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Abstract 
The efficiency of internal combustion engines (IC engines) is fundamentally constrained by 

temperature rise during compression and combustion. While higher compression ratios improve 

theoretical efficiency, they also increase temperature, leading to knock, material limitations, and 

substantial heat rejection. As a result, practical engines operate below their thermodynamic potential 

This work introduces HOPE (Hybrid Optimized Pressure and Energy) as a modified 

thermodynamic operating regime that focuses on controlling temperature within the engine cycle to 

enable higher compression ratios while retaining energy within the system. Unlike conventional 

approaches that remove excess heat through external cooling, the HOPE pathway seeks to manage 

temperature through internal energy redistribution. 

In this framework, water is employed as a co-working fluid and thermodynamic control variable to 

absorb and redistribute energy during compression and combustion. This enables moderated 

temperature rise, reduced effective compression index, and improved conditions for higher 

compression without exceeding thermal limits. 

The pathway further explores controlled phase interaction after TDC and partial internal heat 

recovery through the Internal Heat Recovery Loop (IHRL), where cooling heat is redirected into the 

working fluid rather than fully rejected. Together, these mechanisms aim to retain and redistribute 

energy within the cycle, enabling higher effective expansion and improved work extraction. 

The proposed pathway does not alter the fundamental piston–crank architecture or cycle sequence. 

Instead, it reorganizes the thermodynamic behavior of the working fluid, enabling controlled 

temperature, reduced dependence on heat rejection, and improved expansion work extraction. 

The analysis is based on first-order thermodynamic modeling supported by computational evaluation. 

While the framework is consistent with established physical principles, its practical realization 

requires precise control of injection, phase behavior, and system integration, and requires further 

experimental validation and system-level investigation 

At its core, HOPE seeks to retain, redistribute, and reuse energy within the working fluid rather than 

reject it through cooling and exhaust losses. 
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CORE CONCEPT OF HOPE 

HOPE investigates whether a larger fraction of fuel energy    

can be retained, redistributed, and reused within the         

 working fluid rather than rejected through cooling and        

 Exhaust losses.                                               

The framework seeks to improve energy utilization through:    

 • Temperature-controlled compression                          

 • Controlled phase interaction                                

 • Steam-assisted expansion                                    

 • Internal heat recovery    

 It is presented as a modified thermodynamic operating         regime within 

conventional four-stroke piston–crank         architecture.                                                                                                       

For detailed derivations, assumptions, Core Questions,  sensitivity analyses, 

and interactive exploration, see  the HOPE Handbook and HOPE Explorer at           

https://hope.ajaypalta.com 

 

 

 

1. Introduction 
 

Internal combustion engines have remained the dominant technology for transportation and 

distributed power generation for over a century. Despite continuous improvements, their practical 

efficiency remains significantly lower than theoretical limits. 

A primary limitation arises from the rise in temperature during compression and combustion. The 

thermodynamic limitations of internal combustion engines are fundamentally linked to temperature 

rise during compression and combustion [1–5]In conventional Otto-cycle engines, increasing 

compression ratio improves theoretical efficiency; however, it simultaneously increases temperature, 

leading to: 

 Knock and pre-ignition  

 Material and thermal limits  

 Increased heat rejection through cooling systems  

 Thermodynamic losses such as high-temperature dissociation  

As a result, practical engines operate at compression ratios well below their theoretical optimum and 

typically achieve efficiencies in the range of 30–40%, despite significantly higher ideal potential.  

This indicates that the limitation is not due to lack of available energy, but due to the pathway through 

which energy is processed within the cycle. 

 

Perspective and Context 

For more than 300 years, engines have evolved through continuous thermodynamic improvement 

[30–32].Various approaches have attempted to address this limitation. Water-assisted compression 

and charge cooling demonstrate that temperature rise can be moderated. Advanced architectures such 

as split-cycle engines improve thermal management through staged processes. Heat recovery systems 

aim to utilize energy that would otherwise be rejected. Water injection has historically been 
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investigated for charge cooling, knock suppression, and efficiency improvement in internal 

combustion engines [6–9]. These approaches collectively highlight the importance of temperature 

control and energy utilization. However, in most cases, these effects are addressed individually: 

 Cooling removes energy from the system  

 Water injection acts primarily as an auxiliary mechanism  

 Heat recovery is typically implemented externally  

As a result, the underlying thermodynamic pathway governing compression and expansion remains 

largely unchanged and thermally constrained. 

 

Shift in Perspective 

Conventional approaches primarily focus on managing excess heat through external cooling. However, 

this strategy treats heat as a waste product rather than a resource. 

This leads to a fundamental question: 

Can temperature rise be controlled internally, allowing higher compression ratios while 

retaining energy within the system? 

 

HOPE Framework Overview 

 

This work presents HOPE — Hybrid Optimized Pressure and Energy — as a modified 

thermodynamic operating regime within the conventional four-stroke engine architecture. 

HOPE does not alter the piston–crank mechanism or cycle sequence. Instead, it modifies the 

thermodynamic pathway by: 

 Controlling temperature rise during compression  

 Enabling higher compression ratios without exceeding thermal limits  

 Redistributing energy within the working fluid rather than rejecting it  

A key feature of the approach is the use of water as a co-working fluid, not merely as a coolant, but as 

a thermodynamic element that absorbs and redistributes energy throughout the cycle.  

 

Scope of Work 

 

The objective of this paper is to: 

 Examine thermodynamic limitations of conventional compression  

 Analyze the effect of reduced effective compression index        

 Explore internal heat interaction and phase behavior  

 Define the HOPE thermodynamic pathway  

 Assess implications for expansion work and efficiency  

The analysis is based on first-order thermodynamic modeling while the framework is consistent with 

established physical principles, its practical realization depends on engineering implementation and 

experimental validation. The HOPE framework should not be interpreted from isolated equations, 

efficiency values, or compression-ratio figures alone. The governing assumptions, no-evaporation 

constraints, phase-stability conditions, normalized performance methodology, and operational 

boundaries are defined in the accompanying HOPE Hand Book and HOPE Explorer. Readers are 

strongly encouraged to review these companion materials prior to technical interpretation or 

comparative evaluation. 

 

Closing Statement 

 

Fundamentally, HOPE is not about adding energy to the cycle; it is about managing existing 

energy more effectively by retaining, redistributing, and reusing it within the working fluid.  
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Summary — Introduction 

 Conventional internal combustion engines are primarily limited by temperature rise during 

compression and combustion, which constrains practical compression ratio and efficiency 

 Existing approaches such as water injection, charge cooling, and heat recovery address 

individual thermal effects but generally do not alter the underlying thermodynamic pathway  

 The HOPE framework proposes a modified thermodynamic operating regime within 

conventional engine architecture based on controlled temperature rise and internal energy 

redistribution  

 Water is introduced as a co-working fluid and thermodynamic control variable rather than 

solely as a cooling medium  

 The work presents a first-order thermodynamic exploration of whether controlled heat 

buffering and phase interaction can enable higher compression ratios while maintaining 

moderated temperature limits 

 The accompanying HOPE Hand Book and HOPE Explorer should be considered integral 

companion references for interpretation of the framework, assumptions, and operational 

constraints. 

 

2. Compression and Thermodynamic Limitation 

Compression is a fundamental process in internal combustion engines, determining the initial 

conditions for combustion and subsequent energy conversion. In ideal analysis, Real engine 

compression is better approximated by a polytropic process [1–5]. 

             

              

          

   where: 

    
  

  
 is the compression ratio  

   polytropic exponent ( ≈1.3–1.4)for typical engines  

       are end-of-compression temperature and pressure  

 

2.1 Temperature–Pressure Coupling 

During compression, work input increases internal energy, leading to a rise in temperature. This 

temperature rise directly influences pressure: 

  
   

 
 

Thus, pressure increase during compression is inherently coupled with temperature rise. 

In conventional engines: 

 Compression  → Higher temperature  

 Higher temperature → Pressure  

As a result, temperature becomes the governing constraint. 

During compression, air temperature rises rapidly with increasing compression ratio, while the 
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associated pressure increase is ultimately constrained by knock, material limits, and thermal loading. 

Therefore, in practice, temperature—not pressure—is often the primary limiting factor. 

 

2.2 Limitation on Compression Ratio 

While increasing compression ratio improves theoretical efficiency, in practice it is limited by: 

 Knock and pre-ignition, driven primarily by temperature  

 Material limits, due to high thermal stress  

 Heat losses, increasing with temperature difference  

 Thermodynamic irreversibilities, including dissociation at high temperatures  

As a result, practical engines operate at compression ratios significantly below theoretical optimum. 

 

2.3 Compression Work Penalty 

Compression work increases with compression ratio and polytropic exponent. For typical values 

(     –    ), the work required for compression rises rapidly. 

This leads to a higher compression–expansion work ratio (CEWR), reducing net useful work. 

Higher compression ratio does not proportionally increase net work because compression work also 

increases significantly. 

 

2.4 Effective Compression Index and Heat Interaction 

In real engines, compression does not follow an ideal adiabatic process. The effective compression 

behavior is better described by a polytropic relation: 

                 

where       is the effective compression index. 

Unlike the ideal gas property   
  

  
 , the effective compression index is not a fixed property of the 

working fluid. Instead, it depends on heat transfer and energy exchange during compression. 

 

2.5 Role of Heat Transfer 

The value of       reflects how much of the compression work is retained as internal energy versus 

how much is redistributed or lost: 

 Limited heat transfer → quasi-adiabatic behavior 

                   ≈1.25–1.35       

 Increased heat interaction → quasi-isothermal tendency 

                   ≈1.05–1.20       

In conventional engines, heat transfer during compression is constrained by: 

 Limited surface area  

 Short compression time  

 External cooling pathways  

As a result, the compression process remains close to adiabatic, with relatively high      . 
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2.6 Link to Heat Buffering 

Reducing       requires internal heat interaction, not just external cooling. 

External cooling removes heat after it is generated, but has limited influence during the compression 

time scale. In contrast, internal heat buffering allows energy to be absorbed within the working fluid 

during compression, directly moderating temperature rise. Thus,       is not only a descriptor of 

compression behavior, but also an indicator of how effectively heat is managed within the system. 

 

2.7 Physical Interpretation 

 Higher      → rapid temperature rise → strong thermal constraint  

 Lower       → moderated temperature rise → relaxed thermal constraint  

This suggests that controlling       provides a pathway to influence compression behavior without 

altering mechanical parameters. 

The effective compression index is governed by heat interaction during compression. Controlling this 

interaction—particularly through internal heat buffering—offers a means to reduce temperature rise 

and modify the thermodynamic pathway. 

2.8 Core Limitation 

The key limitation of conventional compression can be summarized as: Compression ratio is not 

limited by mechanical capability, but by temperature rise during compression because temperature 

and pressure are coupled, Pressure rise during conventional compression is intrinsically linked to 

temperature rise; consequently, pressure cannot be significantly increased without also increasing 

temperature. 

2.9 Key Insight 

The limitation of conventional engines arises from a temperature-driven compression pathway. 

If temperature rise during compression can be moderated, higher compression ratios may become 

achievable without exceeding practical limits. 

Summary — Section 2 

 Compression increases both temperature and pressure 

 Temperature rise limits the usable compression ratio  

 Higher compression ratio increases compression work  

       governs temperature rise during compression  

       can be reduced through enhanced internal heat interaction  

 External cooling has limited influence during compression  

 The governing limitation is thermal, not mechanical 

 

3. Implications of Reduced Effective Compression Index       

 

3.1 Compression Behavior and Temperature Rise 

From the polytropic relation: 
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it is evident that the temperature rise during compression is directly governed by the effective 

compression index       . 

For a given compression ratio: 

 Higher       → rapid temperature rise  

 Lower        → moderated temperature rise  

Thus, reducing        provides a direct means of controlling end-of-compression temperature. 

 

3.2 Decoupling Pressure from Temperature 

Pressure during compression follows: 

  
   

 
  

Accordingly, pressure can increase through: 

 Temperature rise  

 Volume reduction  

        In conventional compression (      ≈1.3–1.4): 

 Temperature rise is dominant  

 Pressure is strongly coupled with temperature  

 Temperature becomes the limiting factor  

        When        is reduced: 

 Temperature rise is moderated  

 Pressure dependence shifts toward volume reduction  

 Pressure can be achieved without excessive temperature  

This represents a shift in pressure generation from temperature increase to volume reduction. 

 

3.3 Implication for Compression Ratio 

In conventional engines: 

 Increasing compression ratio → excessive temperature  

 Temperature limits usable compression ratio  

               with reduced       : 

 Temperature rise is controlled  

 Thermal constraints are relaxed  

 Higher compression ratios become achievable  

Compression ratio is limited not by mechanics, but by temperature rise. 

 

3.4 Numerical Illustration (Conceptual) 

                  Consider identical initial conditions :  

                       

With different       and Compression Ratio 

 

 

 

 

 

      CR       

1.4 20 
~994 

K 
~66 bar 

1.12 120 
~533 

K 
~213 bar 
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This demonstrates that by reducing       from 1.4 to 1.12 

 Significantly higher compression ratio can be achieved  

 Temperature remains within controlled limits  

 Pressure is recovered through volume reduction 

Lowering the compression index reduces temperature rise, allowing much higher compression ratios 

without exceeding thermal limits—while still achieving higher pressure.” 

3.5 Graphical Interpretation 

The effect of the compression index  on compression behavior is illustrated in Figures 1–3. 

 

Figure 1 Shows end-of-compression temperature (   ) versus compression ratio for different values 

of  CR it demonstrates that reducing         significantly moderates temperature rise, even at high 

compression ratios. 

Figure 1: End-of-compression temperature (   ) as a function of compression ratio for different 

values of       

Figure 2: Shows end-of-compression pressure (   ) versus compression ratio. Despite reduced 

temperature rise, pressure continues to increase with compression ratio, confirming that pressure 

can be achieved through volume reduction. 
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Figure 2: End-of-compression pressure (   ) as a function of compression ratio for different values 

of        

Figure 3:  Shows relative compression work. Lower       results in reduced compression work, 

improving the overall work balance of the cycle. 

 

Figure3: Relative compression work as a function of compression ratio for different values of 

      . 

These trends confirm that reducing enables higher compression ratios while controlling 

temperature, shifting the compression pathway from temperature-driven to volume-driven behavior 

3.6 Compression as Energy Storage 

Compression can be interpreted as storing potential work in the form of pressure: 

 work input → internal energy increase  

 pressure → potential for expansion work  

The objective of compression is not to maximize temperature, but to establish pressure potential for 

expansion. 

Higher compression ratio enables higher expansion ratio, which improves work extraction [24–26]. 

 

3.7Key Transition 

The analysis suggests that: 

 Temperature rise is not an unavoidable outcome of compression  

 It depends on how energy is managed during compression  

 Controlling        alters the thermodynamic pathway  

 

3.8 Key Insight 

Reducing the effective compression index moderates temperature rise, enabling higher compression 

ratios and shifting pressure generation from temperature dependence toward volume dependence. 
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Summary — Section 3 

 The effective compression index       directly governs temperature rise during compression 

 Lower        → lower end-of-compression temperature     

 Reducing        also reduces compression work. 

 Compression pressure depends on both temperature rise and volume reduction  

 Lowering        shifts pressure generation from temperature-driven toward volume-driven 

compression 

 This enables higher pressure to be achieved primarily through volume reduction with 

controlled temperature rise  

 As greater volume reduction corresponds to higher compression ratio, reduced        enables 

operation at significantly higher compression ratios 

 Higher compression ratio enables higher expansion ratio and greater expansion work 

extraction  

 The pressure energy developed during compression is recovered as useful work during 

expansion 

 

4. Heat Interaction and Phase Stability 

 
4.1 External Cooling vs Internal Heat Buffering 

In conventional engines, temperature rise during compression is governed by work input, which 

increases internal energy. External cooling systems remove a portion of this heat, but have limited 

influence during the short compression time scale. 

External cooling removes energy and may slightly reduce       (typically ≈1.3), but does not 

significantly alter the compression pathway. 

To meaningfully influence compression behavior, heat must be managed within the working fluid 

during compression, rather than removed externally. 

 

4.2 Concept of Internal Heat Buffering 

Internal heat buffering refers to the absorption of energy within the system, reducing temperature 

rise without rejecting energy. 

An effective buffering medium must: 

 Absorb heat rapidly  

 Possess high heat capacity  

 Remain stable under compression conditions  

Water is most suitable buffering medium due to: 

 High specific heat capacity  

 High density (~850x of air) 

 Favorable thermo-physical properties 

  

 4.3 Illustrative Comparison — Cooling vs Heat Buffering 

 

To illustrate the difference between external cooling and internal heat buffering, consider a   

simplified rigid-container system under three cases: 

 Case 1 – Air Only  

 Case 2 – External Cooling  

 Case 3 – Internal Buffering using  1 gm water   
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Operating Basis 

 Volume = 2000 cc (0.002 m³)  

 Initial pressure      bar  

 Initial temperature        /27   

 Air mass ≈ 2.32 g  

 

 Constant Heat input    =1000 J in all the cases  

 

Thermal Capacity of System 

                               

                                 

              K 

 

 

 

 

 

 

 

 

 

Comparison of scenarios 

 In the air-only case, nearly all the supplied heat increases gas temperature, producing a large 
temperature rise. 

 In the external-cooling case, temperature is reduced by removing heat from the system. This 
lowers temperature, but the removed energy is no longer available within the working fluid. 

 In the internal-buffering case, heat is retained within the system and shared between air and 
water. Under a simplified single-phase estimate, water absorbs most of the heat because of its 
much higher heat capacity, strongly moderating temperature rise. 

Thermodynamic Interpretation 

 

 

 

 

 

 

 

 

 

 

Key point: External cooling reduces temperature by rejecting energy. Internal buffering reduces 
temperature rise by retaining and redistributing energy within the working fluid, but predictable 
behavior requires water to remain predominantly liquid. 

Case  Heat input 

    

Description Approx. final 

temperature    

Approx. 

pressure 

        

Air only  1000 J All heat raises air 

temperature 

~627  ~3.0  

External cooling 1000 J Part of heat is removed 

from the system 

~477-597   ~2.5–2.9  

Internal buffering  1000 J Heat is shared between 

air and water 

~171   ~1.4  

Aspect External Cooling Internal Buffering 

Heat flow Energy removed Energy retained 

Effect Temperature reduction Temperature control 

Energy fate Lost Stored / redistributed 

Limitation Heat transfer rate Phase stability 

Thermodynamic behavior remains predictable only if water stays in the liquid phase during heat 

addition. If evaporation occurs, system behavior changes fundamentally 
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4.3 Effect of Pressure on Water Properties 

Water properties are strongly pressure-dependent. 

 

 

 

 

 

 

 

 

 

A

As pressure increases: 

        saturation temperature increases  

 Liquid-phase enthalpy    increases   

 Liquid-phase stability improves  

 

4.4 Phase Stability and NO-EVAPORATION Condition 

For effective heat buffering, water must remain in the liquid phase. 

The condition is: 

                  

where: 

        = total heat absorbed by water  

    = mass of water  

        =saturated liquid enthalpy at pressure     

 

for engineering approximation  

        =  ⋅    (  )  

with     =4.18 J/g  

thus 

                        =4.18⋅    (   ) 

If this condition is violated: 

 Evaporation occurs  

 Latent heat dominates energy absorption →lower temperature rise  

 Steam formation increases number of moles→ higher pressure   

 Pressure–temperature behavior becomes non-linear  

 Thermodynamic control is reduced  

 

Interpretation of the Illustration 

In the example: 

 heat absorbed by water        =714 J 

 mass of water    = 1gm  

 pressure      = 1.4 bar 

 Temperature    =~170-197   

 

From steam table    at 1.4 bar = 457 J/g so  

Therefore             =1            

Pressure (bar)        (°C)    (J/g) 

1 100 418 

1.4 109 457 

50 264 1154 

100 311 1408 

150 342 1610 

200 366 1827 

These thermodynamic properties are well established from standard steam-table formulations [21–

23]. 



13 | P a g e  
 

Using engineering approximation: 

                  ⋅    (  )=4.18×109=455.62 J 

 

which is in close agreement with the steam-table value. 

 

   is not constant so    reference from steam table  recommended  

 

Since: 714 J >       

 

the absorbed heat exceeds the liquid-phase capacity, and partial evaporation occurs. 

This leads to: 

 Temperature stabilizes near the saturation temperature (~109 °C), significantly lower than 

the earlier single-phase estimate (~170–197 °C)  

 Steam formation increases the number of moles within the system, resulting in pressure 

higher than the original single-phase prediction at 1.4 bar 

 Transition to phase-dominated behavior  

Thus, the earlier single-phase estimate is not physically valid under low-pressure conditions. 

 

4.5 Pressure Dependence of the No-Evaporation Constraint 

As pressure increases, allowable heat absorption in the liquid phase increases significantly. 

 

 at 50 bar →         J/g, :            

 at 100 bar →    ≈1408 J/g  :             

 at 150 bar →    ≈1610 J/g  :             

 at 200 bar →    ≈1827 J/g  :             

No-Evaporation Condition:                   

Consider the earlier example where: 

      =714 J,   =1 g 

 

Influence of pressure on the no-evaporation constraint 

At low pressure (1.4 bar) At high  pressure 50 bar 

                 

As: 

714 J > 457 J 

          1154 J  

As: 

714 J<1154 J  

 

❌  No-evaporation condition not satisfied ❌  No-evaporation condition satisfied 

Partial evaporation may occur. Water can remain in the liquid phase. 

As  pressure increases, the allowable liquid-phase heat absorption increases, enabling the same water 

mass to absorb substantially more energy while remaining in the liquid phase and thereby satisfying 

the no-evaporation constraint. 

Implications: 

 Evaporation observed at low pressure can be avoided at higher pressure  

 Heat buffering becomes more stable, effective, and predictable  

 Higher pressure improves liquid-phase stability during compression  
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 Controlled heat absorption becomes feasible without destabilizing the thermodynamic 

pathway 

 

Summary — Section 4 

 Internal heat buffering redistributes energy within the system instead of rejecting it externally  

 Water is an effective buffering medium due to its high specific heat capacity, high density, and 

favorable thermo-physical properties  

 Internal buffering significantly reduces temperature rise compared to dry compression or 

external cooling alone  

 External cooling lowers temperature by removing energy from the system, whereas internal 

buffering controls temperature while retaining energy within the working fluid  

 Effective thermodynamic control requires water to remain predominantly in the liquid phase 

during compression  

 Water properties are strongly pressure-dependent; increasing pressure raises saturation 

temperature      and liquid-phase enthalpy     

 Higher pressure substantially increases the amount of heat water can absorb without 

evaporation  

 The no-evaporation condition governing liquid-phase stability is:                   

 If this condition is violated, evaporation occurs, leading to non-linear phase behavior, mole 

addition, and reduced thermodynamic predictability  

 At low pressure, the same heat input may cause partial evaporation, whereas at higher 

pressure the water can remain fully liquid while absorbing substantially more energy 

5. Compression Thermodynamics  
The preceding analysis establishes the thermodynamic basis. The HOPE pathway applies these 

principles within a practical engine framework. 

From Principle to Implementation 

Temperature is the central governing variable in internal combustion engines. Controlling 

temperature relaxes multiple constraints simultaneously. 

By moderating temperature rise, it becomes possible to: 

 Reduce effective compression index        

 Enable higher compression ratios  

 Reduce compression work  

 Suppress knock tendency  

 Reduce dissociation losses  

 Increase expansion work  

 Improve overall efficiency  

A significant portion of fuel energy (typically 60–70%) remains un-utilized primarily due to 

temperature-driven constraints. 

The preceding analysis demonstrates that temperature rise during compression is not an inherent 

limitation of the system, but a consequence of the thermodynamic pathway employed. Internal heat 

buffering provides a means to moderate temperature rise without rejecting energy from the system. 

 

5.1 HOPE Compression    

Transition from Rigid Container to Compression 

The rigid-container example isolates heat interaction under constant volume and fixed pressure. 

During compression, the process is polytropic: 

 Work input increases internal energy  
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 The rise in internal energy increases temperature  

 The increase in temperature raises pressure  

In conventional compression, temperature rise dominates the process and becomes the limiting factor. 

As temperature increases rapidly, it restricts further volume reduction, thereby limiting the 

achievable compression ratio. Thus, pressure rise remains strongly coupled to temperature and 

constrained by maximum allowable temperature limits. 

When water is introduced as a controlled heat-buffering medium: 

 A significant portion of compression energy is absorbed by water  

 Temperature rise is moderated  

 The effective compression index       is reduced  

This alters the compression pathway : Pressure generation shifts from Increasing Temperature- 

to Reducing Volume 

 

With reduced temperature constraints, higher pressure can be achieved through greater volume 

reduction (higher compression ratio), enabling operation beyond conventional thermally limited 

regimes. 

 

5.2 Effect of Pressure on Phase Stability 

As pressure increases: 

 Higher pressure → higher saturation temperature  

 Higher saturation temperature → increased allowable sensible heat absorption in the liquid 

phase  

 Higher saturation temperature → higher saturated liquid enthalpy     

 Higher    → improved liquid-phase stability  

 

5.3 Implication 

With increasing pressure, heat buffering by water becomes more stable, effective, and predictable. 

 

 At low pressure, heat input may exceed the liquid-phase capacity → evaporation occurs  

 At higher pressure, the same heat can be absorbed while maintaining the liquid phase  

 

This leads to a key requirement: Effective heat buffering is inherently linked to high-pressure conditions, 

which are achieved through higher compression ratios. 

 

Thus, heat buffering and high compression ratio are interdependent: 

 Heat buffering enables higher compression by limiting temperature rise  

 Higher compression provides the pressure required to maintain liquid-phase stability  

If water evaporates prematurely: 

 Phase behavior becomes non-linear  

 Mole addition occurs  

 System becomes thermodynamically unstable and less controllable  

 

Key Insight: Pressure rise achieved through higher compression shifts saturation conditions in favor of 

liquid-phase stability, enabling controlled heat absorption without phase disruption. 
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Resulting Effects 

 Liquid-phase heat buffering becomes feasible under high compression  

 Temperature rise during compression is moderated  

 Effective compression index       is reduced  

 Higher compression ratios become achievable  

 Higher pressure potential and expansion work are enabled  

 

5.4 Compression Behavior with Water 

When water remains in the liquid phase: 

 Quasi-isothermal tendency  

 Stable and reduced       

 Predictable pressure–temperature relationship  

 Controlled thermodynamic pathway  

When evaporation occurs: 

 Phase-driven, non-linear behavior  

 Uncontrolled mole addition  

 Latent heat dominance  

 Deviation from predictable compression behavior  

 

5.5 No-Evaporation Condition in Compression 

Stable liquid-phase heat buffering requires satisfaction of the no-evaporation condition introduced in 

Section 4: 

               ) 

 

where the heat  absorbed by water during compression (including recovered heat)  must remain 

within its liquid-phase energy capacity at the prevailing pressure.  

 

Liquid-phase stability is governed by: 

 Pressure    (controlled via higher compression ratio)  

 Water mass     

These define the available heat absorption capacity and are Control Variables 

 

5.6 Thermally Buffered Compression in HOPE 

In the HOPE pathway, compression is modified through controlled internal heat buffering using water 

as a co-working fluid. 

 Water absorbs a significant portion of compression energy  

 Temperature rise during compression is moderated  

 Effective compression index      is reduced  

At the same time: 

 Pressure continues to increase through volume reduction  

 Higher compression ratios become thermodynamically feasible  

Stable operation requires that water remains predominantly in the liquid phase during compression, 

satisfying the no-evaporation condition introduced in Section 4: 
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               ) 

This ensures: 

 Minimal evaporation during compression  

 No significant mole addition  

 No oxygen dilution  

 Predictable thermodynamic behavior  

Compression is therefore transformed from a temperature-dominated process into a controlled 

thermally buffered pathway, where pressure is increasingly achieved through volume reduction 

rather than excessive temperature rise. 

 

5.7 Heat Transfer Requirement 

Effective compression buffering requires rapid heat transfer between the working gas and injected 

water. This is governed primarily by droplet size, Smaller droplets provide faster thermal response 

due to higher surface area [18–20].  

 

Droplet 

diameter 

~95% heat response 

time 

10 µm 2.6 ms 

20 µm 10.4 ms 

30 µm 23.5 ms 

40 µm 41.8 ms 

50 µm 65.3 ms 

 

Typical engine compression time ranges from ~8.3 ms (3600 RPM) to ~30 ms (1000 RPM). 

 

Implication: To ensure that water effectively participates in heat buffering within the available 

compression time, droplet size must be sufficiently small to achieve near-complete thermal response. 

Recommended criterion: For HOPE operation, water droplet size should preferably be below 20 µm, 

with ~10 µm providing a safety margin for higher engine speeds. Droplet sizes above ~30 µm are 

generally too slow to respond within the compression time scale and are therefore unsuitable for 

effective thermodynamic control. 

Key Insight : Liquid-phase heat buffering and high compression ratio are thermodynamically inter 

dependent: heat buffering enables higher compression by controlling temperature rise, while higher 

compression provides the pressure conditions required to sustain liquid-phase stability. 

 

Summary — Section 5 

 Conventional compression is thermally limited because pressure rise is strongly coupled with 

temperature rise  

 Water buffering absorbs a significant portion of compression energy, moderating temperature 

rise and reducing effective compression index        

 Reduced        shifts pressure generation from temperature-driven toward volume-driven 

compression  
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 Higher compression ratios become feasible because pressure can be achieved through greater 

volume reduction without excessive temperature rise  

 Increasing pressure raises saturation temperature and liquid-phase enthalpy, improving 

liquid-phase stability  

 Stable heat buffering requires satisfaction of the no-evaporation condition:           

     )  

 If evaporation occurs, phase behavior becomes non-linear and thermodynamic control is 

reduced  

 Under stable liquid-phase buffering, compression approaches quasi-isothermal behavior with 

predictable pressure–temperature characteristics  

 Higher compression ratio not only increases expansion work potential, but also provides the 

pressure conditions necessary to sustain stable liquid-phase heat buffering. 

 Water droplet size should preferably be below 20 µm for effective heat transfer  

6. Expansion — Energy Recovery Stage 

In the HOPE pathway, expansion differs from conventional behavior due to prior internal energy 

buffering and controlled phase interaction with water. 

 

6.1 Energy Distribution 

 

During expansion, the energy buffered during compression and recovered through the Internal Heat 

Recovery Loop (IHRL), together with combustion energy, contributes to useful work extraction. The 

expansion process  may be understood in two stages: 

 

Stage 1 — Controlled Energy Redistribution (Early Expansion) 

At the onset of expansion, the working fluid consists of a mixture of gas and water that has absorbed 

energy during compression and from the IHRL. 

During and immediately after combustion: 

 A portion of the released energy is absorbed by water as sensible heat and latent heat, driving 

controlled phase interaction near saturation conditions..  

 This moderates peak combustion temperature, resulting in controlled   .  

 Controlled phase interaction may generate additional steam, increasing the effective working 

mass during early expansion.( steam formation).  

 The combined effect supports sustained pressure during the early expansion phase. 

  

Stage 2 — Gas-Dominated Expansion 

As expansion proceeds: 

 The remaining thermal energy drives predominantly gas-dominated expansion. 

 The presence of additional moles (steam + gas) leads to a lower effective expansion index 

(    ), supporting extended expansion work extraction. 

 

6.2 Thermodynamic Implications 

In the HOPE pathway, a portion of the energy that would otherwise be rejected as: 

 Cooling heat losses or  

 High-temperature dissociation losses  

are temporarily buffered and redistributed through interaction with water. 

 

As a result: 
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 Expansion is influenced not only by gas thermodynamics, but also by controlled phase 

interaction and increased effective working mass during early expansion.  

 Combustion energy is partitioned between gas heating and phase interaction, rather than 

being converted predominantly into peak temperature rise. 

  

Key Insight: The HOPE pathway seeks to improve energy utilization by internally buffering and 

redistributing thermal energy, shifting part of the cycle away from irreversible thermal losses and 

toward useful expansion work extraction. 

 

6.3 Constraints 

1. Combustion Instability: Higher in-cylinder pressure increases reactant density, which generally 

promotes faster and more stable combustion. However, maintaining the no-evaporation condition 

during compression is critical for preserving combustion stability any premature evaporation of 

water during compression can lead  

 Dilution of the reactant mixture (reduced oxygen concentration)  

 Altered mixture composition and local equivalence ratio  

 Reduced flame propagation rates and combustion efficiency  

 

Accordingly, ensuring that water remains in the liquid phase during compression is essential to 

maintain predictable combustion behavior and avoid adverse dilution effects. 

2. Transient High-Pressure Region 

Near Top Dead Centre (TDC), the HOPE framework may experience a short-duration high-pressure 
region resulting from the combined effects of: 

 Minimum cylinder volume (  ) associated with high compression ratios.  
 Increased effective working mass, including combustion gases and phase-interacting 

water/steam.  

To manage peak pressures while preserving thermodynamic benefits, potential design strategies 
include: 

 Combustion phasing control (e.g., initiating or centering heat release near or after TDC). 
 Crank-angle pressure shaping to moderate the pressure–crank-angle profile.  
 Engine geometry optimization, such as appropriate bore-to-stroke ratios and avoiding 

unnecessarily large piston crown areas.  

Importantly, mechanical loading is governed by piston force rather than pressure alone, with: F=P×A  

where P is cylinder pressure and A is piston area. Consequently, engine geometry provides an 
additional design lever for managing peak mechanical loads even when operating at elevated 
pressures.Accordingly, HOPE considers pressure management as a combined thermodynamic and 
mechanical design problem, rather than one determined solely by peak cylinder pressure. 

 

Summary — Section 6 

 In the HOPE pathway, expansion behavior differs from conventional expansion due to prior 

energy buffering and controlled interaction with water  

 Energy stored during compression and cooling energy  recovered through the IHRL, and is  

released during combustion contributes to useful expansion work  
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 During early expansion, water absorbs part of the combustion energy through sensible and 

controlled phase interaction, moderating peak temperature    

 Controlled steam formation increase effective working mass and help sustain cylinder 

pressure during early expansion  

 As expansion proceeds, the process transitions toward predominantly gas-dominated 

expansion 

 Additional working mass and moderated temperature behavior contribute to lower effective 

expansion index       and improved work extraction  

 A portion of energy that would otherwise become cooling loss or dissociation loss is instead 

internally buffered and redistributed within the cycle  

 The HOPE pathway therefore convert a greater fraction of thermal energy into useful 

expansion work while reducing irreversible thermal losses. 

 Constraint: Any significant evaporation during compression may dilute the oxygen 

concentration within the charge, potentially affecting combustion stability and predictability. 

 Constraint: Transient high-pressure conditions must be managed through combustion-

phasing control, crank-angle pressure shaping, and appropriate geometric optimization (e.g., 

bore–stroke ratio selection and avoidance of excessive piston area). 

7. Internal Heat Recovery Loop (IHRL) 
7.1 Water Recovery in HOPE 

Water in the exhaust originates from: 

 Injected water  

 Water formed during combustion  

Recovery is achieved by exhaust condensation, preferably via direct spray quenching: 

 Rapid cooling of exhaust gases  

 Condensation of water vapor  

 Separation and collection of liquid water  

 

HOPE operates as a closed-loop water system: 

 

Injected water → exits with exhaust → condensed → re-circulated 

 

A substantial portion of the injected and combustion-generated water may be recovered and re-

circulated within the system Water functions as a circulating working fluid and thermal energy carrier 

rather than a consumable medium. Under steady operation, only limited make-up water may be 

required to compensate for system losses combustion-generated water may supplements the loop 

 

7.2 Internal Heat Recovery Loop (IHRL) 

In the HOPE pathway, the enables recovery of low-grade cooling heat and redirects this energy to the 

working fluid (water), supporting thermodynamic control across the cycle. 

 

Primary Mechanism 

The IHRL operates through a simple and practical loop: 

 

1. Heat Capture (Cooling Circuit): Water circulating through the engine jacket absorbs heat from 

cylinder walls and head.  

2. Pressurized Circulation: The heated water is maintained under pressure to prevent premature 

phase change.  

3. Re-Injection into Cycle: Preheated water is metered and injected into the cylinder.  
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 Thermodynamic Role 

 Reduces net cooling losses by retaining energy within the working fluid  

 Reintroduces recovered heat into the cycle  

 Supports controlled temperature management during compression  

A portion of the cooling heat normally rejected to the surroundings is internally recovered and 

redirected back into the thermodynamic cycle. 

 

7.3 IHRL and Wall Wetting  

Wall wetting occurs when liquid droplets contact relatively cool cylinder surfaces and form liquid films  
IHRL may keep cylinder surfaces warmer reducing local cold spots so liquid condensation and film 
formation become less likely. 
Further Preheating improves injection characteristics and in-cylinder interaction: 

 Reduced surface tension → finer atomization  

 Reduced viscosity → improved spray formation  

 Faster secondary breakup  

 Smaller effective droplet size  

 Improved spatial distribution  

 Water closer to saturation → faster thermal response  

 Reduced thermal gradients → smoother heat transfer  

Preheated water improves both thermodynamic coupling and spray behavior, potentially reducing 

wall wetting and other limitations associated with conventional low-temperature water-injection 

systems. 

 

Key Insight: The Internal Heat Recovery Loop (IHRL) seeks to retain, redistribute, and reuse a portion 

of thermal energy that would otherwise be rejected, preconditioning the cylinder environment and 

injected water to improve spray behavior, reduce wall wetting, and enhance overall thermodynamic 

utilization. 

 

Summary — Section 7 

 Water in HOPE originates from both injected water and combustion-generated water  

 Exhaust condensation enables recovery and recirculation of water within the cycle  

 The IHRL captures a portion of low-grade cooling heat from the engine structure and redirects 

it back to the working fluid  

 Heated water is maintained under pressure and re-injected into the cylinder as a thermally 

conditioned working fluid  

 The IHRL reduces net cooling losses by internally recycling part of the rejected thermal energy 

 Recovered heat supports temperature moderation and controlled compression behavior  

 Preheated water reduces wall wetting and improves spray characteristics through reduced 

viscosity, reduced surface tension, finer atomization, and improved spatial distribution  

 Water introduced closer to saturation conditions responds more rapidly thermally and 

reduces wall-wetting tendency  

 The IHRL therefore functions as both an energy-recovery pathway and a thermodynamic 

conditioning system within the HOPE cycle . 

 

8. HOPE Framework 
The HOPE (Hybrid Optimized Pressure and Energy) framework builds on this principle by introducing 

controlled water interaction, thermodynamic buffering, and internal energy recirculation. It does not 

alter the engine architecture, but defines an alternative thermodynamic pathway. 
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8.1 Core Mechanisms 

The HOPE pathway is based on three integrated mechanisms: 

1. Thermally Buffered Compression 

 Water absorbs a substantial portion of compression energy predominantly as sensible heat 

while remaining largely in the liquid phase.  

 End-of-compression temperature    is moderated (≈600 K range)  

 Effective compression index       is reduced  

This enables: 

 Operation with moderated knock tendency  

 Significantly higher compression ratios 

  

2. Controlled Phase Interaction during Combustion 

 A portion of combustion energy is absorbed by water  

 Combustion energy is partitioned between gas heating and controlled phase interaction.  

 Peak temperature    is moderated (around ≈2300 K)  

This results in: 

 Reduced dissociation losses  

 Improved thermodynamic efficiency  

 More favorable conditions for sustained expansion work extraction 

3. Internal Energy Retention and Redistribution 

 A portion of cooling heat is internally recovered through the Internal Heat Recovery Loop 

(IHRL) 

 Recovered thermal energy is redirected back into the working fluid instead of being entirely 

rejected to the surroundings. 

 This leads to: 

 Reduced irreversibilities  

 Improved energy utilization  

 Sustained expansion pressure  

 

8.2 Thermodynamic Interpretation 

In conventional engines, excess energy is dissipated through: 

 Cooling systems  

 Exhaust losses  

 Molecular dissociation at high temperature At very high combustion temperatures, 

dissociation effects become significant [14–17]. 

 

In contrast, the HOPE pathway: 

 Redistributes energy within the cycle  

 Limits excessive temperature rise  

 Shifts a greater portion of energy utilization toward controlled pressure development and 

useful expansion work.  

 

Rather than rejecting excess thermal energy externally, HOPE investigates how that energy can 

be retained, redistributed, and reused within the thermodynamic cycle. 

 

8.3 Conceptual Significance 

HOPE does not introduce new thermodynamic principles. 

It reorganizes known processes— 
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 Compression 

 Heat transfer 

 Phase interaction 

into a different thermodynamic operating regime.This shift enables the system to approach higher 

practical thermodynamic efficiency without exceeding practical temperature limits.  

 

Key insight : The HOPE pathway shifts the dominant limitation from uncontrolled temperature rise 

toward controlled thermodynamic management of energy, pressure, and phase interaction within the 

working fluid  enabling operation closer to the theoretical potential of the cycle. 

  

8.4 Practical Realization 

While thermodynamic principles are well established, practical realization of HOPE depends on: 

 Precise control of injection (mass, timing, distribution) 

 Pressure and temperature coordination across the cycle 

 Integration of combustion and phase behavior 

Modern sensing, injection, and electronic control systems provide the level of coordination required to 

make practical implementation increasingly feasible.  

 

8.5 Governing Constraints Summary 

Constraint Why How 

Water mass    Balance buffering vs latent 

penalty 

HOPE Explorer optimization 

No evaporation Maintain low              ≤         

Pressure    Increase liquid stability Higher Compression Ratio  

Droplet size Fast heat transfer Droplet size below 20 µm 

Phase timing Avoid temp spike ECU control 

Peak pressure Mechanical safety Geometry + timing 

Heat recovery Recover and Re-circulate thermal 

energy 
IHRL system 

Wall Wetting Cool cylinder surface IHRL keeps walls warm 

 

 

8.6 Integrated Temperature Management across the HOPE Cycle 

The HOPE framework treats temperature control as a cycle-wide strategy rather than a single 
event. Across its six stages, controlled water participation, moderated compression, the no-
evaporation constraint, phase-assisted combustion, steam-assisted expansion, and internal heat 
recovery work together to regulate temperature while supporting pressure development and useful 
work extraction. 
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Figure 8.6 provides an overview of Integrated HOPE thermodynamic pathway. 
 
Key Insight : HOPE shifts the thermodynamic limitation from temperature-driven constraints to 

controlled energy management within the working fluid, enabling higher compression ratios and 

improved expansion work extraction by :- 

 Control temperature during compression 

 Enable controlled phase interaction near TDC, 

 Sustain pressure during expansion  

— this defines the HOPE pathway  

 
 

Summary — Section 8 

 HOPE defines an alternative thermodynamic operating regime within conventional engine 

architecture  

 The framework is based on three integrated mechanisms:  

o Thermally buffered compression,  
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o Controlled phase interaction during combustion,  

o Internal heat recovery with energy recirculation  

 During compression, liquid-phase heat buffering moderates temperature rise, reduces 

effective compression index       and enables higher compression ratios  

 Water functions as a thermodynamic buffering and energy redistribution medium rather than 

only a cooling agent  

 During combustion and early expansion, controlled phase interaction moderates peak 

temperature while supporting sustained expansion pressure  

 The Internal Heat Recovery Loop (IHRL) partially recovers cooling heat and redirects it back 

into the working fluid  

 HOPE attempts to reduce irreversibilities associated with excessive cooling loss and high-

temperature dissociation  

 The pathway shifts energy utilization away from uncontrolled temperature escalation and 

toward controlled pressure development and useful expansion work  

 Practical realization depends on coordinated control of injection, pressure, temperature, 

combustion phasing, and phase behavior  

 The central objective of HOPE is controlled thermodynamic management within the working 

fluid rather than conventional external heat rejection alone  

 

9. Role of Water in HOPE 
Water functions as a thermal energy carrier and thermodynamic buffering medium throughout the 

cycle. 

It performs the following functions: 

 Stores energy during compression 

 Moderates combustion temperature near TDC 

 Enables controlled phase interaction during expansion 

 Recovers and redistributes thermal energy 

 Supports sustained expansion behavior 

Water does not create additional energy; it redistributes and retains energy within the cycle in forms 

more favorable for controlled pressure development and expansion work extraction. The role of water 

in HOPE is not to increase energy input, but to improve how that energy is stored, transferred, and 

utilized within the cycle. 

 

9.1 Water as a Thermodynamic Control Variable  

In the HOPE framework, water is not merely a coolant; it acts as a co-working fluid and primary 

thermodynamic control variable within the working cycle  

Water directly influences: 

 Compression temperature     

 Combustion temperature     

 Effective compression index        

 Knock margin  

 Achievable compression ratio  

 

Operating Temperature Range 

The HOPE pathway operates within controlled temperature limits: 
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          (compression limit) avoid knock and pre-ignition  

           (combustion limit) remain below dissociation-dominated regimes  

The objective is to maintain stable and predictable thermodynamic behavior throughout the cycle 

 

9.2 Role of Water Mass 

Water mass (  ) determines the extent of heat buffering. 

The optimal water mass is the minimum required to maintain temperatures within the desired range. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thermodynamic Trade-off:  

The thermodynamic objective is to determine the minimum water mass required to achieve the target 

      enabling knock-safe operation at high compression ratio while maintaining peak combustion 

temperature around ≈2300 K represents a targeted operating region where combustion temperature 

remains sufficiently high for efficient gas-cycle work extraction while avoiding excessive dissociation-

dominated losses. Significant reduction below this range may shift the cycle toward excessive latent-

energy dominance and reduced thermodynamic effectiveness.  

 

9.3 Operating Regime Consideration 

The HOPE pathway is fundamentally intended for high-compression-ratio operating regimes, where 

elevated pressure supports stable liquid-phase thermodynamic buffering. 

 

At lower compression ratios: 

 End-of-compression pressure    becomes insufficient to maintain strong liquid-phase stability 

 Saturation temperature decreases, increasing evaporation tendency during compression 

 Latent heat interaction becomes more dominant, reducing controlled sensible heat buffering 

 Effective expansion ratio decreases, limiting expansion work extraction  

 

 Under such conditions: 

 the intended low-      compression pathway becomes less stable,  

 phase behavior becomes increasingly non-linear,  

 and the thermodynamic advantages of HOPE are reduced.  

 Thus, compression ratio and liquid-phase stability are thermodynamically inter-dependent: 

 Heat buffering enables higher compression ratio by moderating temperature rise  

 Higher compression ratio provides the pressure required to sustain liquid-phase buffering  

 

Effect of insufficient 

water  

Effect of excess water  

Higher           Excessive reduction in           

Increase knock tendency  Increased latent heat requirement  

Behavior approaches conventional 

compression 

Reduced thermodynamic efficiency 

Reduced achievable compression 

ratio  

Potential charge dilution and phase instability 

Reduced temperature 

control 

 
 

Excessive buffering and slower combustion 

response 
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Accordingly, HOPE is most effective in high-compression-ratio regimes where pressure-supported 

liquid-phase stability, controlled temperature rise, and sustained expansion behavior can operate 

together within a predictable thermodynamic pathway. 

 

Refined Summary — Section 9 

 Water functions as a thermodynamic buffering and energy redistribution medium throughout 

the HOPE cycle  

 Water moderates compression and combustion temperatures while supporting controlled 

expansion behavior  

 The role of water is not to increase cycle energy, but to improve how energy is internally 

stored, buffered, and utilized  

 Water mass    directly influences              knock tendency, and achievable compression 

ratio  

 The HOPE pathway targets moderated operating temperatures, with:  

                                                                              

         

represents a balanced operating region between excessive dissociation losses and excessive latent-

energy dominance  

 Water mass must be optimized rather than maximized; insufficient water increases thermal 

instability, while excessive water increases latent penalties and phase-dominated behavior 

 HOPE is fundamentally linked to high-compression-ratio operation because elevated pressure 

improves liquid-phase stability during compression  

 Compression ratio and liquid-phase stability are thermodynamically interdependent:  

      Heat buffering enables higher compression,  

      while higher compression sustains stable heat buffering  

 At low compression ratios, evaporation tendency increases and the intended thermodynamic           

buffering pathway becomes less effective  

Section 10 — HOPE Explorer 

Purpose 

The HOPE framework involves multiple interacting thermodynamic variables, including compression 

ratio, effective compression index, phase stability, and energy redistribution. While these 

relationships can be described analytically, direct evaluation of their combined effects is not practical 

for routine engineering analysis. 

The HOPE Explorer is introduced as a simplified computational thermodynamic model that translates 

the conceptual framework into a mass–energy balance evaluation tool under controlled assumptions. 

The Explorer enables estimation of: 

 compression temperature    and pressure     

 phase-stability condition (no-evaporation check)  

 peak combustion temperature    and pressure     

 compression and expansion work (     ,       )  

 net work and thermal efficiency  
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10.1  Model Basis 

The Explorer operates using: 

 displacement volume     

 intake conditions (     ) 

 compression ratio (CR)  

 air–fuel ratio lambda (λ)  

 water mass       

Key assumptions include: 

 polytropic compression          

 controlled heat release near TDC  

 simplified expansion behavior  

 enforced liquid-phase stability during compression  

10.2 Core Constraint 

A central condition enforced within the Explorer is: 

               ) 

This ensures: 

 no significant evaporation during compression  

 minimal mole addition before TDC  

 stable thermodynamic buffering behavior  

 

 Representative Outputs 

Under representative HOPE operating conditions, the Explorer indicates: 

 significantly higher compression ratios than conventional operation  

 moderated compression temperatures    ≈500–700K)  

 substantially increased compression pressure due to greater volume reduction  

 moderated peak combustion temperature     2300K  

 improved expansion work extraction through sustained pressure behavior  

These results suggest that substantially higher compression ratios may be approached while 

maintaining controlled temperature limits. 

 

10.3 Scope and Limitations 

The HOPE Explorer provides first-order thermodynamic estimates consistent with preliminary 

computational pathway analysis approaches used in engine modeling [27–29] and pathway 

evaluation. It does not fully resolve: 

 real-gas effects at high pressure  

 detailed phase-transition kinetics  

 transient combustion dynamics  

 spatial heat-transfer non-uniformities  

 detailed fluid mechanics or injector behavior  

Accordingly, the Explorer should be interpreted as a thermodynamic feasibility and consistency tool 

rather than a final predictive engine model. Detailed prediction requires combustion, CFD, and 

multiphase thermodynamic modeling [27–29]. 

 

10.4 Engineering Role 

The Explorer serves as: 

 a thermodynamic feasibility evaluator  

 a consistency check for the HOPE framework  

 an engineering interface between conceptual formulation and practical analysis  
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By integrating pressure, temperature, phase behavior, and energy redistribution within a unified 

model, the Explorer enables engineers to investigate multiple operating regimes without requiring 

extensive manual derivation. 

 

Summary — Section 10 

 The HOPE Explorer converts the conceptual HOPE framework into a calculable 

thermodynamic model  

 It predicts compression and combustion temperatures, pressures, work extraction, and 

efficiency trends  

 The model enforces the no-evaporation condition during compression:           

     )   

 Results indicate that higher compression ratios may be approached while maintaining 

moderated temperature limits  

 The Explorer provides first-order thermodynamic feasibility evaluation rather than final 

engine-performance prediction  

 Experimental validation and detailed system-level analysis remain necessary for practical 

implementation 

Section 11: HOPE vs Otto (Ideal Comparison) 
11.1 Performance Perspective  

First-order comparisons using the HOPE Explorer indicate that, under controlled temperature 

conditions, higher compression ratios may be approached while maintaining moderated peak 

temperatures. This enables improved expansion work extraction relative to conventional Otto 

operation, where thermal limits constrain achievable compression ratio and efficiency. 

The following comparison presents first-order thermodynamic estimates for an ideal Otto cycle and 

the HOPE pathway under comparable operating assumptions  

Parameter Value 

Engine displacement 2000 cc 

Intake temperature    300 K 

Intake pressure    1 bar 

Lambda 1 

Heat input     6954 J/cycle 

 

HOPE vs Otto (Ideal Comparison)  

 

Metric Otto 

Ideal 

HOPE Ideal Typical Practical Range 

CR 20 120 10–14 

      1.4 1.12 1.25–1.35 

   994 K 533K 700-900 K 

    66 bar 213bar 30–60 bar 

      1157 J 1294 J 700–1200 J 

 

   

 

5164 K* 

 

2377 K 

Dissociation-dominated region 

≳2600K 

   344 bar 1563bar** 150–200 bar 

   1558 K 491 K 800–1000 K 

 

   

 

5.2 bar 

 

2.9 bar 

 

2–3 bar 

     6011 J 6274 J 3000–3500 J 
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     4853 J 4980 J 1500–2500 J 

            69.80% 71.63%*** 25–35% 

 

CEWR 

 

19% 

 

21% 

 

30–40% 

 

LEF 

 

0 

 

618 J 

 

*In the ideal Otto calculation, predicted peak combustion temperature reaches approximately 

T3≈5164K. In practical combustion systems, however, molecular dissociation, heat transfer, finite 

combustion duration, and cooling losses strongly limit realizable combustion temperatures, 

typically toward the ~2200–2600 K  range. These effects substantially reduce practical peak 

pressure, expansion work, and real-cycle efficiency relative to ideal thermodynamic predictions. 

** Current Explorer pressure estimates use simplified reference steam properties (C_v≈1900, 

C_p≈2400 J/kg∙K). Real high-temperature dense/supercritical steam regions may exhibit 

substantially higher effective heat capacities (indicatively up to C_v≈5000, C_p≈5400 J/kg∙K above 

∼700°C), which may significantly moderate actual T_3 and P_3 relative to constant-property 

model predictions. Further this indicative table assumes that peak pressure is reached at 

approximately 0° ATDC using simplified lower-bound heat-capacity assumptions. In real HOPE 

operation, phase interaction and temperature addition may occur over an initial crank-angle 

window, for example 5–10° ATDC, rather than as a single-point event. Therefore, actual pressure 

development may be distributed over a wider crank-angle range instead of appearing as an 

instantaneous pressure peak 

Accordingly, the reported   ,     and efficiency values should be interpreted as first-order 

thermodynamic pathway estimates rather than finalized engine-performance predictions. Accurate 

prediction requires state-resolved thermodynamic properties and real-fluid analysis [21–23], 

combustion-phasing analysis, heat-transfer modeling, and experimental validation. 

 

***The reported efficiency is based on simplified thermodynamic assumptions, including 

constant heat capacity and an assumed expansion exponent. Considering uncertainties in 

real-gas properties, phase-interaction dynamics, and heat-transfer effects, the actual 

efficiency may reasonably vary within a range of approximately ±10–15%. 

 

11.2 Thermodynamic Interpretation  

The ideal thermal efficiencies of both Otto and HOPE cycles are comparable (≈70%) under simplified 

assumptions. However, the underlying thermodynamic pathways differ significantly. 

 

Limitations of the Conventional Otto Cycle 

In the Otto cycle, increasing compression ratio leads to a rapid rise in compression and combustion 

temperatures (         These temperatures rapidly approach knock, material, and thermal-

management limits, requiring substantial heat rejection through the cooling system. As a result, 

practical engines operate at reduced compression ratios and achieve efficiencies (≈30–40%) well 

below the ideal potential. 

 

HOPE Interpretation 

In the HOPE framework, higher compression ratios can be approached while maintaining moderated 

temperature levels through thermally buffered compression and controlled phase interaction. 

 Compression temperature (  ) is reduced despite higher compression ratio  

 Peak temperature (  ) is moderated by controlled thermodynamic buffering and phase 

interaction.  
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 A larger fraction of cycle energy remains thermodynamically active within the working fluid 

during expansion rather than rejected.  

This enables sustained pressure during expansion and improved utilization of the input energy. 

The thermodynamic advantage arises not from higher peak temperature, but from improved 

management of energy within the cycle. 

 

Key Insight: While the idealized efficiencies of Otto and HOPE appear similar under simplified 

assumptions, the HOPE pathway attempts to approach the practical thermodynamic limit more closely 

by moderating temperature-driven losses and sustaining a greater fraction of energy within the 

expansion process. 

Summary — Section 11 

 Section 11 presents a first-order comparison between an ideal Otto cycle and the HOPE 

pathway under comparable operating assumptions  

 The analysis indicates that the HOPE pathway may approach substantially higher 

compression ratios while maintaining moderated compression and combustion 

temperatures  

 In the HOPE pathway, reduced effective compression index       enables pressure 

development primarily through greater volume reduction rather than excessive 

temperature rise  

 Controlled heat buffering and phase interaction moderate    and    while supporting 

sustained pressure during expansion  

 The analysis suggests improved expansion work extraction relative to temperature-

constrained conventional operation  

 The potential advantage of the HOPE pathway arises not from higher peak temperature, but 

from moderated thermal behavior, controlled energy redistribution, and improved 

utilization of expansion pressure  

 The reported values represent first-order pathway estimates under simplified assumptions 

and do not constitute finalized engine-performance predictions  

 Accurate evaluation of real-system behavior requires experimental validation, state-

resolved thermodynamic properties, combustion-phasing analysis, and detailed heat-

transfer modeling 

Conclusion 
 

This work presents the HOPE framework as a thermodynamic pathway that re-examines the 

thermodynamic limitations of internal combustion engines. The analysis indicates that practical limits 

on compression ratio arise primarily from the temperature rise associated with the compression 

pathway, rather than from geometry alone.  

 

Within this framework, modification of the effective compression index       enables a reduction in 

compression-induced temperature rise while allowing pressure development through greater volume 

reduction. This alters the thermodynamic trajectory of the cycle and expands the range of 

compression ratios that may be thermodynamically approached without  increasing thermal penalties. 

 

A key condition identified is the maintenance of water substantially in the liquid phase during 

compression. Under this constraint, water functions as a thermal buffer, absorbing energy as sensible 

heat and maintaining predictable compression behavior. The formulation of a phase-stability 

condition provides a first-order thermodynamic criterion for maintaining this regime. 
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The framework further distinguishes between external heat rejection and internal energy 

redistribution. Conventional engines reject a substantial portion of fuel energy due to temperature-

driven constraints. In contrast, the HOPE pathway explores whether part of this energy can be 

internally buffered and redirected within the cycle. In this context, the concept of an Internal Heat 

Recovery Loop (IHRL) is introduced as a mechanism for partial thermal energy recovery and 

recirculation, with practical effectiveness dependent on system design and losses. 

 

Importantly, the HOPE framework does not require a fundamental change in the conventional four-

stroke engine architecture. Instead, it proposes a modified thermodynamic operating regime within 

the existing piston–crank system. This positions HOPE not as an alternative engine type, but as a 

reconfiguration of how established thermodynamic processes are managed within the cycle.  

 

Practical realization of the pathway depends on modern control capabilities. Precise management of 

water injection—its timing, quantity, and pressure—together with real-time control strategies, is 

central to achieving the intended thermodynamic behavior. In this sense, the feasibility of HOPE is 

closely linked to advances in electronic control systems, high-pressure injection technologies, and 

integrated engine management. 

 

To support analysis and exploration, the HOPE framework is complemented by a computational 

approach that enables engineers to evaluate parameter interactions, boundary conditions, and 

sensitivity across operating regimes. This supports structured engineering evaluation of the proposed 

pathway. 

 

The results presented are thermodynamically consistent and describe a physically admissible 

pathway within established principles. However, they represent a pathway-level analysis rather than 

a finalized engine implementation. Practical realization will depend on combustion behavior, phase 

interactions, system losses, and control precision, which remain subjects for further investigation. 

In this context, HOPE should be viewed as an executable thermodynamic concept: the underlying 

mechanisms are consistent with known physics, while their practical realization remains an 

engineering challenge rather than a theoretical limitation. Thermodynamic analysis defines physically 

admissible pathways; engineering determines how closely they can be realized. 

The central question emerging from this work is therefore not whether such a pathway is 

thermodynamically admissible, but how closely it can be realized within practical engineering 

constraints. HOPE is fundamentally an exploration of how energy can be retained, redistributed, and 

reused within the working fluid rather than rejected through cooling and exhaust losses. 

 

 

Nomenclature 

Symbol  Description Units 

A/F Air–fuel ratio — 

Cp Specific heat at constant pressure J/kg·K 

Cv Specific heat at constant volume J/kg·K 

CR Compression ratio (V1/V2) — 

CEWR Compression-to-expansion work ratio — 

   

 
Saturated liquid enthalpy at a given pressure 

J/g or 

kJ/kg 
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Symbol  Description Units 

    Latent heat of vaporization 
J/g or 

kJ/kg 

IHRL Internal Heat Recovery Loop — 

LEF Latent Energy Fraction J or % 

      Mass of air kg 

   Mass of fuel kg 

   Mass of injected water kg or g 

      Effective compression polytropic index — 

     Effective expansion polytropic index — 

P Pressure bar or Pa 

   Intake pressure bar 

   End-of-compression pressure bar 

   Peak combustion pressure bar 

   End-of-expansion pressure bar 

    Heat input from fuel J 

       Heat absorbed by water J 

      Compression heat transferred to water J 

R Specific gas constant J/kg·K 

T Temperature K 

   Intake temperature K 

   End-of-compression temperature K 

   Peak combustion temperature K 

   End-of-expansion temperature K 

     Saturation temperature K or °C 

V Cylinder volume m³ 

   Maximum cylinder volume (BDC) m³ 

   Minimum cylinder volume (TDC) m³ 

      Compression work J 

     

 
Expansion work J 

     Net cycle work J 

   Thermal efficiency % 

Λ  Excess air ratio (lambda) — 
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