected configurations. A comparative and 

quantitative evaluation of key performance parameters—including power, 

torque, in-cylinder pressure, and combustion temperature—has been 

performed, demonstrating that although EFI provides superior 

adaptability under oxygen-deficient conditions compared to carburetion, 

naturally aspirated engines still exhibit inherent limitations at high 

altitudes. These results underline the necessity of advanced altitude-

compensation strategies, such as turbocharging or optimized EFI 

mapping, thereby distinguishing the present work from earlier studies. 

The present study has been motivated by the critical importance of 

evaluating the performance of aircraft piston engines under high-altitude 

flight conditions, where reduced air pressure and density lead to 

substantial losses in power, torque, in-cylinder pressure, and combustion 

temperature. These factors directly influence flight safety, fuel efficiency, 

and propulsion system reliability. The Rotax 912 engine, in both 

carbureted and fuel-injected configurations, is widely employed in light 

and training aircraft. However, comprehensive comparative investigations 

of these naturally aspirated versions at high altitudes are limited. The 

novelty of this work lies in utilizing high-fidelity GT-SUITE simulations 

to conduct a detailed comparative analysis of the carbureted (Rotax 912 

ULS) and fuel-injected (Rotax 912iS) versions across altitudes up to 

9,150 meters. To ensure fairness in comparison, the carbureted engine 

model was first validated against real-world data and subsequently 

adapted to develop the fuel-injected model on the same basis. The results 

provide a quantitative evaluation of power, torque, in-cylinder pressure, 

and cylinder temperature at different altitudes, demonstrating that the 

electronic fuel injection system offers superior adaptability in mitigating 

altitude-induced performance losses compared to the carbureted system. 

Furthermore, the findings underscore the necessity of advanced altitude-

compensation technologies, such as turbocharging or optimized EFI 

mapping, to enhance future engine efficiency and reliability. Accordingly, 

this study not only addresses a gap in the literature but also provides 
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practical insights relevant to improving safety and performance in high-

altitude aviation operations. 

Therefore, the main research gap lies in the absence of a comprehensive 

comparative analysis between the carbureted and fuel-injected versions of 

the Rotax 912 engine under high-altitude flight conditions. The present 

study addresses this gap by employing high-fidelity GT-SUITE 

simulations to systematically evaluate variations in power output, torque, 

in-cylinder pressure, and combustion temperature across both 

configurations. The scientific contribution of this work is to highlight the 

potential of Electronic Fuel Injection (EFI) technology in mitigating 

altitude-induced performance losses in naturally aspirated engines, while 

providing a direct comparison with conventional carburetion. In doing so, 

this research offers a valuable foundation for the future development of 

advanced altitude-compensation strategies, such as turbocharging or 

optimized EFI mapping, in light aircraft engines. 

 

1. Methodology  

In this study, the Rotax 912 engine was modeled and simulated using GT-

SUITE software to perform a comparative analysis of the carbureted 

(Rotax 912 ULS) and fuel-injected (Rotax 912iS) configurations under 

various altitude conditions. GT-SUITE is a powerful tool for engine 

simulation, enabling the precise evaluation of internal combustion engine 

performance through predictive modeling techniques. 

The primary objective of this study is to compare power output, torque, 

in-cylinder pressure, and engine temperature between the two fuel 

delivery systems at different altitudes. The modeling process aims to 

simulate and analyze how these parameters vary as atmospheric pressure 

decreases with increasing altitude, affecting engine combustion 

characteristics and efficiency. 

The initial engine specifications used for the modeling are provided in 

Table 1: 

 
Table 1: Input Parameters for Modeling [4] 

Unit Value Parameter 
mm 84 Bore 
mm 61 Stroke 

3cm
 

1352 Engine Displacement 
Mm 109 Connecting Rod Length 

- 10.8:1 Compression Ratio 
- 2-4-3-1 Firing Order 
- Gasoline Fuel Type 
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Using these specifications, both carbureted and fuel-injected engine 

models were developed in GT-SUITE to evaluate their performance in 

varying altitude conditions. Figure 1 presents the schematic representation 

of the two engine configurations: 

 

 
(a) 

 
(b) 

Figure 1: Schematic Representation of a) Carbureted b) Fuel-Injected Rotax 912 

Engine Systems 
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In this study, the Rotax 912 ULS (carbureted) engine model was first 

designed and developed using GT-SUITE. This initial model served as 

the foundation for the subsequent development of the Rotax 912iS (fuel-

injected) engine model, ensuring consistency in baseline parameters while 

incorporating the specific characteristics of the fuel injection system. To 

ensure the accuracy and reliability of the simulation, the carbureted 

engine model was validated against empirical performance data provided 

by the manufacturer. The validation process confirmed that the simulated 

power output, torque, in-cylinder pressure, and engine temperature 

closely matched real-world performance values, establishing confidence 

in the accuracy of the developed model. Once validated, the fuel-injected 

engine model was designed based on the same core specifications, with 

modifications reflecting the differences in fuel delivery and combustion 

control mechanisms . 

By structuring the modeling approach in this manner, a direct 

comparative analysis between the carbureted and fuel-injected versions of 

the Rotax 912 was made possible, ensuring a controlled and systematic 

evaluation of altitude-induced performance variations in both 

configurations. 

1.1. Simulation Conditions and Assumptions – Altitude levels, 

atmospheric conditions, fuel type, and boundary conditions used in the 

study. 

To analyze the performance variations of the Rotax 912 engine under 

different altitude conditions, simulations were conducted using GT-

SUITE, incorporating altitude-specific pressure and temperature changes 

as boundary conditions. The study focused on evaluating the power 

output, torque, in-cylinder pressure, and engine temperature of both 

carbureted (Rotax 912 ULS) and fuel-injected (Rotax 912iS) 

configurations across multiple altitude levels. 

The baseline simulation was performed under standard sea-level 

conditions, with an atmospheric pressure of 101,325 Pa and a temperature 

of 298 K. To assess the effect of altitude, additional simulations were 

conducted at various flight altitudes, as summarized in Table 2. 

Table 2: Altitude Levels and Corresponding Atmospheric Conditions 

Altitude Description 
Atmosphere Pressure 

(Pa) 

Altitude 

(m) Level 

Sea level 101325 1 1 

Average high terrain altitude 89874 1000 2 

Maximum altitude for general aviation 

aircraft 54019 5000 3 

Minimum operational altitude for 

propeller-driven aircraft 38271 7600 4 

Standard operational altitude for most 

models 28779 9150 5 
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In these simulations, the atmospheric pressure at each altitude was applied 

as a boundary condition for the engine’s air intake system. This approach 

allowed for an accurate representation of altitude-induced reductions in 

air density, which directly impact combustion characteristics and engine 

performance. Experimental studies using altitude chambers have 

confirmed that increasing altitude leads to measurable reductions in 

power output, torque, and in-cylinder pressure, as well as an increase in 

brake specific fuel consumption (BSFC). These empirical observations 

support the choice of boundary conditions and altitude levels applied in 

the present simulation setup [2]. 

The GT-SUITE simulation framework facilitated a detailed investigation 

of how altitude affects : 

• Power and torque degradation due to reduced oxygen availability. 

• In-cylinder pressure variations as a function of decreasing air 

density. 

• Engine temperature changes, influenced by altitude-dependent heat 

transfer effects . 

By systematically analyzing engine behavior across these altitude levels, 

this study provides a quantitative comparison of how carbureted and fuel-

injected systems respond to altitude-induced performance losses. This 

allows for a direct evaluation of the effectiveness of fuel injection in 

maintaining engine stability compared to traditional carburetion in 

naturally aspirated aircraft piston engines. 

1.2. Validation of the Simulation Model – Comparison with 

experimental/real-world data to ensure accuracy. 

To ensure the accuracy and reliability of the GT-SUITE engine model, 

the simulation results were compared with real-world performance data 

provided by ROTAX for the Rotax 912iS (fuel-injected) engine. The 

primary focus of this validation was to assess the accuracy of simulated 

power output and torque values against manufacturer specifications. 
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a) 

 

b) 

Figure 2: Comparison of Simulated and Catalogue Data for Torque and 

Power (Fuel-Injected Rotax 912iS Engine) 

 

Figure 2 illustrates the power and torque output curves obtained from the 

GT-SUITE simulation model of the Rotax 912 ULS (carbureted) engine, 

compared against the official performance data provided by ROTAX. The 

comparison demonstrates a high level of accuracy, with: 

• A maximum deviation of approximately 2% in power 

output 

• A maximum error of around 2% in torque values 
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These results confirm that the developed simulation model closely 

replicates the real-world performance of the Rotax 912 ULS, making it a 

reliable tool for evaluating engine behavior under various operating 

conditions. 

2. Results and Discussion 

This section presents the simulation results of the Rotax 912 carbureted 

(912 ULS) and fuel-injected (912iS) engines under varying altitude 

conditions. The results focus on power output, torque, in-cylinder 

pressure, and engine temperature, extracted using GT-SUITE simulation 

software. The analysis provides insights into how altitude-induced 

changes in air density and pressure impact engine performance and the 

differences between carbureted and fuel-injected configurations. 

2.1. Effect of Altitude on Engine Torque 
The torque output of an internal combustion engine is directly influenced 

by atmospheric pressure and air density, both of which decrease as 

altitude increases [21]. Since the Rotax 912 engine is naturally aspirated, 

it relies on ambient air pressure for fuel-air mixture formation. As altitude 

rises, the reduced oxygen availability weakens the combustion process, 

leading to a progressive decline in torque output. 

 

 

a) 
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b) 

Figure 3: Comparison of Engine Torque at Different Altitudes a) carbureted 

b) fuel injected 

Figure 3 presents a comparison of engine brake torque across different 

altitudes for the carbureted (Figure 3a) and fuel-injected (Figure 3b) 

versions of the Rotax 912 engine. Both graphs illustrate the impact of 

altitude-induced reductions in air density and oxygen availability on 

torque output, demonstrating a progressive decline in performance as 

altitude increases. 

In the carbureted engine (Figure 3a), torque exhibits a steep decline with 

increasing altitude. At sea level (0 m), peak torque reaches approximately 

125 Nm at 4500 RPM, while at 5,000 meters, torque drops to 75 Nm, 

representing a 40% reduction. At 9,150 meters, torque declines sharply to 

20 Nm, reflecting an 84% loss from sea level. The fixed fuel-air mixture 

in the carbureted system limits its adaptability, making it more susceptible 

to altitude-induced power losses. 

In contrast, the fuel-injected engine (Figure 2b) demonstrates better 

torque retention across all altitude levels. While torque still decreases 

with altitude, the EFI system dynamically adjusts fuel delivery, mitigating 

performance losses compared to the carbureted version. At 5,000 meters, 

torque remains higher than in the carbureted model, and at 9,150 meters, 

the reduction is less severe. 

The comparison highlights the performance limitations of naturally 

aspirated engines at high altitudes and underscores the advantages of fuel 

injection in maintaining engine efficiency. These findings emphasize the 

need for altitude compensation technologies, such as turbocharging or 

optimized EFI systems, to sustain performance in aviation applications. 
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2.2. Effect of Altitude on Engine Power 
Altitude exerts a direct influence on engine power by reducing 

atmospheric pressure and air density, which in turn lowers the mass flow 

of oxygen into the combustion chamber. Consequently, combustion 

efficiency diminishes, leading to a notable decline in power output at 

higher altitudes. 

 

 

a) 

 

b) 

Figure 4: Comparison of Engine Power at Different Altitudes a) 

carbureted b) fuel injected 
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Figure 4 presents a comparison of engine brake power across different 

altitudes for the carbureted (Figure 4a) and fuel-injected (Figure 4b) 

versions of the Rotax 912 engine. Both graphs illustrate the negative 

impact of altitude on engine power due to reductions in air density and 

oxygen availability, leading to a progressive decline in performance as 

altitude increases. 

In the carbureted engine (Figure 4a), power exhibits a steep decline with 

increasing altitude. At sea level (0 m), peak power reaches approximately 

75 kW at 5500 RPM. At 5,000 meters, power drops to 40 kW, 

representing a 47% reduction. At 9,150 meters, power declines sharply to 

15 kW, reflecting an 80% loss from sea level. The fixed fuel-air ratio in 

the carbureted system limits its adaptability, making it highly susceptible 

to oxygen scarcity at high altitudes. 

In contrast, the fuel-injected engine (Figure 4b) demonstrates better 

power retention across all altitude levels. While power still decreases with 

altitude, the EFI system dynamically adjusts fuel delivery, mitigating 

performance losses compared to the carbureted version. At 5,000 meters, 

power remains higher than in the carbureted model, and at 9,150 meters, 

the reduction is less severe. The ability to optimize the air-fuel mixture in 

real-time allows the fuel-injected engine to perform more efficiently at 

high altitudes. 

In Figure 4(b), it is noticeable that at 1000 m altitude the torque curve 

exhibits a sharper drop beyond approximately 5500 rpm compared to 

other altitude levels. A detailed review of the simulation outputs 

(including manifold absolute pressure, volumetric efficiency, air–fuel 

ratio, and injector pulse width) revealed that this behavior is caused by a 

temporary reduction in volumetric efficiency at high engine speeds 

combined with the EFI control response to intake flow variations. At 

1000 m, the ambient pressure conditions lead the ECU to restrict injection 

duration and slightly adjust ignition timing in order to maintain the AFR 

within safe limits. This control action reduces the intake air mass and 

consequently results in a more pronounced torque decline at high rpm. 

Therefore, the observed difference is a real phenomenon originating from 

the interaction between intake dynamics and EFI logic under mid-altitude 

conditions rather than a plotting error. 

The comparison highlights the performance limitations of naturally 

aspirated engines at high altitudes and underscores the advantages of fuel 

injection in maintaining engine efficiency. These findings emphasize the 

need for altitude compensation technologies, such as turbocharging or 

optimized EFI systems, to sustain engine power output in aviation 

applications. 
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In addition to the general decreasing trend, the rate of power loss at each 

altitude level can be quantified. For the carbureted engine, the power 

reduction was approximately 47% at 5,000 m and nearly 80% at 9,150 m 

compared to sea level. By contrast, the fuel-injected engine retained a 

noticeably higher portion of its output, with power values remaining 30–

35% greater than the carbureted configuration at the highest altitude. 

These results indicate that EFI not only slows the rate of degradation but 

also provides more stable power delivery across the altitude range, which 

is critical for maintaining operational reliability in aviation applications. 

 

2.3. Effect of Altitude on In-Cylinder Pressure 
Altitude has a direct impact on in-cylinder pressure by reducing 

atmospheric pressure and air density, which decreases the amount of 

oxygen available for combustion. As a result, combustion efficiency 

declines, leading to lower peak cylinder pressure and reduced engine 

performance at higher altitudes [22,24].  

 

 

 

a) 
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b) 

Figure 5: Comparison of In-Cylinder Pressure at Different Altitudes a) 

carbureted b) fuel injected 

Figure 5 presents a comparison of in-cylinder pressure variations at 

different altitudes for the carbureted (Figure 4a) and fuel-injected (Figure 

5b) versions of the Rotax 912 engine. The results illustrate the 

progressive decline in peak combustion pressure as altitude increases due 

to the reduction in atmospheric pressure and oxygen availability. Lower 

in-cylinder pressure at high altitudes results in weaker combustion, 

reduced power output, and overall engine performance degradation. 

In the carbureted engine (Figure 5a), peak in-cylinder pressure exhibits a 

steep decline with increasing altitude. At sea level (0 m), peak pressure 

reaches approximately 65 bar, representing optimal combustion 

conditions. At 1,000 meters, the pressure slightly decreases, but at 5,000 

meters, it drops to around 40 bar, reflecting a 38% reduction. At 9,150 

meters, peak pressure falls to nearly 20 bar, indicating a 69% loss from 

sea level, leading to inefficient combustion and a significant reduction in 

engine output. The fixed air-fuel mixture in the carbureted system limits 

its adaptability, making it more vulnerable to altitude-induced pressure 

losses. 

In contrast, the fuel-injected engine (Figure 5b) demonstrates higher in-

cylinder pressure across all altitude levels, showing the effectiveness of 

dynamic fuel control. While pressure still decreases with altitude, the EFI 

system optimizes fuel injection timing and quantity, mitigating the 

decline compared to the carbureted engine. At 5,000 meters, in-cylinder 

pressure remains higher, and at 9,150 meters, the pressure reduction is 
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less severe, confirming the advantages of electronic fuel injection in 

adapting to altitude-induced air density changes . 

The comparison highlights the critical role of in-cylinder pressure in 

maintaining engine efficiency and reinforces the limitations of naturally 

aspirated carbureted engines at high altitudes. These findings emphasize 

the importance of altitude compensation technologies, such as 

turbocharging or advanced EFI systems, to sustain combustion efficiency 

and engine performance in aviation applications. 

A closer examination of in-cylinder pressure variations further highlights 

the effect of altitude. For the carbureted engine, peak pressure declined 

from 65 bar at sea level to 20 bar at 9,150 m, representing a 69% 

reduction. The steep loss in cylinder pressure directly translates into 

weaker combustion and reduced indicated work. In contrast, the EFI 

system preserved higher peak pressures across all altitudes, with average 

values 15–20% greater than those of the carbureted engine. This 

improvement is attributed to the dynamic adjustment of the air–fuel ratio, 

which maintains more complete combustion under oxygen-deficient 

conditions. The ability to sustain higher in-cylinder pressure levels under 

altitude stress underscores the operational advantage of electronic fuel 

injection. 

It is important to note that both subfigures (a: carbureted, b: EFI) in 

Figure 5 were plotted using the same axis scales to allow direct 

comparison. The apparent differences in curve slopes are not due to 

scaling inconsistencies but originate from the actual combustion 

characteristics of the two systems under altitude variation. Specifically, 

the carbureted engine shows a sharp decline in peak in-cylinder pressure, 

from approximately 65 bar at sea level to 20 bar at 9,150 m (a 69% 

reduction), reflecting poor adaptability to reduced oxygen levels. By 

contrast, the EFI engine sustains higher pressure levels across all 

altitudes, with peak values around 33–35 bar at 9,150 m, corresponding to 

a 48–50% reduction from sea-level conditions. This 15–20% relative 

improvement in retained pressure directly illustrates the superior 

adaptability of EFI in maintaining combustion stability under oxygen-

deficient environments. The inclusion of identical scales in both 

subfigures ensures that the visual comparison accurately reflects the 

quantitative differences observed in simulation data. 

 

 

2.4. Effect of Altitude on Cylinder Temperature 

Cylinder temperature is a key factor in determining combustion efficiency 

and thermal performance of an engine. As altitude increases, the 

reduction in air density and oxygen availability leads to weaker 

combustion, resulting in a progressive decline in peak cylinder 
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temperature. Lower temperatures at high altitudes indicate less complete 

combustion, which negatively impacts power output and overall engine 

efficiency [23]. 

 

 

 

a) 

 

b) 

Figure 6: Comparison of Cylinder 1 Temperature at Different Altitudes a) 

carbureted b) fuel injected 
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Figure 6 presents a comparison of cylinder temperature variations at 

different altitudes for the carbureted (Figure 6a) and fuel-injected (Figure 

6b) versions of the Rotax 912 engine. The results illustrate the 

progressive decline in peak combustion temperature as altitude increases 

due to the reduction in atmospheric pressure and oxygen availability. 

Lower combustion temperatures at high altitudes lead to weaker 

combustion, reduced thermal efficiency, and lower overall engine 

performance . 

In the carbureted engine (Figure 6a), peak cylinder temperature exhibits a 

steep decline with increasing altitude. At sea level (0 m), peak 

temperature reaches approximately 2800 K, representing optimal 

combustion conditions. At 1,000 meters, the temperature slightly 

decreases, but at 5,000 meters, it drops to around 2000 K, reflecting a 

29% reduction. At 9,150 meters, peak temperature falls to approximately 

1700 K, indicating a 40% loss from sea level, leading to incomplete 

combustion and reduced energy conversion efficiency. The fixed fuel-air 

mixture in the carbureted system limits its ability to compensate for 

changes in air density, making it more susceptible to altitude-induced 

thermal losses. 

In contrast, the fuel-injected engine (Figure 6b) demonstrates higher 

cylinder temperatures across all altitude levels, showing the effectiveness 

of dynamic fuel control. While temperature still decreases with altitude, 

the EFI system optimizes fuel injection timing and mixture, reducing the 

rate of decline compared to the carbureted engine. At 5,000 meters, peak 

temperature remains higher, and at 9,150 meters, the reduction is less 

severe, confirming the advantages of electronic fuel injection in 

maintaining stable combustion efficiency at high altitudes. 

The comparison highlights the critical role of cylinder temperature in 

maintaining combustion efficiency and reinforces the limitations of 

carbureted engines at high altitudes. These findings emphasize the 

importance of altitude compensation technologies, such as turbocharging 

or advanced EFI systems, to sustain thermal efficiency and engine 

performance in aviation applications. 

For the fuel-injected Rotax 912iS engine, the simulation results show 

higher cylinder temperatures compared to the carbureted version under 

the same altitude conditions. At sea level, the peak cylinder temperature 

reaches approximately 2900 K, while at 5,000 meters it decreases to 

around 2200 K, representing a reduction of about 24%. At 9,150 meters, 

the peak temperature remains close to 1900 K, which is still significantly 

higher than that of the carbureted engine at the same altitude. These 

values confirm the advantage of EFI in maintaining higher combustion 

temperatures and more stable thermal performance under oxygen-

deficient conditions. 
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2.5. Comparison of Carbureted and Fuel-Injected Rotax 

912 Engines 

The simulation results of the present study reveal that the carbureted 

Rotax 912 ULS engine experiences a severe performance degradation at 

high altitudes. At 9,150 meters, its power and torque decrease by 

approximately 80% and 84%, respectively, compared to sea-level 

conditions. In-cylinder pressure and combustion temperature also drop 

significantly with increasing altitude, leading to reduced thermal 

efficiency and unstable combustion.  In contrast, the fuel-injected Rotax 

912iS engine demonstrates better adaptability due to its Electronic Fuel 

Injection (EFI) system, which dynamically adjusts the air–fuel ratio in 

real time. The results show that at 9,150 meters, this engine maintains 

higher power and torque levels compared to the carbureted version, while 

also preserving higher in-cylinder pressure and combustion temperature.  

These findings indicate that although both configurations are adversely 

affected by oxygen scarcity at high altitudes, the EFI-equipped engine is 

more effective in sustaining stable performance. Therefore, the direct 

comparison based on the data obtained in this study confirms the 

superiority of fuel injection over carburetion in mitigating altitude-

induced performance losses.  

At 9,150m altitude, the carbureted engine suffered approximately 80% 

and 84% reductions in power and torque, respectively, with peak in-

cylinder pressure dropping by 69% and cylinder temperature decreasing 

by 40%. By contrast, the EFI-equipped engine retained significantly 

higher values, with only a 55–60% reduction in power, a 65–70% drop in 

torque, and about a 48–50% decline in in-cylinder pressure. Moreover, 

peak cylinder temperature remained around 1,900 K—10–15% higher 

than the carbureted version at the same altitude. These quantitative results 

confirm that EFI provides not only better adaptability but also measurable 

improvements in sustaining engine performance under oxygen-deficient 

conditions. 

3. Conclusion  

This study conducted a comparative analysis of the carbureted Rotax 912 

ULS and the fuel-injected Rotax 912iS engines under flight altitudes up to 

9,150 meters using GT-SUITE simulations. The results demonstrated that 

altitude significantly degrades engine performance by reducing power, 

torque, in-cylinder pressure, and combustion temperature. For the 

carbureted engine, power and torque decreased by 80% and 84%, 
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respectively, while peak in-cylinder pressure declined by 69% and 

cylinder temperature dropped by 40% at the highest altitude. In contrast, 

the EFI-equipped engine showed substantially lower degradation, with a 

55–60% loss in power, a 65–70% reduction in torque, and a 48–50% 

decline in in-cylinder pressure, while cylinder temperature remained 

about 10–15% higher than in the carbureted engine. 

These findings clearly indicate that Electronic Fuel Injection provides not 

only better adaptability but also measurable performance advantages 

under oxygen-deficient conditions. Therefore, for naturally aspirated 

aircraft engines operating at moderate to high altitudes, EFI systems are 

strongly recommended over conventional carburetion to improve 

combustion stability, efficiency, and reliability. Nonetheless, both 

systems exhibit marked deterioration at very high altitudes, highlighting 

the inherent limitations of naturally aspirated designs and the necessity of 

integrating advanced altitude-compensation strategies—such as 

turbocharging or optimized EFI mapping—for future applications. 
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