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Aerodynamic cooling drag, caused by car underhood cooling, can be reduced by better underhood aerothermal management. This study addresses the aerothermal phenomena encountered in the vehicle underhood compartment by physical analysis of the heat transfer modes in complex internal flows. We report here underhood heat flux and temperature measurements on a vehicle in wind tunnel S4 of Saint-Cyr-France using a new experimental method. The underhood is instrumented by 40 surface and air thermocouples and 20 fluxmeters. Measurements are carried out for three thermal functioning points: the engine in operation and the front wheels positioned on the test facility with power-absorption-controlled rollers. The ultimate aim is to reengineer the underhood architecture so as to reduce the cooling air flow rate in the underhood component and hence the aerothermal cooling drag.

1-Introduction

The energy necessary to drive an automobile is essentially produced by fuel combustion in the engine. The gas temperatures at the end of combustion in the front flame are around 1500 -2000 °C. To prevent damage to the cylinder walls by high-temperature gases upon combustion, the engine must be cooled drastically by water circulation in the engine jacket (cooling system). At the same time, mechanical components in the underhood environment must not undergo thermal loads so great that they risk wearing out prematurely. It is thus essential to cool the underhood region by a flow of external air that enters the underhood through its air inlet openings at a specified vehicle speed and is sufficient to cool the components in all areas of the underhood compartment. Thus both underhood cooling and the water cooling system impose losses in the primary-to-mechanical energy conversion.

Consider a 435-hp Porsche 911 GT3 engine and a 215-hp Citroen C6 3.0i V6. For each car the thermal energy lost by heat transfer in the engine compartment is of the same order of the engine power (435-hp and 215-hp respectively). Recovery of 17% of the sum of energy lost in the above two cars would suffice to run a 105-hp Renault Megane II 1.5 DCI passenger car.

In addition, underhood air penetration increases the vehicle's overall aerodynamic drag: the contribution to the overall aerodynamic drag called aerodynamic cooling drag that is tightly correlated with the air flow rate entering the underhood compartment. The aerodynamic cooling drag (car energy consumption) can be reduced by better underhood aerothermal management, i.e. more cooling with less air flow. Understanding the convective and radiative heat transfer is a first step in underhood aerothermal management that lets us avoid overestimating the air flow rate necessary to cool the underhood region, thus reducing the aerodynamic cooling air drag caused by the supplementary entering air.

In automotive development projects, car design is under strict specifications. It must satisfy geometric restrictions induced by styling constraints and must be oriented to highperformance engines and well controlled climate systems. To manage this dual goal, a large number of components must be implemented in small underhoods containing thermal systems (cooling, air conditioning, and air charging) that are already too large and complex to meet additional thermal performance requirements. In addition, noise reduction criteria have augmented the use of insulation around the underhood compartment. These underhood aerothermal specifications give rise to airflows in the confined underhood space that are complex aerothermal phenomena involving internal flow topology, convective heat transfer in interaction with internal flow topology, and radiative heat transfer in conjunction with convective transfer.

Internal flows are flows of fluid in a wall-limited space of a duct or a closed cavity with which the fluid exchanges heat by convection. There is a strong relation between the nature of the fluid and the interior geometry of the flow passage. Fluid flow and heat transfer phenomena in simple internal flows are well understood. However, they become more difficult when one faces complex geometries, for example that encountered in the actual vehicle underhoods described above. In addition the geometries in the underhood compartment are at a large scale compared to those in classical internal flows.

Flows in the vehicle underhood are thus large-scale complex internal flows in which the fluid (air) faces complex geometries and different hot surfaces (components) that themselves exchange heat with the environment by radiation, and complex heat-transfer phenomena (convection and radiation) thus arise in the confined underhood geometry. In addition, convective and radiative heat transfer normally occurs simultaneously in the underhood and measured heat flux densities are global densities (the sum of convective and radiative heat flux densities). To analyze the underhood aerothermal behavior properly, it is indispensable to characterize each phenomenon (convection or radiation) separately. We present here a new method by which measurement of convective heat flux density is separated from that of radiative heat flux density.

Experimental studies [1, 2, 3, and 4] on the understanding of these phenomena are rare and the literature refers instead to numerical simulations [5, 6, and 7]; however, these simulations are not accurate enough to estimate temperatures and heat flux in the underhood. In addition, numerical simulations must be validated experimentally and necessitate experimental boundary conditions [8, 9, 10, 11, and 12].

Here we report temperature and heat flux measurements carried out on a vehicle in a wind tunnel in order to better understand thermal conditions in the underhood. Section 2 describes the underhood instrumentation and test configurations, section 3 analyzes the temperature and heat flux (overall, convective, and radiative) behaviors obtained from the underhood measurements, and section 4 gives our conclusions.

2-Measurements and experimental procedures

The principle of the measurement of convective and radiative heat flux densities is based on the separation of the overall heat flux density into two parts: radiataive and convective fluxes [13 -15]. The idea is to fix on a surface of known emissivity two fluxmeters of different emissivities (black and bright aluminum for example). In this case, the two fluxmeters will measure different overall heat flux densities corresponding of the same convective heat fluxs but different radiative heat fluxes. Then, one can calculate separately, knowing the surface emissivities, the convective and the radiative heat fluxes.

In the following, convective heat flux is considered "positive" if heat is transferred from air to solid surface, and is called negative in the opposite case.

The experimental setup and methods used in this work are detailed in [START_REF] Khaled | Heat Transfer Mode Analysis in Complex Internal Flows[END_REF]; here we present a brief description. Aerothermal experiments were carried out on a vehicle in the wind tunnel of the Saint-Cyr l'Ecole-France for the three thermal functioning points in table 1. The car engine is functioning and the front wheels are positioned on test facility rollers so as to adjust and control their power and rotational speed. For each experimental run (fixed thermal functioning point), data recording (heat flux and temperatures) covers three successive phases: the constant-speed driving, slowdown, and thermal soak phases. The constant-speed driving phase simulates the actual driving of a vehicle; it can be TFP-1, TFP-2, or TFP-3. The slowdown phase is simulated in the wind tunnel by going to the neutral point after the constant-speed driving phase and stopping the wind-tunnel airflow. Thermal soak corresponds to the stopping the vehicle after a high thermal charge.

The underhood of the car used in these experiments is instrumented by type T surface and air thermocouples and 20 normal-gradient fluxmeters. The regions tested are the cold box (side, upstream, and top), air filter, cylinder head cover, inlet and outlet ducts of the charge air cooler (CAC), and the engine side. The normal-gradient fluxmeters are fixed in pairs at 10 components in the underhood compartment. Figure 1 shows a schematic top view of the different components instrumented in the underhood compartment.

3-Results and discussions

3.1-The separation method

We consider (Figure 2 ) corresponds to the first part of the thermal soak phase in which the fan goes to its low rotational speed. In this interval, convection is forced convection; thermal inertia is preserved and no heat is produced (no combustion), so that the air temperature decreases very rapidly relative to the surface temperature (which also decreases) and we observe a decreased positive convective density. At 2 t , the surface and air temperatures are equal and the convective density tends to zero.

After 2 t , the air temperature continues to decrease rapidly and the surface temperature becomes higher, increasing the absolute value of the negative convective heat flux density.

3-the third interval ( 3 t t > ) corresponds to the second part of the thermal soak in which the fan stops completely. In this interval, convection is only natural convection. Therefore, with the components at thermal inertia, the air temperature starts to increase even more rapidly than the surface temperature (no forced air flow to the underhood), and we thus observe a decrease in absolute value of the negative convective heat flux density. At 4 t , the air and surface temperatures become the same and the convective density become zero. After 4 t , the air temperature and surface temperature increase briefly before becoming almost constant, as does the convective density at the end of the thermal soak phase.

None of these thermal behaviors at the cold-box side can be explained from the overall heat flux density alone. Therefore, we must separate the convective and radiative heat flux densities in order to explain thermal behaviors and temperature-flux coupling.

Another feature of our heat flux separation method appears in the comparison between the 0 ϕ at TFP-3. One can consider that the thermal situation on the cold-box side does not differ among the different thermal functioning points; this is not the case, however, when we focus on the separate heat flux densities (convective and radiative) measured for the three different thermal functioning points at the same component (Figure 5b and5c).

We observe that the close overall heat flux densities measured at the three thermal functioning points are the resultant of different convective and radiative heat flux densities. For example, at the end of the constant-speed driving phase, we measure convective heat flux densities Hence the thermal situation on the cold-box side is not the same among the three thermal functioning points. This is the compensation between the convective and radiative heat flux densities (which compose the overall density) that imposes approximately the same overall heat flux density among the three thermal functioning points, especially TFP-2 and TFP-3

3.2-Underhood thermal behaviors

In the constant-speed driving phase and for the three test thermal functioning points, we have seen components that absorb heat by convection. These absorbed convective heat flux densities are the result of the passage of hot air that has extracted heat from components at higher temperatures, i.e. the air filter and the charge air cooler CAC outlet duct. Figure 6 shows the convective heat flux density evolution at the air filter and the charge air cooler outlet duct at TFP-1.

From Figure 6b, we observe that air zones near the air filter and the charge air cooler outlet duct are hotter than the surfaces; this causes convective heat densities to be absorbed at the surfaces of the two components, as shown in Figure 6a. For example, while at the end of the constant-speed driving phase we have temperatures of 0 T and 0 57 . 0 T respectively in the air zones near the air filter and the CAC outlet duct, we measure surface temperatures of 0 76 . 0 T and 0 52 . 0 T . Temperatures are non-dimensionalized with respect to the quasistabilization temperature of the air zone near the air filter (which is the highest temperature among the four temperatures on the graph). Therefore, exterior air entering the underhood to cool the engine compartment by convection does not necessarily cool all the components in the underhood region, because cold surfaces are positioned downstream of hot surfaces (for example, the air filter is downstream of the engine).

In both the constant-speed driving and the thermal soak phases and for the majority of the components tested, it is the convective heat flux density that imposes its trend on the overall heat flux density.

3.3-Temperature and heat flux trends

In the constant-speed driving phase, for the different thermal functioning points, typical exponential tendencies are observed for the temperature evolutions, and exponential tendencies have also been observed for the overall, convective, and radiative heat flux density time evolutions. The temperature evolution in the constant-speed driving phase follows the general exponential form:
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) ( 0 max 0 [START_REF] Weidmann | Experimental and Numerical Investigations of Thermal Soak[END_REF] where max T is the maximum temperature attained at the surface of the component considered and τ is a time constant. max T depends essentially on the component's component and the thermal functioning point and τ depends on the component's inertia.

The typical exponential forms of the overall, convective and radiative heat flux densities at the different components in the constant-speed driving phase follow the trends below:
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ϕ can be either positive or negative, depending on whether the component absorbs heat from or yields heat to its environment, and depend essentially on the component of the element and the thermal functioning point.

Figure 7 compares curves of experimental data and theoretical exponential curves for temperature evolution at the cold-box side wall (Figure 7a) and for convective heat flux density evolution at the charge air cooler inlet duct for TFP-1 in the constant-speed driving phase (Figure 7b). We see here that temperature and convective heat flux density curves fit well with the theoretical exponential curves. For example, at the cold-box side, the mean gap between experimental and theoretical temperature evolution is 0.2°C (0.4%); at the charge air cooler duct, the mean gap between experimental and theoretical convective heat flux density evolution is 41 W/m² (4.3%). Comparisons of these orders of magnitude between theoretical and experimental evolutions are also found for overall and radiative heat flux densities, for all components tested and for all thermal functioning points, confirming the typical exponential tendencies of temperature and heat flux densities in the constant-speed driving phase.

In the thermal soak phase, we observed no typical tendencies in the different test components either for temperature or for heat flux density (overall, convective, or radiative). However, we have observed the presence of peaks and variations in the curves for the heat flux densities and temperatures that are related to changes in the type of convection during the thermal soak phase. In fact, at the beginning of the thermal soak the fan passes to its low rotational speed for few minutes before it stops completely. At the end of thermal soak, all temperatures measured in the underhood tend to the ambient temperature and all the overall heat flux densities tend to zero, both usually because of compensations between convective heat flux density and radiative heat flux density. All these tendencies appear in Figure 8, which shows sample temperature and heat flux density evolutions at the CAC outlet duct in thermal soak for TFP-1.

We see clearly in Figure 8b the changes in the trend of the convective heat flux density related to the fan operation mode. These changes impose changes in the overall heat flux densities, altering the temperature evolutions of Figure 8a. We observe an increase in the convective heat flux density in the first part of the phase due to hot air oriented by the low-speed fan; after the fan stops, convective heat transfer at the CAC outlet duct occurs only by natural convection from the hot surrounding air, which decreases in temperature more rapidly than the CAC outlet duct surface, decreasing the convective heat flux density. We can see that these behaviors of the convective heat flux density at the CAC outlet duct are reproduced in the overall heat flux density evolution: Figure 8b shows that the overall heat flux density also increases in the first part of thermal soak and decreases in the second. In addition, we observe that the tendency to zero at the end of thermal soak of the overall heat flux is induced by compensations between the convective and the radiative heat flux density tendencies shown in Figures 8b.

3.4-Thermal functioning points

Temperature-heat flux coupling

Temperatures and heat flux densities in the underhood vary with thermal functioning points since the engine power and air velocity in the underhood vary with different functioning points. Figure 9 shows dimensionless temperatures (calculated with respect to that in TFP-1) and overall heat flux densities at all the test components for the three different thermal functioning points.

From Figure 9a, we see that TFP-2 is the most thermally charged functioning point and TFP-1 is the least charged. These temperature tendencies can be explained by the overall heat flux tendencies among the different thermal functioning points in Figure 9b at some but not all of the test components. For example, at the cylinder head cover, the overall heat flux density in TFP-2 is positive, while in TFP-1 and TFP-3 they are negative; thus the cylinder head cover in TFP-2 absorbs heat while in TFP-1 and TFP-3 it releases heat. In addition, in TFP-1, the overall heat flux density is higher in absolute value than in TFP-3, and hence in TFP-1 the cylinder head cover releases more heat than in TFP-3. This is why we measure a higher temperature at the cylinder head cover in TFP-2, than in TFP-1 and finally in TFP-3.

However, on the cold-box above the coupling between the overall heat flux densities and temperatures is difficult to deduce. In TFP-2, we measure positive overall heat flux density (Figure 9b), which explains the highest temperature (Figure 9a) with respect to the negative densities measured in TFP-1 and TFP-3, However, between TFP-1 and TFP-3 the analysis is not clear. In fact, in TFP-3 the negative measured overall heat flux density is higher in absolute value than in TFP-1, but the temperature in TFP-1 is smaller. These behaviors are also observed at other components such as the CAC inlet and outlet ducts and the right engine ( )
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For most of the tested components, we observe that convective heat transfer coefficients are highest in TFP-3, than in TFP-1 and finally in TFP-2.

Let us now compare TFP-2 and TFP-3. In TFP-3, air velocities near components are the greatest due to higher velocity speed. In addition, for negative convective heat flux densities, temperature differences are also the greatest in absolute value (since the air temperature is lower). On the other hand, surface temperatures are also higher in TFP-3 (more engine power) than in TFP-2. Then, for all test components in which heat is transferred from component to surrounding air, the two parameters air V and T ∆ increase and p T decreases from TFP-2 to TFP-3. The increases in air velocity and temperature difference dominate the surface temperature decrease, resulting in increased convective heat transfer coefficients from TFP-2 to TFP-3. This explains why convective heat transfer coefficients are higher in TFP-3 than in TFP-2. For components where convective flux are absorbed (i.e. where surface temperature p T is smaller than air temperature a T ), the two parameters T ∆ and p T decrease and air V increases. The air velocity increase is so significant between TFP-2 and TFP-3 that it dominates the decrease in surface temperature and temperature difference, resulting in increased convective heat transfer coefficients from TFP-2 to TFP-3.

For the comparison between TFP-3 and TFP-1, a similar analysis to that for the components in which convective heat flux is released explains why the convection coefficient is higher in TFP-3 than in TFP-1. For components of absorbed convective heat flux, the evolution of the convection coefficient between the two thermal points depends on components. For the absorbed convective flux, air V and p T increase and T ∆ decreases: at the air filter, for example, the increases in air velocity and surface temperature dominate the temperature difference decrease from TFP-1 to TFP-3, resulting in increased convection coefficients in TFP-3 over TFP-1. Unlike the air filter on the cold-box side, the temperature difference is so much smaller in TFP-3 than in TFP-1 that its decrease dominates the air velocity and surface temperature increases, resulting in a decreased convection coefficient from TFP-1 to TFP-3.

Between TFP-1 and TFP-2, air velocities and temperature differences increase and surface temperatures decrease from TFP-2 to TFP-1 for released convective heat flux. For most of the test components, the air velocity and temperature difference increases dominate the surface temperature decrease from TFP-2 to TFP-1, resulting in increased convection coefficients in TFP-1 over TFP-2. For the absorbed convective flux, the convection coefficient evolution between the above two thermal points depends on component. For example, at the air filter, the increases in surface temperature and temperature difference from TFP-1 to TFP-2 dominate the air velocity decrease, resulting in increased convection coefficient in TFP-2 over TFP-1.

To establish the temperature-heat flux coupling, we consider Figure 11 which compares the three thermal functioning points for the mean convective heat transfer coefficient (between the tested components), engine power released in the underhood compartment, and mean temperature of the test components. Consider TFP-3 and TFP-2: the engine power in TFP-3 is higher than in TFP-2, but convective heat transfer coefficients are so much higher that they dominate the engine power increase, resulting in increased temperature in TFP-2 over TFP-3.

Between TFP-1 and TFP-3, the convective heat transfer coefficients are higher in TFP-3 than in TFP-1 and the heat released from the engine is also higher in TFP-3, however the engine power released in the underhood compartment is so much higher in TFP-3 than TFP-1 that it dominates the increase in the convection coefficients in TFP-3, resulting in increased temperature in TFP-3 over TFP-1. Finally, between TFP-1 and TFP-2, the convective heat transfer coefficients in TFP-1 are higher than in TFP-2, but in TFP-2 the heat released by engine in the underhood compartment is so much higher than in TFP-1 that it dominates the increase in convection coefficients in TFP-1, resulting in increased temperature in TFP-2 over TFP-1.

Oscillatory behaviors

In TFP-2 in the constant-speed driving phase, we observed oscillatory behaviors in the evolution of the surface and air temperatures and the overall, convective and radiative heat flux densities. In effect, TFP-2 is not in fact a real thermal configuration with which a car can be confronted, but instead describes situations in which entering air is subjected to some circumstance (driving on an incline, for example) that causes the quantity of air to be insufficient for underhood cooling. This circumstance triggers the fan during constant-speed driving in order to assure additional airflow to that entering because of the movement of the car. The fan is triggered when a characteristic temperature in the underhood reaches some critical value and stops when the temperature is reduced, accounting for the oscillatory behavior in the evolution of the convective density. This convective density oscillatory behavior imposes oscillatory behavior on the surface and air temperatures, which impose oscillatory behavior on the radiative density and then on the overall density. T . In addition, we observe also that the fan trigger penalizes the thermal situation at the cold-box side.

4-Conclusions

Car design in industrial automobile development projects is highly constrained by geometric restrictions induced by styling criteria and by the desire for ever higher-performance engines and better climate-control systems. Satisfying all the constraints requires placing a large number of components in underhood compartments. However, the underhood, already cramped, contains thermal systems (cooling, air conditioning, air charging, and the like) that are so large and complex that they cannot meet additional thermal performance requirements.

These underhood aerothermal specifications give rise to airflows in the confined underhood space that entail complex aerothermal phenomena that involve the topology of internal flows, convective heat transfer in interaction with the internal flow topology, and radiative heat transfer in conjunction with the convective transfer.

In this study the convective and radiative heat fluxes exchanged between the heat sources and different components in an automobile underhood compartment are measured separately by a heat flux separation method. This heat flux database and its physical understanding constitute an essential part of underhood compartment aerothermal design and management. Some first steps in re-engineering of underhood aerothermal management can be the reorientation of air from sufficiently cooled zones to poorly cooled ones and the redistribution of the different air flow rates in the underhood region, the principal aim being always to minimize air inlet openings, and hence car energy consumption, by reducing aerodynamic cooling drag.

It was shown experimentally that the temperature and heat flux densities (overall, convective, and radiative) at the different components in the underhood compartment follow typically exponential tendencies in constant-speed driving, and in the thermal soak phases. It has also been shown that changes of slope in the evolutions of the temperature and heat flux densities are directly related to changes in the convection regime. In both the constant-speed driving and the thermal soak phases and for most of the tested components, it is the convective heat flux density that imposes its tendency on the overall heat flux density.

In addition to the above generic results, a large experimental database on temperature and heat flux densities has been constructed for different thermal functioning points at many components in the underhood compartment. These data can be used for validation of the CFD results for the car underhood compartment thermal predictions.

It should be emphasized that this study reveals that some of the cooling air flowing in the underhood compartment contributes to heating of some components rather than cooling them.

Meanwhile, this cooling air increases also the vehicle aerodynamic drag. New architectures can be suggested by for example placing colder components upstream of hotter ones, or providing sub-compartments for components of close temperatures. Car underhood compartments designed based on these considerations will require less air for keeping the components at reasonable temperatures. This reduction in the cooling air will reduce the vehicle cooling drag and therefore, reduces car energy consumption. It also satisfies the styling requirements that insist on smaller front air openings for cars.

Table and Figure captions

Table 1: Parameters defining the three tested thermal functioning points. 
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  Heat flux density at end of constant-speed driving phase, Convective heat flux density at end of constant-speed driving phase, Radiative heat flux density at end of constant-speed driving phase,

  ) the evolution of the heat flux densities measured by the two fluxmeters (black and aluminum) at the side wall of the cold box for TFP-3, and observe that the two fluxmeters do not measure the same overall heat flux density in the constant-speed and thermal soak phases. Heat flux densities are non-dimensionalized by the heat flux density measured by the black fluxmeter at the beginning of the experimental run. For example, at the end of the constant-speed driving phase, we have an overall heat flux density of 0 13 . 0 ϕ measured by the black fluxmeter and about the end of thermal soak, we find overall heat flux densities of fluxmeter. Using these differences in the overall heat flux density measurements by the two fluxmeters, we can separate the convective heat flux density from the radiative density.
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 313010 Figure3shows the evolution of the overall, convective and radiative heat flux densities

  three thermal functioning points. Consider the evolution of the overall heat flux density at the cold box side for the three thermal functioning points tested as shown on Figure5-a. At the end of the constant-speed driving phase, the overall heat flux densities for the three thermal functioning points are very close. For example, we measure an overall heat flux density of
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  are respectively the global, convective and radiative heat flux densities at each component at the start of constant-speed driving, max overall, convective and radiative heat flux density (quasi-stabilized heat flux densities) and ∞ ϕ , ∞ , c ϕ and ∞ , r ϕ are respectively the overall, convective and radiative heat flux densities at the end of constant-speed driving. 0

  elastomer. The difficulties in analyzing the overall heat flux density -temperature arise because: -convection in the underhood region in the constant-speed driving phase is mixed convection and the different overall heat flux densities are not exchanged at the same temperatures -the measured overall heat flux densities are measured at the component's surface, and are not the only heat flux densities affecting the surface temperature of the component Therefore, we must appeal to heat flux separation (convective and radiative) of the overall heat flux densities in order to establish a typical coupling between heat flux density and temperature between the different thermal functioning points. By measuring the convective heat flux densities separately at the surface of the different components and calculating the convective heat transfer coefficient with respect to a fluid reference temperature of zero: histogram in Figure 10 of the dimensionless convective heat transfer coefficients (calculated with respect to TFP-1 coefficients) at the different components for the three thermal functioning points. In fact, since in the underhood compartment the air temperature varies from one point to another, the choice of a T for obtaining h from the equation equation. This new definition of the reference temperature makes h dependent of p T , air V and T ∆ :
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 12 Figure12shows non-dimensional temperature and convective heat flux evolution at the cold
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 12 Figure 1: Schematic top view of the underhood instrumented positions.Figure 2: Time evolution of overall heat flux densities measured by the two fluxmeters at the cold box side wall for TFP-3.Figure 3: Time evolution of the overall, convective and radiative heat flux densities at the cold box side wall in TFP-3.Figure 4: Time evolution of (a) temperature and (b) convective heat flux density at the cold box side region in TFP-3.Figure 5: Time evolution at the cold box side wall for the three thermal functioning points of the: (a) overall heat flux density; (b) convective heat flux density; (c) radiative heat flux density.Figure 6: Time evolution at air filter and charge air cooler outlet ducts in the constant-speed driving phase for TFP-1: (a) convective heat flux densities; (b) surface and air temperatures.Figure 7: Experimental and theoretical evolution of temperature and convective heat flux density for TFP-1 in constant-speed driving phase for both cold box side wall and CAC inlet duct. Figure 8: Time evolution of (a) temperature, (b) heat flux densities at the CAC outlet duct in thermal soak phase in TFP-1. The vertical lines correspond to the transition between the forced and natural convection parts of the thermal soak.Figure 9: Dimensionless: (a) temperatures (b) overall heat flux density at all tested components for the three thermal functioning points.Figure 10: Dimensionless convective heat transfer coefficients at different components for the three tested thermal functioning points.Figure 11: Parameter evolution among the three thermal functioning points.Figure 12: Surface temperature and convective heat flux oscillatory behaviors at the cold box side wall in TFP-2.
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 3 Figure 1: Schematic top view of the underhood instrumented positions.Figure 2: Time evolution of overall heat flux densities measured by the two fluxmeters at the cold box side wall for TFP-3.Figure 3: Time evolution of the overall, convective and radiative heat flux densities at the cold box side wall in TFP-3.Figure 4: Time evolution of (a) temperature and (b) convective heat flux density at the cold box side region in TFP-3.Figure 5: Time evolution at the cold box side wall for the three thermal functioning points of the: (a) overall heat flux density; (b) convective heat flux density; (c) radiative heat flux density.Figure 6: Time evolution at air filter and charge air cooler outlet ducts in the constant-speed driving phase for TFP-1: (a) convective heat flux densities; (b) surface and air temperatures.Figure 7: Experimental and theoretical evolution of temperature and convective heat flux density for TFP-1 in constant-speed driving phase for both cold box side wall and CAC inlet duct. Figure 8: Time evolution of (a) temperature, (b) heat flux densities at the CAC outlet duct in thermal soak phase in TFP-1. The vertical lines correspond to the transition between the forced and natural convection parts of the thermal soak.Figure 9: Dimensionless: (a) temperatures (b) overall heat flux density at all tested components for the three thermal functioning points.Figure 10: Dimensionless convective heat transfer coefficients at different components for the three tested thermal functioning points.Figure 11: Parameter evolution among the three thermal functioning points.Figure 12: Surface temperature and convective heat flux oscillatory behaviors at the cold box side wall in TFP-2.
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 4 Figure 1: Schematic top view of the underhood instrumented positions.Figure 2: Time evolution of overall heat flux densities measured by the two fluxmeters at the cold box side wall for TFP-3.Figure 3: Time evolution of the overall, convective and radiative heat flux densities at the cold box side wall in TFP-3.Figure 4: Time evolution of (a) temperature and (b) convective heat flux density at the cold box side region in TFP-3.Figure 5: Time evolution at the cold box side wall for the three thermal functioning points of the: (a) overall heat flux density; (b) convective heat flux density; (c) radiative heat flux density.Figure 6: Time evolution at air filter and charge air cooler outlet ducts in the constant-speed driving phase for TFP-1: (a) convective heat flux densities; (b) surface and air temperatures.Figure 7: Experimental and theoretical evolution of temperature and convective heat flux density for TFP-1 in constant-speed driving phase for both cold box side wall and CAC inlet duct. Figure 8: Time evolution of (a) temperature, (b) heat flux densities at the CAC outlet duct in thermal soak phase in TFP-1. The vertical lines correspond to the transition between the forced and natural convection parts of the thermal soak.Figure 9: Dimensionless: (a) temperatures (b) overall heat flux density at all tested components for the three thermal functioning points.Figure 10: Dimensionless convective heat transfer coefficients at different components for the three tested thermal functioning points.Figure 11: Parameter evolution among the three thermal functioning points.Figure 12: Surface temperature and convective heat flux oscillatory behaviors at the cold box side wall in TFP-2.
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 56 Figure 1: Schematic top view of the underhood instrumented positions.Figure 2: Time evolution of overall heat flux densities measured by the two fluxmeters at the cold box side wall for TFP-3.Figure 3: Time evolution of the overall, convective and radiative heat flux densities at the cold box side wall in TFP-3.Figure 4: Time evolution of (a) temperature and (b) convective heat flux density at the cold box side region in TFP-3.Figure 5: Time evolution at the cold box side wall for the three thermal functioning points of the: (a) overall heat flux density; (b) convective heat flux density; (c) radiative heat flux density.Figure 6: Time evolution at air filter and charge air cooler outlet ducts in the constant-speed driving phase for TFP-1: (a) convective heat flux densities; (b) surface and air temperatures.Figure 7: Experimental and theoretical evolution of temperature and convective heat flux density for TFP-1 in constant-speed driving phase for both cold box side wall and CAC inlet duct. Figure 8: Time evolution of (a) temperature, (b) heat flux densities at the CAC outlet duct in thermal soak phase in TFP-1. The vertical lines correspond to the transition between the forced and natural convection parts of the thermal soak.Figure 9: Dimensionless: (a) temperatures (b) overall heat flux density at all tested components for the three thermal functioning points.Figure 10: Dimensionless convective heat transfer coefficients at different components for the three tested thermal functioning points.Figure 11: Parameter evolution among the three thermal functioning points.Figure 12: Surface temperature and convective heat flux oscillatory behaviors at the cold box side wall in TFP-2.
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 78 Figure 1: Schematic top view of the underhood instrumented positions.Figure 2: Time evolution of overall heat flux densities measured by the two fluxmeters at the cold box side wall for TFP-3.Figure 3: Time evolution of the overall, convective and radiative heat flux densities at the cold box side wall in TFP-3.Figure 4: Time evolution of (a) temperature and (b) convective heat flux density at the cold box side region in TFP-3.Figure 5: Time evolution at the cold box side wall for the three thermal functioning points of the: (a) overall heat flux density; (b) convective heat flux density; (c) radiative heat flux density.Figure 6: Time evolution at air filter and charge air cooler outlet ducts in the constant-speed driving phase for TFP-1: (a) convective heat flux densities; (b) surface and air temperatures.Figure 7: Experimental and theoretical evolution of temperature and convective heat flux density for TFP-1 in constant-speed driving phase for both cold box side wall and CAC inlet duct. Figure 8: Time evolution of (a) temperature, (b) heat flux densities at the CAC outlet duct in thermal soak phase in TFP-1. The vertical lines correspond to the transition between the forced and natural convection parts of the thermal soak.Figure 9: Dimensionless: (a) temperatures (b) overall heat flux density at all tested components for the three thermal functioning points.Figure 10: Dimensionless convective heat transfer coefficients at different components for the three tested thermal functioning points.Figure 11: Parameter evolution among the three thermal functioning points.Figure 12: Surface temperature and convective heat flux oscillatory behaviors at the cold box side wall in TFP-2.
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 9 Figure 1: Schematic top view of the underhood instrumented positions.Figure 2: Time evolution of overall heat flux densities measured by the two fluxmeters at the cold box side wall for TFP-3.Figure 3: Time evolution of the overall, convective and radiative heat flux densities at the cold box side wall in TFP-3.Figure 4: Time evolution of (a) temperature and (b) convective heat flux density at the cold box side region in TFP-3.Figure 5: Time evolution at the cold box side wall for the three thermal functioning points of the: (a) overall heat flux density; (b) convective heat flux density; (c) radiative heat flux density.Figure 6: Time evolution at air filter and charge air cooler outlet ducts in the constant-speed driving phase for TFP-1: (a) convective heat flux densities; (b) surface and air temperatures.Figure 7: Experimental and theoretical evolution of temperature and convective heat flux density for TFP-1 in constant-speed driving phase for both cold box side wall and CAC inlet duct. Figure 8: Time evolution of (a) temperature, (b) heat flux densities at the CAC outlet duct in thermal soak phase in TFP-1. The vertical lines correspond to the transition between the forced and natural convection parts of the thermal soak.Figure 9: Dimensionless: (a) temperatures (b) overall heat flux density at all tested components for the three thermal functioning points.Figure 10: Dimensionless convective heat transfer coefficients at different components for the three tested thermal functioning points.Figure 11: Parameter evolution among the three thermal functioning points.Figure 12: Surface temperature and convective heat flux oscillatory behaviors at the cold box side wall in TFP-2.
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 10 Figure 1: Schematic top view of the underhood instrumented positions.Figure 2: Time evolution of overall heat flux densities measured by the two fluxmeters at the cold box side wall for TFP-3.Figure 3: Time evolution of the overall, convective and radiative heat flux densities at the cold box side wall in TFP-3.Figure 4: Time evolution of (a) temperature and (b) convective heat flux density at the cold box side region in TFP-3.Figure 5: Time evolution at the cold box side wall for the three thermal functioning points of the: (a) overall heat flux density; (b) convective heat flux density; (c) radiative heat flux density.Figure 6: Time evolution at air filter and charge air cooler outlet ducts in the constant-speed driving phase for TFP-1: (a) convective heat flux densities; (b) surface and air temperatures.Figure 7: Experimental and theoretical evolution of temperature and convective heat flux density for TFP-1 in constant-speed driving phase for both cold box side wall and CAC inlet duct. Figure 8: Time evolution of (a) temperature, (b) heat flux densities at the CAC outlet duct in thermal soak phase in TFP-1. The vertical lines correspond to the transition between the forced and natural convection parts of the thermal soak.Figure 9: Dimensionless: (a) temperatures (b) overall heat flux density at all tested components for the three thermal functioning points.Figure 10: Dimensionless convective heat transfer coefficients at different components for the three tested thermal functioning points.Figure 11: Parameter evolution among the three thermal functioning points.Figure 12: Surface temperature and convective heat flux oscillatory behaviors at the cold box side wall in TFP-2.
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 11 Figure 1: Schematic top view of the underhood instrumented positions.Figure 2: Time evolution of overall heat flux densities measured by the two fluxmeters at the cold box side wall for TFP-3.Figure 3: Time evolution of the overall, convective and radiative heat flux densities at the cold box side wall in TFP-3.Figure 4: Time evolution of (a) temperature and (b) convective heat flux density at the cold box side region in TFP-3.Figure 5: Time evolution at the cold box side wall for the three thermal functioning points of the: (a) overall heat flux density; (b) convective heat flux density; (c) radiative heat flux density.Figure 6: Time evolution at air filter and charge air cooler outlet ducts in the constant-speed driving phase for TFP-1: (a) convective heat flux densities; (b) surface and air temperatures.Figure 7: Experimental and theoretical evolution of temperature and convective heat flux density for TFP-1 in constant-speed driving phase for both cold box side wall and CAC inlet duct. Figure 8: Time evolution of (a) temperature, (b) heat flux densities at the CAC outlet duct in thermal soak phase in TFP-1. The vertical lines correspond to the transition between the forced and natural convection parts of the thermal soak.Figure 9: Dimensionless: (a) temperatures (b) overall heat flux density at all tested components for the three thermal functioning points.Figure 10: Dimensionless convective heat transfer coefficients at different components for the three tested thermal functioning points.Figure 11: Parameter evolution among the three thermal functioning points.Figure 12: Surface temperature and convective heat flux oscillatory behaviors at the cold box side wall in TFP-2.
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 12 Figure 1: Schematic top view of the underhood instrumented positions.Figure 2: Time evolution of overall heat flux densities measured by the two fluxmeters at the cold box side wall for TFP-3.Figure 3: Time evolution of the overall, convective and radiative heat flux densities at the cold box side wall in TFP-3.Figure 4: Time evolution of (a) temperature and (b) convective heat flux density at the cold box side region in TFP-3.Figure 5: Time evolution at the cold box side wall for the three thermal functioning points of the: (a) overall heat flux density; (b) convective heat flux density; (c) radiative heat flux density.Figure 6: Time evolution at air filter and charge air cooler outlet ducts in the constant-speed driving phase for TFP-1: (a) convective heat flux densities; (b) surface and air temperatures.Figure 7: Experimental and theoretical evolution of temperature and convective heat flux density for TFP-1 in constant-speed driving phase for both cold box side wall and CAC inlet duct. Figure 8: Time evolution of (a) temperature, (b) heat flux densities at the CAC outlet duct in thermal soak phase in TFP-1. The vertical lines correspond to the transition between the forced and natural convection parts of the thermal soak.Figure 9: Dimensionless: (a) temperatures (b) overall heat flux density at all tested components for the three thermal functioning points.Figure 10: Dimensionless convective heat transfer coefficients at different components for the three tested thermal functioning points.Figure 11: Parameter evolution among the three thermal functioning points.Figure 12: Surface temperature and convective heat flux oscillatory behaviors at the cold box side wall in TFP-2.
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 12345 Figure 1: Schematic top view of the underhood instrumented positions.
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 6 Figure 6: Time evolution at air filter and charge air cooler outlet ducts in the constant-speed driving phase for TFP-1: (a) convective heat flux densities; (b) surface and air temperatures.
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 8 Figure 8: Time evolution of (a) temperature, (b) heat flux densities at the CAC outlet duct in thermal soak phase in TFP-1. The vertical lines correspond to the transition between the forced and natural convection parts of the thermal soak.
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 9 Figure 9: Dimensionless: (a) temperatures (b) overall heat flux density at all tested components for the three thermal functioning points.
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 101112 Figure 10: Dimensionless convective heat transfer coefficients at different components for the three tested thermal functioning points.

Table 1 :

 1 Parameters defining the three tested thermal functioning points.

		W V		wind V		P	R	n			
		. -h Km	1	. -h Km	1	KW	-	tr	.	min	-	1
	TFP-1	90		90		69	5	2600	
	TFP-2	110		55		89	4	3800	
	TFP-3	130		130		98	5	3780	

Cold box Engine Engine side Charge air cooler Inlet duct Outlet duct Exterior airflow Instrumentation (fluxmeters + thermocouples) Air filter Cylinder head cover Cold box Engine Engine side Charge air cooler Inlet duct Outlet duct Exterior airflow Instrumentation (fluxmeters + thermocouples)

  

Cold box side CAC inlet duct