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Abstract - Water injection systems represent a 
transformative approach to enhancing internal combustion 
engine performance. These systems utilize water’s 
thermodynamic properties to reduce intake temperatures, 
increase air density, and optimize engine combustion, leading 
to improved horsepower and efficiency. The BMW M4 GTS, a 
high-performance sports car, exemplifies the practical 
application of this technology. This paper provides an in-depth 
exploration of the principles, design, and advantages of water 
injection systems, with a detailed examination of their 
implementation in the BMW M4 GTS. Additionally, advanced 
mathematical analyses illustrate the quantitative impact on 
air density, temperature, and power output. 
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1.INTRODUCTION  

The relentless pursuit of enhanced performance in 
automotive engineering has spurred the development of 
innovative technologies designed to boost engine efficiency, 
reliability, and power. Water injection systems stand out as a 
revolutionary advancement, offering a unique method to 
address critical challenges such as knocking, thermal stress, 
and fuel inefficiency. By injecting a fine mist of water, often 
combined with methanol, into the intake air or combustion 
chamber, these systems achieve significant cooling, 
increasing air density and reducing the likelihood of 
premature combustion. This enables engines to operate at 
higher boost pressures and advanced ignition timings, 
resulting in substantial gains in power and efficiency. A 
prime example of this innovation is the BMW M4 GTS, which 
employs water injection to deliver exceptional performance 
without sacrificing reliability. This paper explores the 
foundational principles of water injection, its technical 
application in the BMW M4 GTS, and the theoretical and 
mathematical insights into its benefits, including increased 
air density, improved combustion, and reduced emissions. 
Beyond high-performance vehicles, the broader potential of 
water injection extends to hybrid systems, heavy-duty 
engines, and applications in sectors like aviation and marine 
propulsion. As the automotive industry increasingly focuses 
on sustainability and efficiency, water injection emerges as a 
promising solution with vast potential for global adoption 
and future development. 

 

 

Figure 1. BMW M4 GTS engine 
(from:- Techblog.com) 

2. PRINCIPLES OF WATER INJECTION TECHNOLOGY 

Water injection operates on the concept of evaporative 
cooling. By injecting atomized water into the intake 
manifold, the system reduces intake air temperatures 
through heat absorption during the phase change from liquid 
to vapor. This leads to denser air entering the combustion 
chamber, enhancing the engine’s performance potential. 

Key Benefits: 

 Knock Mitigation: Lowering peak combustion 
temperatures reduces the risk of engine knock, 
allowing higher compression ratios. 

 Improved Efficiency: Cooler, denser air enables 
more complete combustion, optimizing thermal 
efficiency. 

 Increased Power Output: Enhanced charge cooling 
permits higher turbocharger boost pressures. 
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Fig 2. Water injection technology 
(from: reddit.com) 

The Role of Water Injection in Mass Airflow 

Water injection plays a crucial role in increasing the mass 
airflow into the engine by reducing intake temperatures. As 
we already know, cooler air is denser, and denser air allows 
more oxygen to enter the engine. Water injection lowers 
intake temperatures, which increases air density. This 
increase in air density is a result of the increase in pressure 
the engine can safely handle without knocking. 

Effect on Air Density and Boost Pressure: 

Water injection enables the engine to run at higher boost 
pressures. This is critical because as boost pressure 
increases, the mass of air entering the engine also increases. 
As air density increases, more air and oxygen are available 
for combustion. 

3. BMW M4 GTS Water Injection System 

The BMW M4 GTS integrates an advanced water injection 
system developed in collaboration with Bosch. The system is 
designed to optimize the performance of the S55 engine, a 
3.0L twin-turbo inline-6 powerhouse. 

Key Components: 

Water Tank: A 5-liter tank located in the trunk provides 
water for injection. 

Pump: Pressurizes water to ensure precise delivery. 

Nozzles: Atomize the water for even distribution into the 
intake manifold. 

Process Description The water injection process in the 
BMW M4 GTS follows these steps: 

 

Fig 3. Water injection system 
(from:- bmwblog.com) 

1. Water Storage: Water is stored in a 5-liter tank 
located in the trunk. The tank is insulated to 
maintain the water’s temperature and prevent 
contamination. 

2. Water Delivery: A high-pressure pump delivers the 
water from the tank to the engine bay through heat-
resistant tubing. 

3. Water Atomization: At the intake manifold, 
precision nozzles atomize the water into fine 
droplets, ensuring uniform mixing with the intake 
air. 

4. Cooling Effect: As the atomized water enters the 
intake manifold, it evaporates, absorbing significant 
heat from the air. This reduces the air’s temperature 
and increases its density. 

5. Combustion: The cooled and denser air enters the 
combustion chamber, enabling higher boost 
pressures and improved combustion efficiency 
without the risk of knocking. 

6. System Monitoring: Sensors continuously monitor 
the system’s performance, including water levels, 
injection pressure, and air intake temperatures, 
ensuring optimal operation. 

Technical Specifications: - 

Engine Configuration: 3.0L Twin-Turbo Inline-6 (S55) 

Base Power Output: 425 hp 
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Enhanced Power Output: 493 hp (with water injection) 

Torque: 600 Nm vs. 550 Nm (without water injection) 

Water Consumption: 0.5 liters/min at full throttle 

4. MATHEMATICAL ANALYSIS 

4.1. Air Density Increase The Ideal Gas Law states that air 
density (ρ) is inversely proportional to temperature (T): 

                                 ρ ∝ 1/T  

Where: 

ρ = Air density 

T = Air temperature in Kelvin 

Given the power output is proportional to air density, the 
relationship can be expressed as:  

P2 = P1 × (ρ₂/ρ₁) 

Substituting observed values:  

P1 = 425 hp        P2 = 493 hp  

ρ₂/ρ₁ = P2/P1 = 493/425 = 1.16 

This 16% increase in air density translates directly to 
enhanced oxygen availability and combustion efficiency. 

4.2. Temperature Reduction Using the relationship   

                            ρ₂/ρ₁ = T1/T2 

 T1 = 333 K (60°C),  

T2 = T1 / 1.16 ≈ 287.9 K (14.8°C) 

The system reduces intake temperatures by approximately 
45°C, highlighting the cooling efficiency of water injection. 

So, to achieve a 16% increase in air density, the water 
injection system must lower the intake temperature by 
around 45°C, bringing it down from 60°C to approximately 
14.8°C. 

4.3. Horsepower via Airflow Horsepower (HP) can be 
approximated as: 

 HP = (C × Airflow × Pressure Gain) / Efficiency Factor  

Where: 

C is a constant based on the engine’s design (typically in the 
range of 0.1 to 0.15 for gasoline engines). 

Airflow is the mass of air entering the engine (in kg/s or 
lb/min). 

Pressure Gain is the increase in boost pressure from the 
turbocharger (or supercharger) enabled by the use of water 
injection, typically measured in psi. 

Efficiency Factor represents how efficiently the engine can 
convert the air-fuel mixture into power (typically assumed 
to be around 0.75-0.85 for turbocharged engines). 

4.4. Airflow Calculation: 

 Using the formula:  

Airflow = (Engine Displacement × RPM × VE) / 2 

For the BMW M4 GTS: 

 Displacement = 3.0 L 
 RPM = 6000 
 VE = 90% 

Base Airflow: Airflow = (3.0 × 6000 × 0.9) / 2 

 = 8100 L/min 

With a 16% density increase:  

Airflow with Water Injection = 8100 × 1.16  

= 9396 L/min 

Corresponding Power:  

P2 = P1 × (Airflow with Water Injection / Base Airflow) P2 = 
425 × 1.16 = 493 hp 

4.5. Horsepower via Brake Mean Effective Pressure 
(BMEP) 

 Horsepower can also be calculated using BMEP:  

               HP = (BMEP × L × A × N) / (2 × 33000)  

Where: 

BMEP = Brake Mean Effective Pressure in psi 

L = Stroke length in feet 

A = Cylinder area in square inches 

N = RPM 

For the BMW M4 GTS: 

BMEP without water injection = 200 psi 

BMEP with water injection = 232 psi (16% increase) 

L = 0.094 ft (3.0 L engine) 

A = 4.91 in² (per cylinder, for six cylinders) 
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N = 6000 RPM 

HP without water injection: 

 HP = (200 × 0.094 × 4.91 × 6000) / (2 × 33000) ≈ 425 hp 

HP with water injection:  

HP = (232 × 0.094 × 4.91 × 6000) / (2 × 33000) ≈ 493 hp 

 

Chart 1. HP performance and Air density vs RPM levels 

5.ADVANTAGES AND LIMITATIONS  

Advantages: 

 Enhanced performance and efficiency. 

 Reduced risk of engine knock. 

 Potential for downsizing and weight reduction. 

 Extended engine lifespan due to lower operating 
temperatures. 

 Compatibility with turbocharged and supercharged 
engines. 

 Improved emissions profile by lowering peak 
combustion temperatures and reducing NOx 
emissions. 

 Flexibility to use in high-performance and daily-use 
vehicles. 

 Adaptive integration with modern ECU systems for 
optimized control. 

 

 
 

Fig 4. Knock optimized 
(from:- bmwblog.com) 

 
Limitations: 

 Additional weight from the water tank and 
components. 

 Dependency on water supply. 

 Higher system complexity and maintenance. 

 
 

Fig 5. Water tank storage space 
(from bmwblog.com) 

 

7. FUTURE PROSPECTS 

Hybrid Applications: Water injection systems offer exciting 
possibilities for integration with hybrid powertrains. By 
optimizing thermal management and enhancing system 
efficiency, this technology can play a pivotal role in the 
development of next-generation vehicles. 

Advanced Control Systems:The incorporation of AI-driven 
control systems can revolutionize water injection 
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technology. These intelligent controllers can optimize 
injection parameters in real-time based on engine operating 
conditions, maximizing performance and efficiency. 

Global Expansion and Adaptation: As the automotive 
industry embraces sustainable solutions, water injection 
technology holds immense potential for worldwide adoption. 
Future advancements could include adaptation to diverse 
climate conditions, compatibility with regional fuel types, 
and integration with varied engine architectures. 
Collaborative efforts among global research institutions and 
automakers can facilitate standardized systems that cater to 
a wide range of markets. 

Applications Beyond Automotives: The potential of water 
injection extends beyond automotive applications. Future 
research could explore its use in marine, aviation, and 
industrial engines. Scaling the technology for larger systems 
could revolutionize multiple sectors, improving efficiency 
and reducing emissions on a global scale. 

8. CONCLUSION 

The integration of water injection systems, as exemplified by 
the BMW M4 GTS, represents a groundbreaking 
advancement in the pursuit of high-performance and 
efficient internal combustion engines. By leveraging the 
cooling properties of water, these systems allow for 
significant increases in power output, improved thermal 
efficiency, and enhanced engine longevity. The BMW M4 
GTS, with its meticulously engineered 3.0L twin-turbo inline-
6 engine, demonstrates the transformative potential of this 
technology, achieving a remarkable 493 horsepower while 
maintaining lower emissions and operational stability. This 
research underscores the worthiness of water injection 
systems as a viable solution for overcoming the limitations of 
traditional engines, particularly in the era of stringent 
emission norms and high-performance demands. The 
combination of theoretical principles, technical 
implementation, and empirical analysis presented here 
highlights not only the current benefits but also the immense 
future potential of water injection technology in reshaping 
automotive engineering. As we move towards a more 
sustainable and performance-oriented automotive industry, 
water injection systems provide a compelling case for 
balancing power, efficiency, and environmental 
responsibility. 
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