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Abstract 7 

This paper deals with the thermodynamic analysis of an Absorption Refrigeration Cycle used to 8 

cool down the temperature of the intake air in an Internal Combustion Engine using as a heat 9 

source the exhaust gas of the engine. The solution of ammonia-water has been selected due to 10 

the stability for a wide range of operating temperatures and pressures and the low freezing 11 

point. The effects of operating temperatures, pressures, concentrations of strong and weak 12 

solutions in the Absorption Refrigeration Cycle were examined to achieve proper heat rejection 13 

to the ambient. Potential of increasing Internal Combustion Engine efficiency and reduce 14 

pollutant emissions was estimated by means of theoretical models and experimental tests. In 15 

order to provide boundary conditions for the absorption refrigeration cycle and to simulate its 16 

effect on engine performance, a 0D thermodynamic model was used to reproduce the engine 17 

performance when the intake air is cooled. Furthermore, a detailed experimental work was 18 

carried out to validate the results in real engine operation. Theoretical results show how the 19 

absorption refrigeration system decreases the intake air flow temperature down to a 20 

temperature around 5 °C and even lower by using the bottoming waste heat energy available in 21 

the exhaust gases in a wide range of engine operating conditions. In addition, the theoretical 22 

analysis estimates the potential of the strategy for increasing the engine indicated efficiency in 23 

levels up to 4% also at the operating conditions under evaluation. Finally, this predicted benefit 24 

in engine indicated efficiency has been experimentally confirmed by direct testing. 25 
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 33 

NOMENCLATURE 34 

Acronyms 35 

ARC Absorption Refrigeration cycle 
COP Coefficient of performance 
RHE Refrigerant Heat Exchanger 
SHE Solution Heat Exchanger 

WHR Waste Heat Recovery 
ICE Internal Combustion Engine 
ICV Intake Closing Valve 

Notation 36 

Latin 37 

𝑚̇ Mass flow rate (kg/s) 
C Specific Heat Capacity (kJ/kgK) 

ℎ Specific enthalpy (kJ/kg)  

𝑇 Temperature (°C) 

𝑃 Pressure (bar) 

𝑄 Heat Exchangers Power (kW) 
𝑊 Pump Power (kW) 

𝑣 Specific volume (m3/kg) 
𝑋 Solution concentration 

Greek letters 38 

𝜀 Effectiveness of heat exchanger 

𝜂 Isentropic efficiency of the pump 

Subscripts 39 

𝑎𝑏𝑠 Absorber 
𝑐𝑜𝑛𝑑 Condenser 
𝑔𝑒𝑛 Generator 
𝑒𝑣𝑎𝑝 Evaporator 

𝑝 Pump 

𝑎𝑐𝑡𝑢𝑎𝑙 Actual process 

𝑚𝑎𝑥 Maximum 
𝑚𝑖𝑛 Minimum 

ℎ High 
𝑖𝑠𝑜 Isentropic Process 
𝑜 Outlet 
𝑖 Inlet 

𝑟𝑒𝑓 Reference state 
ℎ𝑖𝑔ℎ High level 
𝑙𝑜𝑤 Low level 
𝑆𝑆 Strong solution 

𝑊𝑆 Weak Solution 

1 − 12 State points 

 40 
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1.  INTRODUCTION 41 

Nowadays, different Waste Heat Recovery (WHR) technologies applied in Internal Combustion 42 

(IC) engines are under research in order to generate electrical or mechanical energy for the 43 

vehicle or to heat specific elements during its warm-up process. According to the Figure 1, these 44 

technologies can be classified in different types: 45 

 Heat to heat, this technique consists of installing a heat exchanger on the exhaust line 46 

in order to heat up critical zones of the engine during its warm up process. It is relatively 47 

easy to implement, however it only has potential during cold starting processes [1]. 48 

 Electrical turbocompounding, which consists of an electric generator coupled to a 49 

turbocharger. The generator extracts surplus power from the turbine, and the electricity 50 

produced is used to run a motor coupled to the engine crankshaft [2][3]. 51 

 Mechanical turbocompounding, in this case, the engine is equipped with an additional 52 

power turbine. This turbine is placed in the exhaust line and is mechanically coupled to 53 

the engine crankshaft via a gearbox [2] [3]. 54 

 Rankine cycle, where the vapour is generated from the thermal energy of the exhaust 55 

gases using an evaporator. After, this vapor is expanded using an expander machine and 56 

generating mechanical power. Particularly, Organic Rankine Cycles (ORC), based on the 57 

use of organic fluids, are especially suited to recover energy from exhaust gases at low 58 

temperatures [4–7] . 59 

 Other thermodynamic cycles, as Ericsson, Brayton, Stirling, absorption and ejection 60 

cycles. Generally, these technologies are less mature than the ORC and they are focused 61 

on reducing the ORC complexity and generate an additional mechanical power [8]. 62 

 Thermal electricity, which consist of thermoelectric materials installed in the exhaust 63 

pipe and generating electricity by Seebeck effect, thus providing at least some of the 64 

powertrain electric power requirements. Nowadays, these materials have low efficiency 65 

and are expensive so it would be a promising technology if these materials can be 66 

improved [9], [10]. 67 

   68 
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Figure 1. Trends in WHR technologies applied to ICE 69 

The main objective of this study is to estimate the feasibility of a system for recovering heat 70 

energy from the exhaust gas, in order to cool the intake air of an IC engine and consequently 71 

improve the engine efficiency and reduce pollutant emissions. Considering the previous 72 

classification, it would be a new type of WHR system used on a "heat to cool" process. These 73 

thermodynamic cycles can be performed as tri-thermal cooling systems (ejection cycles or 74 

absorption cycles). On these cycles, the system expels the heat to a fluid at a reference 75 

temperature and take the heat from a high temperature source (higher than the reference) and 76 

from a low temperature source (lower than the reference). On the present study, the reference 77 

temperature is ambient temperature, the high temperature source is the exhaust gas and the 78 

low temperature source is the intake air. 79 

Some applications related to replacing air conditioning compression systems with absorption 80 

cooling systems on vehicles are common on literature. Some theoretical studies consider 81 

different IC engines coupled with absorption units as WHR systems for air conditioning with 82 

positive results [11–16]. On these works, cooling powers from 18.4 W to 10 kW and COP 83 

coefficients from 4.9% to 80% are obtained. High challenges existed as regards packaging, 84 

working fluids (in the case of absorption cycles) and the cost of the system.  An estimation of 85 

theoretical maximum increment in engine brake thermal efficiency of 2.5% was predicted by 86 

Talbi et. al [15]. Moreover, a simulation of a caterpillar engine using the absorption refrigeration 87 

unit to cool the air before the intercooler was done by Agnew et al. [14], achieving a theoretical 88 

maximum increment in engine brake thermal efficiency of 2%. Jianbo et al. [17] showed that 89 

show that the absorption refrigeration sub-cycle can completely meet the space cooling demand 90 

(30 kW) for the coach when it runs over 100 km/h, with a COP of 40%. Rêgo et al. [18] tested an 91 

experimental installation with an absorption refrigerator driven by automotive exhaust gas heat. 92 

Moreover, a system for controlling the refrigeration system heat input was developed. 93 

On the other hand, in 2015, M.T. Zegenhagen and F. Ziegler have published two papers about 94 

the viability of cooling the intake air of a turbocharged gasoline engine in order to improve its 95 

behavior by using an jet-ejector cooling system [19], [20]. In these works, they use R134a as a 96 

working fluid, generating a cooling power between 2.3 kW and 5.3 kW.  97 

Despite of these theoretical and experimental studies, where the absorption cycle has been used 98 

to power the air-conditioning in a vehicle, no theoretical or experimental study is available in 99 

the literature using the absorption cycle to cool down the temperature of the intake air in an 100 

engine. Considering these studies, it is possible to list several advantages of these cycles when 101 

they are used to cool the intake air of the IC engine. Some advantageous effects are directly 102 

related with this temperature reduction of the intake air: 103 

 An improvement of the volumetric efficiency of the IC engine. 104 

 A reduction in heat losses of the IC engine (thus, an increment in the adiabatic conditions 105 

of the engine), due to the reduction of mean temperatures through the engine. This 106 

reduction of the heat rejection would increase the indicated efficiency of the engine. 107 

 A diminution in the NOx emissions due to this reduction of mean value of flow 108 

temperatures and thus of in-cylinder peak temperatures. 109 
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Other advantageous effects indirectly related with this temperature reduction could be 110 

obtained modifying the injection settings, piston shapes and optimizing combustion processes 111 

to adapt the engine to these lower temperatures of intake air. Finally, the post treatment 112 

elements of exhaust line could be simplified due to the reduction in pollutant emissions of the 113 

engine. 114 

The objective of the present paper is to estimate the potentiality of intake air cooling using an 115 

absorption cycle with the exhaust gases as waste heat source at different working conditions of 116 

the engine. The second objective is to estimate the direct advantages of this temperature 117 

reduction of intake air on the engine efficiency and pollutant emissions. Finally, a critical 118 

discussion is performed about the viability of this system in an actual vehicle. 119 

2.   ABSORPTION REFRIGERATION CYCLE MODEL 120 

2.1.  Thermodynamic analysis  121 

Figure 2 shows the schematic diagram of an absorption cycle using waste heat energy. As this 122 

figure illustrates, it contains a generator, an absorber, a condenser, an evaporator, a solution 123 

heat exchanger (SHE) and a refrigerator heat exchanger (RHE) to improve cycle efficiency. It 124 

operates as follows: Heat input from the hot source (exhaust gases) (QG) evaporates the high 125 

pressure solution ammonia-water (point 1) in the generator. The generator separates the inlet 126 

flow in two streams. The first one, which corresponds to the ammonia (point 2), leaves the 127 

generator at the top side in vapor phase. The second one, which consists of a mixture of water 128 

(higher concentration) and ammonia (lower concentration) (point 3) leaves the generator at the 129 

bottom in liquid phase. Differences between boiling points of water and ammonia ensure the 130 

separation of these two flows. High pressure ammonia vapor stream enters the condenser 131 

(reducing its temperature, point 4), where it releases heat to the ambient (QC). Liquid ammonia 132 

leaves the condenser, through the refrigerator heat exchanger, which improves cycle efficiency 133 

(point 11). Consecutively, the ammonia flows through an isenthalpic valve, which reduces its 134 

pressure (point 5), reaching the evaporator pressure (low pressure). The ammonia enters the 135 

evaporator, receiving heat from the cold source (intake air) (QE), increasing low pressure vapor 136 

temperature (point 6). At the outlet of the evaporator, the regenerator increases the vapor 137 

temperature (point 12). Then, the ammonia enters the absorber, where it is absorbed by the 138 

weak solution of water and low concentration of ammonia (point 10). Heat of the absorber 139 

should be rejected to the ambient (QA); therefore, its temperature should be above to the 140 

ambient temperature. The solution with high ammonia concentration (point 7) is pumped to the 141 

vapor generator (point 8) through the Solution Heat Exchanger (SHE) (point 1). The weak 142 

solution leaves the generator (point 3) and reduces its temperature in the SHE (point 9). Then, 143 

the weak solution enters the absorber to absorb ammonia vapor from the evaporator (point 10). 144 

Then, the cycle starts again. The Solution Heat Exchanger decreases temperature of the weak 145 

solution and increases temperature of strong solution, increasing the cycle coefficient of 146 

performance (COP). A pump drives the pumping process, not a compressor, therefore the 147 

amount of work required in this cycle is an order of magnitude lower than an ordinary vapor 148 

compression cycle. To sum up, using a direct thermal energy from exhaust gases (T High) is 149 
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possible to cool down the intake air in a vehicle (T Low) releasing heat to the ambient in an 150 

intermediate sink (T Medium). 151 

Using the equations describing vapor-liquid equilibrium properties of the ammonia-water 152 

system presented by Pátek et. al [18] based on experimental data and the energy relations 153 

shown in Table 1 the absorption refrigeration system was simulated. 154 

Table 1. Energy relations for the elements of the absorption refrigeration cycle 155 

Element Energy relations 

Generator 𝑄𝐺 = 𝑚̇2 ∗ ℎ2 + 𝑚̇3 ∗ ℎ3 − 𝑚̇1 ∗ ℎ1 

Condenser 𝑄𝐶 = 𝑚̇2 ∗ (ℎ2 − ℎ4) 

RHE 𝜀𝑅𝐻𝐸 =
𝑄𝑎𝑐𝑡𝑢𝑎𝑙
𝑄𝑚𝑎𝑥

=
𝐶ℎ ∗ (𝑇4 − 𝑇11)

𝐶𝑚𝑖𝑛 ∗ (𝑇4 − 𝑇6)
, 𝑚̇2 ∗ (ℎ4 + ℎ6) = 𝑚̇2 ∗ (ℎ11 + ℎ12) 

Evaporator 𝑄𝐸 = 𝑚̇2 ∗ (ℎ6 − ℎ5) 

Absorber 𝑄𝐴 = 𝑚̇2 ∗ ℎ12 + 𝑚̇3 ∗ ℎ10 − 𝑚̇1 ∗ ℎ7 

Pump 𝜂𝑝 =
𝑊𝑃,𝑖𝑠𝑜

𝑊𝑃
,𝑊𝑃,𝑖𝑠𝑜 = 𝑚1̇ ∗ (ℎ8,𝑖𝑠𝑜 − ℎ7),𝑊𝑃 = 𝑚1̇ ∗ (ℎ8 − ℎ7) 

SHE 𝜀𝑆𝐻𝐸 =
𝑄𝑎𝑐𝑡𝑢𝑎𝑙
𝑄𝑚𝑎𝑥

=
𝐶ℎ ∗ (𝑇3 − 𝑇9)

𝐶𝑚𝑖𝑛 ∗ (𝑇3 − 𝑇8)
, 𝑚̇3 ∗ ℎ3 + 𝑚̇1 ∗ ℎ8 = 𝑚̇3 ∗ ℎ9 + 𝑚̇1 ∗ ℎ1 

 156 
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 157 

Figure 2. Schematic diagram of absorption cycle 158 

2.2.  Limits of the cycle 159 

The following limits were taken into account to define the boundary conditions: 160 

 Temperature in the heat exchangers should be above the ambient temperature to 161 

ensure proper heat rejection to the ambient. 162 

 The power release should be the lower as possible to avoid huge sizes of heat 163 

exchangers. 164 

 Pressure should be as low as possible to reduce pressure drop through the pipes and 165 

to minimize high pipping costs. 166 

2.3.  Election of main parameters of the cycle 167 

2.3.1.  Solution selection 168 

The most important pairs of solution used in absorption cycles are H2O-LiBr, NH3-H2O, NH3-LiNO3 169 

and acetone-ZnBr2. Between them, the solution NH3-H2O is highly stable for a wide range of 170 

operating temperatures and pressures. Moreover, this solution can be used for low temperature 171 

applications, as the freezing point of NH3 is -77°C [19]. However, rectification is required using 172 

this type of solution (NH3-H2O) to achieve acceptable cycle performance [20]. Therefore, the 173 

solution NH3-H2O has been  used in this absorption cycle. Wang et al. [11] and Mandela et al. 174 
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[12] used this solution to recover energy from the exhaust gas of an internal combustion engine 175 

to power an absorption refrigeration system and produce the air-conditioning an ordinary 176 

passenger car. The American National Standards Institute (ANSI) [24] classified refrigerants into 177 

three groups regarding to their safety in use. Ammonia, due to its toxicity, is in group 2, which 178 

means that it cannot be used directly in air-conditioning systems in direct expansion in the 179 

evaporator coil. Unlike absorption cycles used in air-conditioning, the system presented in 180 

section 2.1 has no direct contact with passengers inhabitant space, only with intake air in the 181 

engine and the exhaust gases released to the ambient. 182 

2.3.2.  Parameters of the cycle 183 

Figure 3 shows the Oldham Diagram of the mixture NH3-H2O. In this diagram it can be seen the 184 

proportion of ammonia and water in the solution as a function of temperature and pressure at 185 

equilibrium.  The main parameters that should be defined in the cycle are the high level of 186 

pressure in the cycle (Phigh), the low pressure in the cycle (Plow) and the concentration of 187 

ammonia (and thus the water) in the weak (Xw) and strong solution (Xr). The following points 188 

summarize its impact in the thermodynamic characteristics of the cycle (Figure 3): 189 

 Temperature of the generator (TG) 190 

The level of high pressure (Phigh) and the concentration of the weak solution (Xw) define the high 191 

temperature of the generator (TG). It should be taken into account that exhaust gases should 192 

contain enough power to evaporate the ammonia.  193 

 194 

 Temperature in the evaporator (TE) 195 

The intersection of the low pressure level (Plow) in the cycle and the line of 100% NH3 define the 196 

low temperature in the evaporator (TE). This temperature will have an effect on the cooling 197 

power obtained from this absorption cycle. 198 

 199 

 Temperature in the condenser (TC) 200 

The intersection of the high pressure level (Phigh) in the cycle and the line of 100% NH3 leads to 201 

the definition of the medium temperature in the condenser (TC). This temperature should be 202 

above ambient temperature to ensure proper rejection to the ambient. 203 

 Temperature in the absorber (TA) 204 

The level of low pressure (Plow) and the concentration of the strong solution (Xr) define the 205 

medium temperature in the absorber (TA). This temperature should be above ambient 206 

temperature to ensure proper rejection to the ambient.  207 

Considering the example of Figure 3, high pressure (Phigh) is 20 bar, low pressure (Plow) is 3 bar, 208 

the strong solution (Xr) is 40% (40% of ammonia and 60% of water) and the weak solution (Xw) 209 

is 15%. Using this values, the following temperatures were obtained in the absorption cycle: 210 

Evaporator temperature (TE) of -10 °C, absorber temperature (TA) of 41 °C, condenser 211 

temperature (TC) of 48 °C and generator temperature (TG) of 165 °C. 212 

In order to optimize and fulfill the thermodynamic requirements, the variation of these 213 

parameters are presented in section 4 of this paper. 214 
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 215 

Figure 3. Oldham diagram 216 

2.4.  Assumptions 217 

In the system model, the following assumptions were made: 218 

1. The system is operated in steady-state conditions. 219 

2. The refrigerant is saturated at the outlet of the evaporator and the condenser. 220 

3. At the outlet of the absorber and evaporator, solutions are at equilibrium. 221 

4. Thermal and pressure losses were neglected. 222 

5. Effectiveness of Refrigerant Heat Exchanger (RHE) and Solution Heat Exchanger (SHE) are 223 

0.7. 224 

6. The isentropic efficiency of the pump is 0.8. 225 

7. The absorption cycle rejects heat to the ambient by the absorber and the condenser. 226 

8. The system absorbs heat from the cold source (Intake air) and the hot source (Exhaust gases) 227 

and reject through the condenser and the absorber to the ambient. 228 

9. No rectification process are included. 229 

10. Temperature at heat exchanger should be above 45°C to ensure proper rejection at extreme 230 

conditions. 231 

11. Pinch point in the evaporator is assumed 10°C [25]. 232 

12. Optimization process have been made in the point of 4000 rpm and full load. 233 

13. The reference environmental state is assumed Tref=25°C and Pref=1.013 bar. 234 

3.  ENGINE EXPERIMENTAL AND MODELING TOOLS   235 

In order to provide boundary conditions for the absorption refrigeration cycle optimization and 236 

to simulate its effect on engine performance, a 0D thermodynamic model was used to reproduce 237 

the engine performance when the intake air is cooled. Using a simulation tool is very convenient 238 

for this research since it helps the designing process of the absorption keeping realistic 239 
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conditions, and at the same time avoiding the limitations and uncertainties of experimental 240 

measurements. Thus, three extreme engine conditions will be considered to evaluate the 241 

thermodynamic viability of the absorption cycle taking into account the effect on engine 242 

operation (changes on air flow and intake and exhaust conditions). The starting points for the 243 

simulation are the three operation conditions measured in the experimental facility described 244 

in the next subsection. Starting from the real conditions, the effect of intake cooling will be 245 

modeled according to the absorption cycle requirements, with the aim of coupling the 246 

thermodynamic characteristics of both the refrigeration and engine cycles. 247 

Finally, once the thermodynamic viability was confirmed, a detailed experimental work was 248 

carried out to validate the results in real engine operation. 249 

The experimental facility used to obtain the boundary conditions for the simulations and to 250 

validate the results, and thr 0D thermodynamic model are described in next subsections. 251 

3.1.  Experimental Facility 252 

The experimental work was performed in a EU4 DI Diesel Engine, whose main characteristics are 253 

included in Table 2. Some modifications were carried out in the original engine systems to 254 

achieve a better control of the engine parameters and to perform the experimental 255 

measurements. Hence, the original coolant and oil circuits were adapted to measure the heat 256 

rejection to the coolant, block oil and turbocharger oil independently. 257 

Table 2. Engine technical data 258 

Cylinder 4 in-line 
Stroke 4  
Bore 75 mm  
Unitary displacement 390 cm3 
Total displacement 1560 cm3 
Compression ratio 16:1 
Air management Turbocharged 
Maximum power 82 kW - 3600 rpm 
Maximum torque 270 Nm - 1750 rpm 
Cycle Diesel 
Injection Common rail 

 259 

Apart from the engine control systems, the test cell includes specific instrumentation for the 260 

detailed heat rejection analysis. The technical characteristics of the test cell instrumentation are 261 

presented in Table 3 while the sketch of the test cell is shown in Figure 4. The facility was 262 

prepared to acquire the standard data necessary to perform the combustion diagnosis and 263 

modelling the internal heat rejection terms [26], and also to measure the data required to 264 

complete a global thermal balance of the engine. Therefore, the in-cylinder pressure, some 265 

mean variables such as air and fuel mass flows, gas temperatures and pressures at different 266 

intake and exhaust positions, and the liquids (oil and coolant) mass flow and temperatures, were 267 

measured. 268 

 269 
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Table 3 Test cell instrumentation 270 

Variable Equipment 

Cylinder pressure AVL GH13P 

Speed Dynamometer 

Torque Dynamometer 
Air mass flow Sensiflow DN80 
Fuel flow AVL 733S Fuel meter 

Fluids temperatures K-type thermocouples and RTDs 

Mean pressure Kistler Piezoresistive Pressure Transmitters 

Gases analysis Horiba Mexa 7100 DEGR 

Coolant flow Krohne 4010 Optiflux 

Oil cooler water flow  Isoil MS500 

Fuel cooler water flow Yoko AdmagAE2018MG 

Turbo oil flow Krohne Optimass 3050C 

 271 

 272 

Figure 4 Test cell scheme 273 

The in-cylinder pressure, which is the main input for the calculation of the heat rejection in the 274 

chamber and the engine performance, was measured with an AVL GH13P piezo-electric 275 

transducer installed at the glow plug hole of each cylinder. The signal provided by the piezo-276 

electric transducer was conditioned by means of a Kistler 5011B amplifier and the digital 277 

processing was performed following the method described in [27]. To ensure the accuracy of 278 

the pressure signal obtained, the pressure sensor was calibrated according to the traditional 279 

method proposed in [28]. 280 
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Most relevant characteristics (regarding engine fluids) of the three engine conditions used to 281 

evaluate the thermodynamic viability of the refrigeration cycle and to simulate its effect are 282 

shown in Table 4. These points corresponds to conventional points of the engine map at extreme 283 

high and low engine speed and load. The original injection and air management setting in the 284 

ECU were used. The name of the tests in the first column means engine speed[rpm]- engine 285 

load[% of the maximum load] percentage. 286 

Table 4 Measured points for teh simulation 287 

 ma 
[g/s] 

mf  
[g/s] 

Tcool  
[°C] 

Toil  
[°C] 

Tintake  
[°C] 

Texhaust  
[°C] 

1000 [rpm]-100[%] 16.4 1.03 85.4 92.5 29.4 528.8 

4000[rpm]-25[%] 74.7 1.68 85.7 98.1 30.9 374.1 

4000[rpm]100[%] 113.3 5.11 85.8 126.2 35.4 685.6 

 288 

3.2.  0D thermodynamic engine models 289 

During the present study two 0D single-zone thermodynamic models (CALMEC and siCiclo) were 290 

used. Both of them share the same main hypothesis in order to keep the consistency of the 291 

analysis: 292 

1. Chamber pressure and temperature are assumed to be spatially uniform. 293 

2. Three species (air, fuel vapor and stoichiometric combustion products) are considered [26]. 294 

3. Ideal gas law is used to calculate gas mean temperature. 295 

4. A filling and emptying model is used to calculate the processes during intake and exhaust 296 

strokes, the effect of intake cooling on them and thus on trapped conditions [27]. 297 

5. Specific heat of the gas depends on both temperature and composition [28]. 298 

6. Instantaneous blow-by leakage is calculated with a model based on the isentropic nozzle 299 

flow [26]. 300 

7. Chamber volume deformation is calculated by means of a simple deformation model [29]. 301 

8. Heat transfer to the chamber walls is calculated with a modified Woschni-like model [30]. 302 

A main issue for evaluating the effect of temperature reduction on engine performance, is the 303 

calculation of in-cylinder heat rejection to chamber walls. Besides the tuned convective heat 304 

transfer model based on the Woschni’s proposal, a lumped conductance model was used to 305 

calculate wall temperatures in the chamber and ports along with the heat rejection repartition 306 

to coolant (from liner and cylinder-head) and oil (from piston). It consists of 102 nodes in the 307 

cylinder head, 66 in the liner, 10 in the piston and some boundary nodes that take into account 308 

the oil, coolant, fresh air, in-cylinder gas, and intake and exhaust gases. More details of this 309 

model are provided in [31]. 310 

An in-house methodology [32] was implemented to determine some experimental uncertainties 311 

related to in-cylinder pressure (pressure pegging and TDC position) along with some engine 312 

characteristics (dynamic and static compression ratios and HT convective model adjustment).  313 
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CALMEC is the combustion analysis tool developed to calculate the RoHR from the instantaneous 314 

evolution of in-cylinder gas properties by solving the 1st law of thermodynamics in the chamber 315 

and modelling the internal thermal flows based on the instantaneous pressure evolution.  316 

SiCiclo [26] is a predictive tool that, using the RoHR as main input, is able to calculate the 317 

pressure evolution with the purpose of predicting engine performance and fuel consumption or 318 

obtaining boundary conditions for specific combustion models with higher computational 319 

requirements [33, 34] and in this case for the absortion cycle model. SiCiclo takes into account 320 

all the relevant engine subsystems through the combination of both physical and semi-empirical 321 

submodels to calculate the heat transfer flows to combustion chamber walls and ports, split of 322 

mechanical losses and intake and exhaust processes [23].  323 

4.  RESULTS AND DISCUSSION 324 

Two analysis decoupled are presented in this point. On one side, the optimization of the main 325 

parameters of the absorption refrigeration cycle are analyzed (High pressure, Low pressure, 326 

concentration of strong and weak solution). Using the optimization analysis, final values of the 327 

main parameters of the cycle are obtained taking into account the worst operating point 328 

regarding engine cooling conditions (4000[rpm]-100[%]).   329 

On the other hand, absorption cycle is a suitable method for increasing engine efficiency through 330 

the intake charge cooling below ambient temperature, thus increasing power density and 331 

engine efficiency, or decreasing mechanical stress (because the same trapped gas can be 332 

achieved with a lower intake pressure). Moreover, additional benefits in terms NOx reduction, 333 

main issue in Diesel engines, can also be obtained. Although in the sake of brevity, the detailed 334 

analysis of all these advantages cannot be dealt with in this work, a theoretical estimation of the 335 

impact on the particular engine and operating conditions used to design the absorption cycle is 336 

presented. Moreover, the experimental assessment of the cooling effect during the real engine 337 

operation was also evaluated. 338 

4.1.  Optimization of the absorption refrigeration cycle 339 

In order to understand and optimize the cycle for this particular application, several sensitivity 340 

studies have been performed varying the main parameters of the absorption cycle, which are 341 

the high pressure, the low pressure and the concentration of weak and strong solution. In each 342 

subsection one parameter was varied and the rest remained constant. The ranges of the 343 

variables in these sensitivity studies are presented in Table 5 and explained in section 4.1.1, 4.1.2 344 

and 4.1.3. 345 

Table 5. Summary of the sensitivity study 346 

Variable Sensitivity study 1 Sensitivity study 2 Sensitivity study 3 

P high [bar] 10-20 17.95 17.95 

P low [bar] 4 2-10 4 

Xw [%] 0.15 0.15 0.1-0.25 

Xr [%] 0.39 0.39 0.3-0.45 

 347 
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4.1.1.  High pressure 348 

High pressure was varied in this subsection. As shown in 349 

350 
Figure 5, power of the evaporator (QE), condenser (QC) and pump (WP) remains approximately 351 

constant. However, power in the generator (QG) increases because more heat is needed at high 352 

pressures to evaporate the solution and produce ammonia. As power in the generator increases 353 

and the rest remains constant, it is needed more heat to reject in the absorber (QA) to keep the 354 

global energy balance. Regarding temperatures (right axis) four values have been plotted, i.e. 355 

temperature at the outlet of the generator (TG_o), temperature at the outlet of the condenser 356 

(TC_o), temperature at the outlet of the absorber (TA_o) and the temperature at the inlet of the 357 

evaporator (TE_i). Temperature at the outlet of the absorber remains constant due to equilibrium 358 

assumption. As it can be seen, both temperature at the outlet of the generator and the 359 

condenser increase with high pressure. Temperature at the inlet of the evaporator remains also 360 

constant because it depends only on the low pressure level. Higher temperatures at the outlet 361 

of the generator imply greater power rejection to the ambient. Power rejection in the condenser 362 

should be to the ambient; therefore, it should be above 45°C to ensure proper heat release even 363 

at summer in warm areas. Thus, high pressure should be the minimum pressure possible in order 364 

to minimize the heat transferred from the exhaust gases, but as high as possible in order to 365 

ensure proper heat rejection to the ambient. Therefore, the high pressure level was fixed to 366 

17.95 bar. 367 
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368 
Figure 5. Variation of powers and temperatures with P high 369 

4.1.2.  Low pressure 370 

Low pressure was varied in this subsection. As shown in 371 

372 
Figure 6, power of the evaporator (QE) and pump (WP) remains approximately constant. Power 373 

in the generator (QG) and the absorber (QA) decreases with higher low pressures because less 374 

heat is needed at high low pressures to evaporate the solution and produce ammonia due to 375 
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the fact that both pressure levels are nearer (as seen in Figure 3). Power in the absorber 376 

decreases more than in the generator, therefore power in the condenser slightly increases to 377 

keep the global energy balance. Regarding temperatures (right axis) four values have been 378 

plotted, i.e. temperature at the outlet of the generator (TG_o), temperature at the outlet of the 379 

condenser (TC_o),  temperature at the outlet of the absorber (TA_o) and temperature at the inlet 380 

of the evaporator (TE_i). Temperature at the outlet of the generator and the condenser remains 381 

constant due to small differences in the level of high pressure. As it can be seen in Figure 3, both 382 

temperature at the outlet of the absorber and the inlet of the condenser increase with higher 383 

low pressure when the strong concentration is fixed. Lower temperatures at the inlet of the 384 

evaporator imply greater absorption power in the intake air. However, intake air should not 385 

been reduced below 0°C to avoid freezing the content of water in humid intake air and produce 386 

problems in the intake line. Therefore, considering 10°C as an objective temperature of intake 387 

air and a pinch point of 10°C the temperature at the inlet of the evaporator should be below 0°C 388 

to ensure proper heat transfer process. On the other hand, low pressure should be as high as 389 

possible, in order to minimize the heat rejection to the ambient. Thus, low pressure should be 390 

below 4.5 bar. In this case, it was fixed to 4 bar. 391 

392 
Figure 6. Variation of powers and temperatures with P low 393 

4.1.3.  Concentration of weak and strong solution 394 
Concentration of weak and strong solution were varied in this subsection. As shown in Figure 3 the relation 395 
between low pressure and the strong solution determines the temperature in the absorber. Therefore, the 396 
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concentration of strong solution has an effect on the temperature at which heat should be rejected. 397 

 398 

Figure 7 shows the variation of temperature at the outlet of the absorber as a function of strong 399 

concentration solution. Concentration of weak solution does not have any effect on this 400 

temperature, thus, it has not been taken into account. As previously presented, temperature of 401 

heat rejection should be above 45°C to ensure proper heat rejection. Thus, strong concentration 402 

should be below 0.42 (42% ammonia-58% water).  403 
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 404 

Figure 7. Variation of temperature at the outlet of the absorber vs strong concentration 405 

In order to optimize the election of both concentrations, heat rejection in the absorber and 406 

condenser were plotted. Figure 8 shows the power rejected in the absorption cycle, i.e. the sum 407 

of heat in the absorber and in the condenser as a function of weak and strong solution 408 

concentration. As shown in Figure 8, the blue area corresponds with lower heat rejection to the 409 

ambient, therefore lower size of heat exchanger. This feature is essential to guarantee a 410 

compact system. 411 
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 412 

 413 

Figure 8. Heat rejection in the absorber vs weak and strong concentration 414 

As there is enough power in the exhaust gases and heat in the evaporator depends on the engine 415 
operating point (intake air mass flow) the optimization of this system is based on heat rejection to the 416 

ambient. Therefore, the optimization of this system focuses on size and simplicity, not in COP. Figure 9 417 
shows the strong solution mass flow (m1) as a function of weak and strong concentration. It can be seen a 418 
similar behavior as Figure 8. Higher concentration of strong solutions implies lower mass flow rates though 419 
the installation. Therefore, it will be needed smaller pipes to provide the required mass flow. The ammonia 420 

mass flow will depend on the engine operating point and the required heat absorption in the intake air. 421 
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Considering restrictions of temperature at the outlet of the absorber (422 

 423 

Figure 7), lower heat rejection (Figure 8) and lower mass flow rates through the installation, the 424 

following concentrations were selected: Xr=0.39 (39% ammonia-61% water) and Xw=0.15 (15% 425 

ammonia-85% water). All of them accomplish the estimated requirement of a concentration 426 

below 0.42 in order to ensure a heat rejection to the ambient. 427 
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 428 

Figure 9. Strong solution mass flow vs weak and strong concentration 429 

Considering parameters optimized in previous chapters, all the parameters of the cycle have 430 

been calculated. Table 6 list the calculated values of mass flow rates, pressure, temperature, 431 

ammonia concentration, enthalpy, entropy and specific volume at different points of the 432 

absorption refrigeration cycle used to cool down the intake air of an ICE. 433 

Table 6. Operating conditions for the absoption refrigeration cycle. 434 

State no. mi[kg/s] Pi[bar] Ti[°C] Xi[%] hi[kJ/kg] si[kJ/kgK] vi[m3/kg] 

1 0.02507 17.95 109.1 0.39 264.2 1.36 0.001283 
2 0.007078 17.95 168 1 1835 6.02 0.1147 
3 0.01799 17.95 168 0.15 625.7 2.081 0.001241 
4 0.007078 17.95 45.26 1 416.8 1.726 0.001752 
5 0.007078 4 -1.891 1 257.8 1.213 0.0177 
6 0.007078 4 -1.891 1 1460 5.646 0.3094 
7 0.02507 4 51.55 0.39 2.198 0.6222 0.001182 
8 0.02507 17.95 52.1 0.39 5.419 0.6271 0.001182 
9 0.01799 17.95 86.88 0.15 265.1 1.179 0.00111 

10 0.01799 4 87.11 0.15 265.1 1.183 0.001111 
11 0.007078 17.95 12.26 1 257.8 1.199 0.001607 
12 0.007078 4 64.03 1 1619 6.172 0.4008 

 435 

Figure 10 and Figure 11 shows the Oldham diagram of the mixture NH3-H2O and the Ammonia 436 

Molier Diagram particularized for operating conditions of Table 6. 437 
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 438 

Figure 10. Oldham diagram particularized for operating conditions of the ARC 439 

 440 

Figure 11. Ammonia Molier diagram particularized for operating conditions of the ARC 441 

 442 
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4.2.  Simulation results 444 

This study was performed for different decrease of temperature (T) in the intake (15°C, 30°C 445 

and 65°C) to evaluate the thermodynamic viability of the cycle. By means of reducing 446 

temperature from a real engine operating condition, different parameters were analyzed: 447 

 Heat absorbed from the intake air flow 448 

 Heat required from the exhaust gas flow 449 

 Total heat rejected to the ambient 450 

Using equations presented in Table 1 and optimization parameters described in chapter 4, the 451 

following results have been obtained. CALMEC diagnosis code was used to obtain the RoHR at 452 

the engine operating conditions detailed in Table 4 and then, SiCiclo allowed to simulate the 453 

effect of intake cooling on engine performance. Thus, the physically correct sensitivity of the 454 

engine related parameters due to the intake T reduction was obtained. Form this data, the 455 

required evaporation power was finally estimated. From evaporation power and parameters 456 

optimized, the powers remained (pump, generator and absorber) have been solved. Results are 457 

shown in Figure 12 are plotted in Figure 13. The name of the tests in the first column means 458 

engine speed[rpm]-engine load[% of the maximum load] percentage. 459 

  460 

Figure 12. Powers of ARC elements of different engine operating points 461 

The three engine operating points (1000[rpm]-100[%], 4000[rpm]-25[%] and 4000[rpm]-100[%]) 462 

and four absorption refrigeration powers (QE, QM (QA+QC), QG and WP) are presented. As 463 

expected, it can be seen that points of 4000 rpm and 100% load require the higher power 464 

rejected to the ambient due to higher air mass flows in the intake system. At this point, the heat 465 

rejected to the ambient will be 26 kW if a temperature difference of 65°C is required.  466 
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 467 

Figure 13. Power rejected and absorbed by the cycle vs deltaT intake air 468 

Table 7 shows the relation between heat rejected in the absorber and condenser and exhaust 469 

gases power (considering Tref and Pref as reference state). It can be seen that using 42% of the 470 

exhaust gases in the worst case the refrigeration requirements could be fulfilled. Therefore, it 471 

can be concluded that this system could reduce the intake air temperature without restrictions.  472 

Table 7. Relation between PEG and heat rejection for engine operating points 473 

Engine operating point ΔT [°C] QM [kW] PEG [kW] QM / PEG 

4000[rpm]-25[%] 65 2.15 12.43526 17% 
4000[rpm]-25[%] 30 0.9013 12.58927 7% 
4000[rpm]-25[%] 15 0.4238 11.77716 4% 

4000[rpm]-100[%] 65 11.99 28.81002 42% 
4000[rpm]-100[%] 30 5.011 30.16750 17% 
4000[rpm]-100[%] 15 2.295 31.17210 7% 
1000[rpm]-100[%] 65 17.62 84.17066 21% 
1000[rpm]-100[%] 30 7.346 86.09373 9% 
1000[rpm]-100[%] 15 3.354 87.57280 4% 

 474 

4.3.  Impact on engine efficiency 475 

The 0D engine thermodynamic model described in Section 3 was used to simulate the impact of 476 

intake temperature on key air management parameters, thermomechanical loads in the 477 

chamber, heat transfer through the chamber walls, heat rejected with the exhaust gases and 478 

engine indicated efficiency at the three engine operating conditions. The trends predicted by 479 

the model will be later experimentally validated to confirm the observed effects, however the 480 

mailto:4000_100@65
mailto:4000_100@30
mailto:4000_100@15
mailto:1000_100@65
mailto:1000_100@30
mailto:1000_100@15
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operating conditions and the range of variation of the intake temperature were adapted 481 

according to the experimental facility, as detailed below. 482 

Figure 14 (left) confirms the expected effect of Tintake on TIVC (Temperature at Inlet Valve Closing 483 

Angle) since they are linearly related, so the temperature of the trapped mass decreases 484 

significantly. As a result, mIVC increases due to the higher density of the trapped mass improving 485 

the environment where the combustion process develops in two ways, decreasing the 486 

equivalence ratio by increasing the fresh air availability and enhancing the spray mixing due to 487 

the higher density attained at the TDC.  488 

An additional positive effect is observed is Figure 14 (right) considering the progressive 489 

reduction of Tmax and pmax. If the engine calibration is adjusted to get a similar combustion 490 

process independently from the given Tintake (as it was assumed in these simulations), the lower 491 

Tmax and pmax decreases the thermomechanical loads withstood by the engine, together with 492 

lower NOx emission levels by decreasing also the flame temperatures.  493 

According to Figure 15 (left) the potential benefit in indicated efficiency comparing the extreme 494 

Tintake cases is almost 4% in all operating conditions, and most of this benefit comes from the 495 

reduction of the heat rejected through the combustion chamber walls as included also in this 496 

figure. However, part of the energy gained due to the lower heat rejection flows with the 497 

exhaust gas. Figure 15 (right) also shows how despite the decrease of Texh by around 100°C, Hexh 498 

increases as Tintake decreases as a consequence of the higher flow rate being exhausted that 499 

overcompensates the reduction of exhaust gas temperature. 500 

Further analysis shows how an interesting option could be recalibrating the engine to keep the 501 

same Tmax and pmax for all Tintake levels since in this case, the combustion can be better phased 502 

and/or faster, providing also benefits on engine indicated efficiency without important impacts 503 

on NOx emissions. Both alternatives are expected to improve the NOx – ISFC trade-off. 504 

  

Figure 14. Effect of Tintake on TIVC and mIVC (left), on Tmax and pmax (right) 505 
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Figure 15. Effect of Tintake on Indicated efficiency and HT during the closed cycle (left),                                  506 
on Texh and Hexh (right) 507 

These results from simulations encouraged the authors to test the effects of Tintake in the real 508 

engine. For the experimental assessment neither the intake conditions variation nor the 509 

operating condition were the same (at least in some points) as those used for the refrigeration 510 

cycle design. This redefinition of the validation points is imposed by the limitations of the 511 

experimental installation. Thus, the experimental facility does not include a real refrigeration 512 

cycle but a water-air heat exchanger cooled by an external water circuit. Hence, the limit for 513 

Tintake range are defined by the maximum compressor outlet temperature (with no water cooling 514 

at the exchanger) and the minimum Tintake achievable with the maximum coolant flow at the 515 

ambient temperature. As a consequence, the Tintake reduction must be adjusted at each 516 

operating point. Additionally, the Tintake range achievable at low engine speed was so small that 517 

it was discarded for the experimental validation.  518 

Although the viability of the refrigeration cycle has been checked at high load, the worst 519 

condition with the less energy available in the exhaust gas flow was preferred for the 520 

experimental validation of the potential of this waste heat recovery concept in order to assure 521 

its feasibility in the complete engine map, especially considering that in urban driving conditions 522 

the engine operates mostly at low loads. In addition, evaluating the improvements provided by 523 

this waste heat recovery concept is more interesting at low loads also due to the intrinsic engine 524 

low efficiency caused by the high heat rejection to chamber walls in relative to the mechanical 525 

power. Therefore, taking into account the previous comments, three operating points of an 526 

engine speed sweep (from 2000 to 4000 rpm) and 25% of the load was measured. The main 527 

variables (measured and calculated) for the analysis are shown in Table 8. 528 

As air availability in the chamber has important effects on the combustion development, in order 529 

to keep the same combustion profile as much as possible, the total trapped mass and fuel 530 

injected were kept constant during the tests. Thus, the intake pressure was reduced along with 531 

the intake temperature to maintain the mass flow. The injection settings were also fine-tuned 532 

to maintain the combustion phasing. Following this methodology the effects of intake 533 

temperature change can be analyzed to check the impact of decreasing heat rejection on 534 

performance and NOx – ISFC trade-off as much isolated as possible from those related to the 535 

combustion changes. As Tintake gap was different at the three operating conditions, these 536 

variations have been normalized to facilitate their comparison, thus the variation per 10 °C are 537 
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shown in the last column of each operating condition. All the percentages refer to the fuel 538 

energy. 539 

Results included in Figure 16 and Table 9 show how despite the slight differences at the three 540 

engine speeds, the general trends are very similar in all the cases. When Tintake decreases 10 °C 541 

both indicated and brake efficiencies improve between 0.11% and 0.19%, the heat rejection 542 

during closed cycle (Qcc) diminishes about -0.3%, total heat rejected to coolant and oil (includes 543 

heat flux in the ports, in the chamber during open cycle and also friction) diminishes about -544 

0.41% to -0.54%, exhaust enthalpy (Hg) gets lower between 0.43% to 0.63%. Regarding 545 

emissions, it is evident how reducing Tintake is a good solution to reduce NOx emissions but 546 

increases CO, while no clear effect was observed in the unburned hydrocarbon (HC). 547 

As a final remark, the present research work confirms the feasibility of the waste heat recovery 548 

concept investigated, based on using the energy available in the exhaust gas to cool the intake 549 

flow by means of a bottoming absorption cycle, to improve the engine thermal efficiency in all 550 

the engine operating conditions from low to high speeds/loads. Additional benefits were also 551 

identified in terms of NOx emissions which are of great interest since its control by after-552 

treatment systems is still challenging. 553 

Table 8. Measured points for the validation 554 

Variables 
2000[rpm]-25[%] 3000[rpm]-25[%] 4000[rpm]-25[%] 

Cold Hot Cold Hot Cold Hot 

Tintake [°C] 28 63 25 69 29 100 

Texhaust [°C] 358 370 394 406 378 410 

ma [g/s] 33.2 33.2 47.5 48.0 74.5 74.2 

mf [g/s] 1.0 1.0 1.4 1.4 1.7 1.7 

Tcool [°C] 86 85 86 86 85 85 

Toil [°C] 91 93 98 99 105 108 

 555 
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 556 

 557 

Figure 16. Energy split at intake temperature sweeps 558 

Table 9. Averaged values 559 

Variables 
2000[rpm]-25[%] 3000[rpm]-25[%] 4000[rpm]-25[%] 

Δ(-10ºC) Δ(-10ºC) Δ(-10ºC) 

Ind. Eff. [%] 0.19 0.19 0.11 

Brake eff. [%] 0.12 0.11 0.12 

Qcc [%] -0.31 -0.28 -0.36 

Ind. Eff./Qcc [%] 40.5 39.5 34.4 

Qcool [%] -0.32 -0.28 -0.37 

Qoil [%] -0.12 -0.13 -0.17 

Qports [%] -0.18 -0.17 -0.25 

Hg [%] 0.43 0.45 0.63 

NOx [ppm] -42 -29 -32 

HC [ppm] 2 4 0 

CO [ppm] 33 59 24 

 560 

5.  CONCLUSIONS 561 

This paper describes the thermodynamic analysis of a single-stage ARC using the solution NH3-562 

H2O used to cool down the intake air of a turbocharged 1.6 l Turbocharged Diesel engine. Both 563 

simulations with the ARC and the engine were performed in parallel, considering independent 564 

systems with little interaction. Optimization and description of main parameters in an ARC were 565 

presented. 566 

The following results have been obtained: 567 
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 The exhaust gases from an ICE was confirmed as a promising power source for ARC. 568 

 There is enough power in the exhaust gases to operate the ARC in all the points of the 569 

engine map. 570 

 ARC should operate between parameters optimized to ensure proper heat rejection to 571 

the ambient. 572 

 A potential benefit in indicated efficiency of almost 4% is theoretically estimated in all 573 

operating conditions. 574 

 From the theoretical analysis, it is clear how most of this benefit comes from the 575 

reduction of the heat rejected through the combustion chamber walls, while additional 576 

positive impact is associated to the increment in engine volumetric efficiency and total 577 

trapped mass into the combustion chamber. 578 

 Experimental results confirm the predicted benefits in indicated efficiency even keeping 579 

constant the total trapped mass into the combustion chamber, so it is evident the key 580 

role of reducing the heat rejection as the main factor explaining the benefits observed 581 

in indicated efficiency. 582 

 Regarding emissions, it is evident how reducing Tintake is a good solution to reduce NOx 583 

emissions but increases CO, while no clear effect was observed in the unburned 584 

hydrocarbon (HC). 585 

This study can be a useful source to show the potential of this particular application. Future work 586 

will focus on the development of an experimental installation to test and confirm the results 587 

obtained from simulations. 588 
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