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Introduction

With emissions and fuel consumption norms and regulations becoming more and more strict, turbocharging is widespread in automotive field. In Diesel engines, turbocharging is a primary technique to supply the engine intake with compressed air. It is used also in gasoline engines mainly for downsizing that is seen as a solution for the new regulations. This technology requires many modifications and developments carried out with studies and tests. There are the waste gate or the variable geometry turbine turbochargers or even two-stage turbochargers for new engines with high efficiency. The use of electrical driven compressors or e-boost components is spreading in new engine development to avoid the problems from the turbine-compressor interaction [START_REF] Hoffmann | Electric Supercharging and Hybridization with 12 V[END_REF].

Turbochargers need to be modeled by automotive manufacturers in commercial software for internal combustion engine simulations. They can be used for engine calibration, ECU, HIL, or to test new architectures. Numerical models did not evolve at the same speed as the technology implemented. They are based on performance maps for the turbine and the compressor, usually given by the supplier. These supplier performance maps are measured at high temperatures. At such high temperatures, thermal transfers must be considered as an important phenomenon among others. The main effect of the thermal transfers is on the calculation of the efficiencies. The turbine and compressor efficiencies are calculated using measured temperatures and pressures and assuming a steady state flow of an ideal gas with a constant specific heat in an adiabatic process. The thermal gradient can be about hundreds of degrees between the exhaust gases on the turbine side and the intake gases on the compressor side. The effect of the thermal transfers for predicting engine performance is presented by Serrano et al. [START_REF] Serrano | Turbocharger heat transfer and mechanical losses influence in predicting engines performance by using one-dimensional simulation codes[END_REF].

Their effect on the compressor efficiency is increased at lower rotational speeds as pointed out by Chesse et al. [START_REF] Chesse | Impact of the heat transfer on the performance calculations of automotive turbocharger compressor[END_REF].

Heat transfer models used in internal combustion engines can be more or less complicated: they can go from three dimensional models to lump masses models. A model is not complex only because of the calculation time and power, but also because of the data required. This data is not always available for the users. A simple model with the minimum complexity and available data is then essential for the turbocharger heat transfer calculation. In the works of Bohn et al. [START_REF] Bohn | Conjugate flow and heat transfer investigation of a turbo charger[END_REF], a three dimensional model quantifies and predicts the heat transfers for different operating points using a Nusselt correlation and shows their effect between the high temperature side turbine and the low temperatures side compressor. A one dimensional lump mass model is developed by Olmeda et al. [START_REF] Olmeda | Determination of heat flows inside turbochargers by means of a one dimensional lumped model[END_REF] where the whole turbocharger is split into different metal nodes. The heat transfers are calculated between every metal element and its adjacent, and between the metal and the fluid. The works of Romagnoli et al. [START_REF] Romagnoli | Heat transfer analysis in a turbocharger turbine: An experimental and computational evaluation[END_REF] present a lump mass model to evaluate the heat transfer in the turbine; it shows that the surface temperature of the compressor and the turbine vary linearly with the exhaust gases temperature and that the temperature of the bearing housing varies consistently with the oil temperature. A lump mass model is presented by Serrano et al. [START_REF] Serrano | Methodology to characterize heat transfer phenomena in small automotive turbochargers: Experiments and modelling based analysis[END_REF] where the turbocharger is divided into five lump masses: the heat transfer is calculated between the different parts, and between these parts and the ambient air. Many parameters are needed in this model and their calibration requires specific tests that are not always available for users. This also makes this model more difficult to apply on different turbochargers. A simpler version of the model of Serrano et al. [START_REF] Serrano | A holistic methodology to correct heat transfer and bearing friction losses from hot turbocharger maps in order to obtain adiabatic efficiency of the turbomachinery[END_REF] is presented to allow creating turbine and compressor adiabatic performance maps using the supplier performance maps. The calculation is done on every operating point of the turbine and the compressor iteratively to find out the outlet temperature. Hypothesis are used to evaluate the pressure ratio and the efficiency of the other part of the turbocharger since it is not possible to find the operating point of the turbine on the turbine map and its corresponding operating point on the compressor map.

To evaluate the heat transfers in turbochargers experimentally, there are different studies. The surface temperature measurement with an infrared camera can be done as in the works of Tanda et al. [START_REF] Tanda | An experimental investigation of internal heat transfer in an automotive turbocharger compressor[END_REF]. The temperature gradient can be evaluated along the turbocharger and the conduction heat transfer can be calculated. Empirical correlations are presented: the first one links the heat transfer to the difference between the oil temperature and the compressor inlet air temperature; the second one uses the central housing and the compressor wall temperatures. The results are satisfactory but the calibration process requires a specific measurement that is not available for all users.

Experimental measurements are presented by Baines et al. [START_REF] Baines | The analysis of heat transfer in automotive turbochargers[END_REF] where different turbochargers are tested with different bearing systems. The environment conditions element are also studied to see their effect on the turbocharger performance. The turbine inlet temperature has an important impact on the turbine performance, and the compressor efficiency depends on the turbine and the oil inlet temperatures. The heat transfers in the turbocharger need to be studied in a global aspect taking into account all the elements. On the turbine side, heat transfers occur mainly before the impeller and in the experimental data of Baines et al. [START_REF] Baines | The analysis of heat transfer in automotive turbochargers[END_REF], the main heat transfer from the turbine is estimated with the environment, and a lower part with the oil and a small remaining amount with the compressor.

The compressor heat transfer model presented by Marelli et al. [START_REF] Marelli | Evaluation of heat transfer effects in small turbochargers by theoretical model and its experimental validation[END_REF] is used to transform the supplier compressor performance map into a quasi-adiabatic map. This model is applied on the compressor only and depends a lot on the oil and water temperatures. This model requires geometrical data not always available for the user.

Serrano et al. [START_REF] Serrano | A study on the internal convection in small turbochargers. Proposal of heat transfer convective coefficients[END_REF] also developed an internal convection heat transfer model applied on a cooled turbocharger; it shows the effect of the oil and coolant temperature on the thermal transfers. These heat transfers are considered mainly at the turbine inlet and the compressor outlet. The effect of the heat transfer on the performance of a turbocharger is presented in the works of Sirakov and Casey [START_REF] Sirakov | Evaluation of Heat Transfer Effects on Turbocharger Performance[END_REF]. A method to transform a turbocharger supplier map into an adiabatic map is detailed. The particularity of this method is the assumption of a constant heat flow for the turbocharger operating points. This hypothesis can be rough: the heat flow should be considered variable with the operating points. Savic et al. [START_REF] Savic | Turbocharger Heat Transfer Determination With a Power-Based Phenomenological Approach and a Conjugate Heat Transfer Validation[END_REF] quantifie the heat transfers in the turbocharger using the power calculation. The comparison between the supplier conditions and the adiabatic data becomes simpler but this approach requires knowing the turbine and compressor effective power for every operating point which is not the case when using SAE supplier maps. The model of Gao et al. [START_REF] Gao | A numerical procedure to model heat transfer in radial turbines for automotive engines[END_REF] is also based on a three dimensional conjugate heat transfer simulation to quantify the external heat transfers on the turbine side: it is noticed that the greatest part of the internal heat transfer in the turbine occurs in the volute. In the approach of Casey et al. [START_REF] Casey | The efficiency of turbocharger compressors with diabatic flows[END_REF], the heat transfer effect is implemented into the calculation with a polytropic transformation assumption instead of an isentropic. There is no need to add a heat transfer model since it is calculated directly in the transformation model but it requires important changes like the supplier maps that need to be calculated using the new approach.

The effect of heat transfer on water cooled turbocharger performance is tested in the works of Cormerais et al. [START_REF] Cormerais | Turbocharger heat transfer modeling under steady and transient conditions[END_REF] and Marelli et al. [18][19]. The water cooling has an important impact on the turbocharger components mass flow rates and efficiencies. Water cooling reduces the heat transfers between the turbine and the compressor and it could be considered as a thermal barrier. A more detailed calculation on Gasoline engine turbochargers heat transfers is presented by Jiaqiang et al. [START_REF] Jiaqiang | Effect analysis on flow and boiling heat transfer performance of cooling water-jacket of bearing in the gasoline engine turbocharger[END_REF] where a CFD calculation shows the influence of the water boiling heat transfer on the thermal transfers in the turbocharger, the void fraction and the temperature field in the water section.

A three masses lumped model is presented by Sanguinetti et al. [START_REF] Sanguinetti | Implementation of heat transfers in turbocharger models in a system simulation context[END_REF] where the heat transfer is quantified in every element between the body of this element and the fluid going inside, the surrounding environment, and the adjacent element or elements. Goumy et al. [START_REF] Goumy | Turbocharger Thermal Transfer Model Initialization: Quasi-Adiabatic Map Calculation[END_REF] continued the work on this model and presented a method to calculate quasiadiabatic maps from supplier maps using the heat transfer model. This paper presents the continuation of the model of Goumy et al. [START_REF] Goumy | Turbocharger Thermal Transfer Model Initialization: Quasi-Adiabatic Map Calculation[END_REF] on water cooled turbochargers. The difference presented in this paper is the separation of the turbine and the compressor heat transfer models. The heat transfer is calculated in the turbine and the compressor separately since the water cooling is considered as a thermal barrier between the two. This method could be very useful for automotive manufacturers when using engine simulation with a turbocharger model based on the supplier maps. In the first part, experimental measurements are presented to show the supplier and adiabatic conditions.

The heat transfer model is presented with the validation of the thermal barrier concept, the friction model used and the central housing constant temperature calculation. In the last part, adiabatic turbine and compressor performance maps are generated using supplier maps and applying the heat transfer model.

Experimental measurements:

The experimental tests are carried on a turbocharger test bench at Centrale Nantes with modifications according to each turbocharger specifications. The main diagram of the test bench is shown in Fig. 1. The detailed presentation of the test bench can be found in the works of Salameh et al. [23][24]. The turbine is fed with compressed air coming from a screw compressor, a filter, a dryer, a pressure regulator and an electric heater to regulate the turbine inlet temperature. An electric valve is used to regulate the turbine mass flow rate and expansion ratio. The air is extracted at the turbine outlet using an extractor fan. and temperature are regulated using a pump and a heater, and so are the water inlet conditions. The different sensors specifications and precision are presented in Table 1.

The turbocharger presented in this study is a small gasoline engine water-cooled turbocharger. Experimental tests were also carried on a non-water cooled small diesel engine turbocharger to see the difference in thermal transfers between the two. On the turbocharger test bench, a first set of measurements is applied on the tested turbochargers to generate a performance map close to the supplier map conditions. It is called "reference" or "Ref" performance map. In these conditions, the turbine inlet temperature is fixed at 500°C or 580°C (maximum temperature possible on the test bench) and the oil inlet temperature is fixed at 90°C; the oil pressure is 3 bars. In the case of the water-cooled turbocharger, the water inlet temperature is 80°C. On the compressor side, the air is sucked at ambient conditions.

The second set of measurements carried on the turbochargers are the "adiabatic" measurements. The "adiabatic" measurements are done to generate turbocharger performance maps with almost zero heat transfer. The turbocharger is insulated to minimize the heat transfers with the surrounding environment, and the average temperature in each component is kept to the minimum. The difference between the average temperatures of the different elements is also kept to a minimum. The lower limit for the temperature is at the turbine outlet to avoid frost. The average temperature equality is presented in equation (1). To control the average temperature in the turbine, compressor and central housing, the inlet temperatures are regulated for air going into the turbine and the compressor and the oil going into the central housing. In the case of the water-cooled turbocharger, the adiabatic measurements are done without water circulating. The temperatures are not very high in the turbine and cooling is not necessary: an important element in the thermal study is excluded to reduce the margin of error. Different adiabatic temperature hypothesis are studied: the average temperature equality in equation ( 1) is chosen; the different hypothesis are presented in details in the PhD thesis of G. Salameh [START_REF] Salameh | experimental characterization of an automotive turbocharger turbine and modeling of its performance maps[END_REF]. 

T T T T T T + + + = = (1) 
A third set of measurements is carried on the water cooled turbocharger with different combinations of water and oil inlet temperatures. With the different temperatures combination (on the water and oil sides), reference conditions from the first set of measurements are applied on the air side in the turbine and compressor. The oil and water temperatures are determined for each measurement. The results are shown in Fig. 5 to Fig. 12.

3 Model calculation

Model description

The thermal transfer model is based on the three lumped masses model by Sanguinetti et al. [START_REF] Sanguinetti | Implementation of heat transfers in turbocharger models in a system simulation context[END_REF]. The turbocharger is divided into three elements: turbine, compressor and central housing. Each element exchanges heat with the fluid going through it, the adjacent element or elements, and the surrounding environment (Fig. 2).

The difference in this model is the representation of the water cooling as a thermal barrier. The compressor and the turbine heat transfer models can be separated and the calculation becomes easier. The turbine heat transfer model can be applied without using the compressor map and vice versa. The heat transfer models can be resumed by Fig. 2 and the equations ( 2) and (3). The lumped mass representing the central housing is supposed at a uniform constant temperature TCH for a steady state operating point. The calculation of the central housing temperature is detailed in section 3.4.

Fig. 2. Water-cooled turbocharger lump mass model ( )
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The heat transfer model is based on the model by Goumy et al. [START_REF] Goumy | Turbocharger Thermal Transfer Model Initialization: Quasi-Adiabatic Map Calculation[END_REF] for non-watercooled turbochargers. The turbine, compressor and central housing temperatures (Tcomp, Tturb and TCH) are the temperatures of the body of each element. In this model, every element is considered as a one point mass with one uniform temperature. The external heat transfers designated by Φcomp,ext and Φturb,ext are the heat transfers between the compressor and turbine bodies and the surrounding environment. The turbine external transfer calculated in equation ( 4) could be divided into two types: convection and radiation. In normal turbocharger operating conditions, only the turbine reaches temperatures high enough to consider radiation. For the compressor external exchange, only convection will be taken into consideration in equation ( 5) and the radiation effect is neglected. The turbine is the more consequent element in terms of external losses as mentioned by Payri et al. [START_REF] Payri | External heat losses in small turbochargers: Model and experiments[END_REF] and the radiation can be neglected for the other parts. The
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The surrounding temperature Text is a constant measured in the test bench. The external convection coefficients hext are constants designated according to the material and the surrounding fluid. The external surface Sext is a geometrical parameter calculated based on the dimensions of the turbocharger as in the works of Goumy et al. [START_REF] Goumy | Turbocharger Thermal Transfer Model Initialization: Quasi-Adiabatic Map Calculation[END_REF]: empirical equations are applied where the external surfaces and the distances are calculated using a characteristic dimension: the impeller outer diameter. It works for the compressor and the turbine.

The heat exchange between the adjacent elements is the conduction calculated in equations ( 6) and ( 7) for the turbine and the compressor respectively. It is defined according to the Fourrier's law as a function of the exchange surface and distance, the ( )
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The exchange between the fluid going into the turbine and the compressor and the body of each element is calculated in equations ( 8) and ( 9) using only convection. The convection coefficient depends on the mass flow rate and has to be calculated for every turbocharger operating point. In the turbine, the convection is considered before the impeller. In the compressor it is considered after the impeller.
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The internal convection coefficient hint is calculated in equation ( 10) as a function of the fluid thermal conductivity λ calculated for air as a function of the pressure and the temperature, the characteristic dimension of the flow Lc considered as the impeller outer diameter for the turbine and the compressor, and the Nusselt number Nu calculated in equation ( 11) using Gnielinski correlation [START_REF] Bergman | Fundamentals of heat and mass transfer[END_REF] valid for smooth tubes over a large Reynolds number range [START_REF] Ma | Experimental investigation of the discharge valve dynamics in a reciprocating compressor for trans-critical CO2 refrigeration cycle[END_REF]. 
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The variable f in the Nusselt equation is a function of the Reynolds number calculated using equation [START_REF] Serrano | A study on the internal convection in small turbochargers. Proposal of heat transfer convective coefficients[END_REF]. The Prandtl and Reynolds numbers are also calculated in equations ( 13) and [START_REF] Savic | Turbocharger Heat Transfer Determination With a Power-Based Phenomenological Approach and a Conjugate Heat Transfer Validation[END_REF]. For air, the cinematic and dynamic viscosities ν and μ are calculated using the temperature and pressure.
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Thermal barrier concept

In the case of the water cooled turbocharger, studies show that water cooling can be considered as a thermal barrier as mentioned by Cormerais et al. [START_REF] Cormerais | Turbocharger heat transfer modeling under steady and transient conditions[END_REF]: the heat transfers between the turbine and the compressor could be reduced and the only heat transfers remaining between the different components are between the turbine and the central housing and between the compressor and the central housing. The effect of the significant water flow rate and specific heat is that the central housing remains at a constant temperature and reduces the heat exchange between the turbine and the compressor. To see the effect of the water-cooling, two sets of experiments are carried. The operating conditions are the same for both sets except one difference: the turbine inlet temperature is 500°C in the first set and 100°C in the second set. For the compressor, oil and water inlet conditions, they are the same for the two sets. The results for the water-cooled turbocharger are showed in Fig. 3. The compressor efficiency is calculated using the inlet and outlet temperatures as shown in equation [START_REF] Marelli | Heat transfer effects on performance map of a turbocharger compressor for automotive application[END_REF]. Fig. 3 shows that, away from the boundary limits, the compressor isentropic efficiency does not mostly change with the turbine inlet temperature variation for the water cooled turbocharger. A non-water-cooled turbocharger is tested to see the effect of the turbine inlet temperature on the compressor efficiency without water cooling. Two series of measurements are carried: a first set of measurements with a turbine inlet temperature at 580°C and a second set of measurements at adiabatic conditions. The adiabatic conditions are presented in section 2: they are used in this part as "cold" measurement conditions to compare with "hot" measurements. The compressor efficiency is plotted in Fig. 4 for the two conditions. It shows that the compressor efficiency is highly affected by the turbine inlet temperature in this case. The heat transfers between the turbine and the compressor have an important impact on their performance. Compared to the results of the watercooled turbocharger in Fig. 3, it can be considered that the water cooling reduces the effect of the turbine inlet temperature on the compressor performance: hereby the heat transfers between the turbine and the compressor could then be neglected. The central housing is considered as one lumped mass at a constant uniform temperature which is a function the oil and water temperatures. This central housing temperature is not the real central housing measured temperature: it is an intermediate value used to calculate the turbine and compressor heat transfers. 

Turbocharger friction model

A part of the heat exchanged in the turbocharger is the heat produced from the friction of the moving parts. In this study, the friction power is converted entirely into heat going to the lubricating oil. The friction power is calculated using the model of Perrot et al. [START_REF] Perrot | Experimental Characterization for Modelling of Turbocharger Friction Losses[END_REF].

In their model, Perrot et al. [START_REF] Perrot | Experimental Characterization for Modelling of Turbocharger Friction Losses[END_REF] calculate the friction power as a function of the oil viscosity and the turbocharger regime as shown in equation [START_REF] Gao | A numerical procedure to model heat transfer in radial turbines for automotive engines[END_REF] where "a" and "b" are calibration coefficients; "a" is a constant determined by the experiments and "b" is calculated as a function of the compressor impeller outer diameter.
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The oil viscosity µ is calculated using the oil inlet temperature Toil,in with the model of M.

Deligant [START_REF] Deligant | Caractérisation Numérique et Expérimentale des Performances d'un Turbocompresseur Automobile aux Bas Régimes de Rotation[END_REF] in equation ( 16). The coefficients "c", "d" and "e" are determined according to the type of oil used.

( )

273.16 d T e T c e µ + - = × (16) 

Central housing temperature calculation

Using the oil inlet temperature and the turbocharger rotational speed, and knowing the type of oil used, the friction dissipated power can be calculated using equation [START_REF] Gao | A numerical procedure to model heat transfer in radial turbines for automotive engines[END_REF]. This friction power being converted into heat going to the oil, and considering that the oil does not exchange heat other than the one coming from the friction power, the oil outlet temperature can be calculated in equation [START_REF] Cormerais | Turbocharger heat transfer modeling under steady and transient conditions[END_REF] knowing the oil mass flow rate and specific heat.
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For the lump mass model, the central housing temperature is calculated using the oil outlet temperature and the cooling water inlet temperature as shown in equation [START_REF] Marelli | Heat Transfer Effect on Performance Map of a Turbocharger Turbine for Automotive Application[END_REF].

Since the water flow rate and specific heat are significant, the central housing is considered at a stabilized thermal point with a constant temperature. The central housing temperature is a representative value of the heat transfers occurring in the central housing. It is not a real temperature because the central housing does not have a uniform temperature in all its regions. The coefficient "k" shown in equation ( 18) is a constant equal to 0.25 and determined using experimental measurements at different oil and water temperatures combinations.
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The data shown in Fig. 5 to Fig. 12 [START_REF] Marelli | Heat Transfer Effect on Performance Map of a Turbocharger Turbine for Automotive Application[END_REF]. When applying the heat transfer model to the reference conditions measurements, the compressor efficiency gets closer to the adiabatic measurements data. The heat transfer model is then working in the right direction. At higher rotational speeds, the gap between the "ref" data and the "adia" data is narrowed due to the decrease in the relative ratio of the heat transfer to the mechanical power exchanged. The model has a better performance on the data at 75°C

for water and 90°C for oil: this set of data is the most important to take into consideration because these conditions are the closest to the reference or real operating conditions.

Turbocharger adiabatic maps generation:

The performance map of a turbocharger given by the supplier is calculated in hot conditions: the turbine inlet temperature is above 600°C, the oil inlet temperature is around 90°C and the water inlet temperature is around 80°C when the turbocharger is water-cooled. The equations used to calculate the compressor and the turbine efficiencies are based on the first law of thermodynamics applied on a steady-state flow of an ideal gas through an adiabatic process in an open system. With the temperature gradients mentioned above, and the turbocharger not being insulated, the process in both the turbine and the compressor is far from adiabatic. It is then necessary to quantify the heat transfers in every element and calculate the correct power and hereby the correct efficiency. The compressor isentropic efficiency is calculated in equation ( 19) using the compressor inlet and outlet temperatures and the isentropic expansion outlet temperature (calculated using the Laplace equation). The turbine supplier efficiency calculated in equation ( 22) is not the turbine isentropic efficiency: it is the ratio of the compressor adiabatic power to the turbine isentropic available power. It is then the product of the turbine isentropic efficiency (equation ( 20)) by the turbocharger mechanical efficiency (equation ( 21)). 
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These equations (( 19) to ( 22)) are correct if the process is adiabatic in both the turbine and the compressor. It is then necessary to reevaluate these efficiencies taking into account the mechanical powers and the heat exchanges. With the water cooling, the heat transfers can be evaluated in the turbine and the compressor separately and the adiabatic performance maps can be generated using the supplier performance map of the studied element (turbine or compressor) without the other.

Compressor adiabatic map generation:

A supplier compressor performance map is measured on a conventional turbocharger test bench with high temperatures at the turbine inlet and also relatively hot water and oil. The data is recorded for thermally stabilized operating points. The compressor heat transfer balance presented in the differential equation ( 3) becomes:
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The enthalpy power calculated using the compressor inlet and outlet temperatures can be calculated using the supplier map data: the compressor inlet temperature, the pressure ratio, the efficiency, the mass flow rate and the specific heat:
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In this case, the enthalpy power is separated from the mechanical power because of the heat transfers that must be taken into consideration:
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The mechanical power is the power produced or consumed due to the moving parts (impeller). In this study, the heat transfers do not take place in the impellers so the mechanical power can be calculated using the impellers inlet and outlet temperatures.

If the heat transfer with the fluid inside the compressor can be modeled after the impeller, another temperature can be calculated: the compressor impeller adiabatic outlet temperature Tout,adia,comp: this temperature is the temperature at the impeller outlet if the heat transfer is applied only after the impeller. The impeller adiabatic outlet temperature can be used to calculate the compressor mechanical consumed power:
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The system of equations ( 5), ( 7), ( 9), ( 23), ( 24), ( 25) and ( 26) can be solved and the results are the compressor body temperature Tcomp, the impeller adiabatic outlet temperature Tout,adia,comp and the compressor internal heat exchange Φcomp-int. The compressor adiabatic efficiency calculated in equation [START_REF] Marelli | Heat transfer effects on performance map of a turbocharger compressor for automotive application[END_REF] in adiabatic conditions can be calculated in this case but when taking into account the heat transfers. The combination of the efficiency definition and the equations ( 23) to [START_REF] Payri | External heat losses in small turbochargers: Model and experiments[END_REF] gives the following equation allowing the calculation of the compressor adiabatic efficiency in non-adiabatic measurement conditions: The results shown in Fig. 13 are three series: the reference map conditions data measured on the hot test bench, the adiabatic conditions experimental data and the points calculated using the reference map and the heat transfer model; the last set is named "model" because of the heat transfer model applied. regime curves for the three different conditions. The curves are set from left to right in the growing rotational speed direction. The reference map data are the dashed lines, the adiabatic data are the light colored lines, and the heat transfer model results are the lines with dots. It can be seen that the heat transfer has a greater effect on the compressor efficiency at lower rotational speeds. The difference is obvious between the reference data and the adiabatic data at lower rotational speeds. At higher rotational speeds, the effect of the heat transfer on the compressor efficiency is reduced. The amount of heat exchanged can increase but its relative ratio to the mechanical power exchanged between the turbine and the compressor is greatly reduced. At high rotational speeds, the curves of the reference and adiabatic data become almost one. The heat transfer is calculated but its amount does not change the compressor efficiency value.
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Turbine adiabatic map generation:

A supplier turbine performance map is measured on a conventional turbocharger test bench with high temperatures at the turbine inlet and also relatively hot water and oil.

The data is recorded for thermally stabilized operating points. The heat transfers are between the body and the following elements: the surrounding environment (radiation and convection), the central housing (conduction) and the internal turbine fluid (convection) as shown in Fig. 2. The differential equation ( 2) becomes:
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On the turbine side, the approach is close from the one applied for the compressor.

Due to water-cooling, the turbine heat transfer model can be applied without taking into account the heat transfers between the turbine and the compressor. However, the compressor map must be used to calculate the mechanical power delivered by the turbine at every operating point since the turbine supplier efficiency is the ratio of the compressor enthalpy power to the turbine isentropic enthalpy power as detailed in equation [START_REF] Goumy | Turbocharger Thermal Transfer Model Initialization: Quasi-Adiabatic Map Calculation[END_REF].

Knowing the values of the turbine inlet air temperature Tin,turb, the surrounding air temperature Text, and the central housing temperature TCH calculated in section 3.4, it is possible to calculate the turbine body temperature Tin,turb using the equations ( 4), ( 6), ( 8) and [START_REF] Ma | Experimental investigation of the discharge valve dynamics in a reciprocating compressor for trans-critical CO2 refrigeration cycle[END_REF]. With the value of the turbine body temperature Tin,turb, the turbine heat fluxes can be calculated and the impeller inlet temperature Tin,imp,turb can be calculated considering that the heat transfers occur only before the impeller:
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The compressor enthalpy power Penth,comp can be calculated using only the turbine supplier map: the turbine efficiency can be used to calculate the compressor enthalpy power in equation [START_REF] Goumy | Turbocharger Thermal Transfer Model Initialization: Quasi-Adiabatic Map Calculation[END_REF]. As for the compressor, the mechanical power is the power produced or consumed due to the moving parts (impeller). In this study, the heat transfers do not take place in the impellers so the mechanical powers can be calculated using the impellers inlet and outlet temperatures. The compressor mechanical power Pmecha,comp can be calculated using equation [START_REF] Salameh | experimental characterization of an automotive turbocharger turbine and modeling of its performance maps[END_REF]. For this, it is necessary to know the compressor enthalpy power Penth,comp and the compressor internal heat exchange Φcomp-int. To know the compressor internal heat transfer, compressor data from the previous section must be plotted in a map: with the turbine characteristics, every operating point is designated and placed in the compressor map to evaluate the compressor internal heat transfer. Another approach can be applied at this step: the compressor internal heat flux can be neglected Φcomp-int in the turbine adiabatic map generation: its influence is not significant on the results. It becomes possible to avoid using the compressor data map for the turbine calculation. The results for the two approaches (with and without compressor internal heat transfer Φcomp-int) are shown in Fig. 14 and Fig. 15 and it confirms the possibility of not taking into account the compressor internal heat transfer in the turbine heat transfer calculations.

There are three series of turbine outlet temperatures: Tout,turb,expe, Tout,turb,model, and Tout,turb,without heat transfer. Tout,turb,expe is the experimental temperature measured at the turbine outlet when operating in "hot" conditions. Tout,turb,model is the turbine outlet temperature calculated using the inlet conditions and the heat transfer model developed in this study: it should match the data from the Tout,turb,expe series. Tout,turb,without heat transfer is the turbine outlet temperature calculated using the inlet conditions and without a heat transfer model applied. The difference between Tout,turb,expe and Tout,turb,without heat transfer shows the importance of a heat transfer model in these conditions.

The friction power Pfriction calculated in equation ( 15) can be added to the compressor mechanical power Pmecha,comp to calculate the turbine mechanical power Pmecha,turb (equation ( 30)). The turbine outlet temperature is then calculated using the turbine mechanical power and the turbine impeller inlet temperature as shown in equation (31). , , mecha turb mecha comp friction As shown in Fig. 14 and Fig. 15, it is possible to neglect the effect of the compressor internal heat flux in the turbine heat transfer calculation. The results from Fig. 15 will be considered as final results.

P P P = + (30) ( ) , , , 
The effect of applying the heat transfer model is obvious and the results show a temperature difference up to 63 K between the experimental data and the data calculated without the heat transfers: this represents a 9.2% difference. The maximum difference between the experimental data in adiabatic conditions and the one calculated with the heat transfer model is 20 K or 2.9%. The Mean Absolute Error (MAE) defined in equation ( 32) is 6 and the coefficient of determination (R 2 ) defined in equation ( 33 
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Once the turbine outlet temperature Tout,turb,model is calculated, it is possible to calculate the turbine isentropic efficiency as in equation [START_REF] Jiaqiang | Effect analysis on flow and boiling heat transfer performance of cooling water-jacket of bearing in the gasoline engine turbocharger[END_REF]. In this case, the values are not adiabatic measurement temperatures but calculated using the heat transfer model; the turbine isentropic efficiency equation becomes:
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The different efficiencies are plotted in Fig. 16. The turbine supplier efficiency is the ratio of the compressor enthalpy difference to the turbine isentropic enthalpy difference as in equation [START_REF] Goumy | Turbocharger Thermal Transfer Model Initialization: Quasi-Adiabatic Map Calculation[END_REF]. The supplier enthalpy ratio is not an efficiency but the ratio of the turbine enthalpy difference to the turbine isentropic enthalpy difference; it is calculated with the same equation (34) but with a turbine outlet temperature calculated without heat transfer. The calculation is shown in equation ( 35). The supplier enthalpy ratio is calculated to show the effect of the heat transfers on the calculation of efficiencies: the equation used to calculate the efficiency with the temperature difference is true for an adiabatic flow so the heat transfers must be evaluated and removed from the enthalpy difference. The turbine isentropic efficiency calculated using the turbine outlet temperature from the heat transfer model (equation ( 34)) is also plotted. The turbocharger mechanical efficiency is calculated using only the turbine performance map: the friction power is evaluated using the model from section 3.3 and the turbine mechanical power is calculated using equation (31). The turbocharger mechanical efficiency is the ratio of the compressor mechanical power to the turbine mechanical power; the compressor mechanical power being the difference between the turbine mechanical power and the friction power. The mechanical efficiency is calculated using equation (36). the compressor. The calculation on each side can be done separately from the other one.

Water-cooling can be considered as a thermal barrier allowing the heat transfers to be separated on the turbine and the compressor sides. The compressor heat exchange is between the compressor and the central housing, the internal flow and the surrounding environment. The turbine heat exchange is also between the turbine and the central housing, the internal flow and the surrounding environment. The radiation is only considered on the turbine side due to high temperatures. The central housing is considered at a uniform constant temperature at stabilized operation points. To separate the calculation on the compressor side and the turbine side, the friction power is calculated based on the oil temperature and the turbocharger regime. The friction power is entirely transferred to the oil in the central housing as heat and the oil outlet temperature is calculated. The central housing temperature is calculated using the oil and water temperatures based on a set of measurements at different conditions.

The heat transfer model applied on a compressor or a turbine performance map generates a new map at adiabatic conditions. The points from the map are measured at stabilized points and different temperature gradients in the turbine, the compressor and the central housing. The heat transfer model on the compressor side generates an efficiency map in adiabatic conditions to correct the supplier efficiency calculated with non-adiabatic data. The effect of the heat transfer on the compressor efficiency is more significant at low rotational speeds and due to its relatively high ratio in the power exchanged. At higher rotational speeds; the heat transfer has a lower effect on the compressor efficiency even though the heat flux increases but the mechanical power exchanged increases much more and makes the heat transfer insignificant. 
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 1 Fig. 1. Turbocharger test bench

  CHexternal convection coefficients are not dependent on the operating point and hereby can be fixed for all the calculation points.

  material conductivity and the temperature difference. The metal conductivity λiron is a constant characteristic of the material. The conduction surface areas Sturb-CH and Scomp-CH and the distances eturb-CH and ecomp-CH are geometrical values determined as a function of the turbocharger dimensions as mentioned above.

Fig. 3 .

 3 Fig. 3. Water cooled turbocharger compressor efficiency performance map: isentropic efficiency vs. corrected mass flow rate; turbine inlet temperature 500°C in red and turbine inlet temperature 100°C in dashed blue lines.

Fig. 4 .

 4 Fig. 4. Non water cooled turbocharger compressor efficiency performance map: isentropic efficiency vs. corrected mass flow rate; turbine inlet temperature 580°C in red and adiabatic measurements in dashed blue lines.

  represents the compressor isentropic efficiency calculated at different water and oil temperatures combinations with the same model calibration for the central housing temperature calculation. The reference conditions ("ref") points are the data measured with hot air going through the turbine and atmospheric air going through the compressor as described in section 2. The oil and water temperatures are different for every set of points. The adiabatic measurements ("adia") are the measurements with controlled turbine and compressor inlet temperatures. The detailed description of the adiabatic measurements is presented in section 2 based on the works of Salameh et al.[24][25]. These measurements are done to calculate the compressor efficiency using the reference measurement conditions and the heat transfer model with the central housing temperature calculation. The "model" results are compared to the adiabatic measurements to validate the calculation of the central housing temperature using equation[START_REF] Marelli | Heat Transfer Effect on Performance Map of a Turbocharger Turbine for Automotive Application[END_REF].
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 5 Fig. 5. Compressor efficiency vs. corrected rotational speed for water inlet temperature 50°C and oil inlet temperature 50°C: reference conditions points, adiabatic experimental points and heat transfer model points. Turbocharger regime range from 80 000 rpm to 100 000 rpm.
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 67 Fig. 6. Compressor efficiency vs. corrected rotational speed for water inlet temperature 50°C and oil inlet temperature 50°C: reference conditions points, adiabatic experimental points and heat transfer model points. Turbocharger regime range from 100 000 rpm to 125 000 rpm.
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 89 Fig. 8. Compressor efficiency vs. corrected rotational speed for water inlet temperature 50°C and oil inlet temperature 70°C: reference conditions points, adiabatic experimental points and heat transfer model points. Turbocharger regime range from 100 000 rpm to 125 000 rpm.

Fig. 10 .Fig. 11 .

 1011 Fig. 10. Compressor efficiency vs. corrected rotational speed for water inlet temperature 75°C and oil inlet temperature 90°C: reference conditions points, adiabatic experimental points and heat transfer model points. Turbocharger regime range from 100 000 rpm to 125 000 rpm.

Fig. 12 .

 12 Fig. 12. Compressor efficiency vs. corrected rotational speed for water inlet temperature 75°C and oil inlet temperature 90°C: reference conditions points, adiabatic experimental points and heat transfer model points. Turbocharger regime range from 150 000 rpm to 180 000 rpm.

Fig. 13 .

 13 Fig. 13. Compressor efficiency curves for different corrected rotational speeds: Reference map conditions, experimental adiabatic conditions and heat transfer model results.
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 1415 Fig. 14. Turbine outlet temperatures with compressor internal heat transfer: Turbine outlet temperature calculated with heat transfer, without heat transfer and experimentally measured turbine outlet temperature

Fig. 16 .

 16 Fig. 16. Turbine efficiencies: supplier turbine efficiency, supplier enthalpy ratio, turbine isentropic efficiency (model), turbine mechanical efficiency (model)
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 5206207218219221022112312231327141516 Fig. 5. Compressor efficiency vs. corrected rotational speed for water inlet temperature
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 1 Characteristics and precision of the sensors used in the experimental study

	Type N	0 -1185 °C	± 0.1°C
		0 -100 mbar	±1.5 mbar
		0 -350 mbar	±5.25 mbar

-) Compressor corrected mass flow rate (kg/s)

  The results are plotted in constant
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On the turbine side, the heat transfer is applied to calculate the turbine impeller inlet temperature considering the heat exchange taking place before the impeller. The turbine mechanical power is calculated using the compressor mechanical power and the friction power. The compressor mechanical power is calculated using the supplier turbine efficiency and the expansion ratio and the compressor heat exchange is neglected in the calculation of the compressor power. The turbine mechanical power is then calculated and so is the turbine outlet temperature. This temperature is compared to the experimental values and to the turbine outlet temperature calculated without heat exchanges. Using the temperatures calculated the turbine efficiencies are plotted: the turbine isentropic (adiabatic) efficiency, the turbocharger mechanical efficiency and the turbine supplier efficiency.

The advantages of this model are its simplicity and the capability of doing the calculation on the compressor and the turbine separately without having to couple the operating points or use the performance map of the other element. In this study, adiabatic efficiency maps are plotted for thermally stabilized steady-state points and the next step could be to implement this model into a software and apply it on transient operating conditions.
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