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ABSTRACT 15 

Water cooled turbochargers used in gasoline engines present a difficulty in studies due to 16 

heat transfers in both the turbine and the compressor. Data available for users is usually 17 

measured in stable operating conditions with high temperature gradients on the turbine 18 

side which affects the compressor and the whole turbocharger. The heat transfers 19 

between the different elements are not quantified. Heat transfer models are necessary to 20 

quantify the amount of heat exchanged with an element and calculate then the real 21 

amount of work produced or consumed. A lumped mass heat transfer model is presented 22 

in this paper where every element of the turbocharger is considered as a thermal mass. 23 

Three main elements are represented: the turbine, the compressor and the central 24 

housing. The heat transfer model is then used to generate compressor and turbine quasi-25 

adiabatic maps using supplier maps and geometrical data without more complicated 26 

tests. An experimental campaign is conducted to validate the model and show the effect of 27 

the water cooling on the thermal transfer between the turbocharger elements. In this 28 

model, the compressor and the turbine are treated separately and the water cooling is 29 

considered as a thermal barrier between the two. No coupling between the compressor 30 

and the turbine heat transfer models is needed which simplifies the calculation compared 31 

to other models.  32 

KEYWORDS:   33 

Turbocharging; centrifugal compressor; radial turbine; heat transfer; water cooling; 34 

adiabatic. 35 
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1 Introduction 36 

With emissions and fuel consumption norms and regulations becoming more and 37 

more strict, turbocharging is widespread in automotive field. In Diesel engines, 38 

turbocharging is a primary technique to supply the engine intake with compressed air.  It 39 

is used also in gasoline engines mainly for downsizing that is seen as a solution for the 40 

new regulations. This technology requires many modifications and developments carried 41 

out with studies and tests. There are the waste gate or the variable geometry turbine 42 

turbochargers or even two-stage turbochargers for new engines with high efficiency. The 43 

use of electrical driven compressors or e-boost components is spreading in new engine 44 

development to avoid the problems from the turbine-compressor interaction [1].  45 

Turbochargers need to be modeled by automotive manufacturers in commercial 46 

software for internal combustion engine simulations. They can be used for engine 47 

calibration, ECU, HIL, or to test new architectures. Numerical models did not evolve at 48 

the same speed as the technology implemented. They are based on performance maps for 49 

the turbine and the compressor, usually given by the supplier. These supplier 50 

performance maps are measured at high temperatures. At such high temperatures, thermal 51 

transfers must be considered as an important phenomenon among others. The main effect 52 

of the thermal transfers is on the calculation of the efficiencies. The turbine and 53 

compressor efficiencies are calculated using measured temperatures and pressures and 54 

assuming a steady state flow of an ideal gas with a constant specific heat in an adiabatic 55 

process. The thermal gradient can be about hundreds of degrees between the exhaust 56 

gases on the turbine side and the intake gases on the compressor side. The effect of the 57 
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thermal transfers for predicting engine performance is presented by Serrano et al. [2]. 58 

Their effect on the compressor efficiency is increased at lower rotational speeds as 59 

pointed out by Chesse et al. [3].  60 

Heat transfer models used in internal combustion engines can be more or less 61 

complicated: they can go from three dimensional models to lump masses models. A 62 

model is not complex only because of the calculation time and power, but also because of 63 

the data required. This data is not always available for the users. A simple model with the 64 

minimum complexity and available data is then essential for the turbocharger heat 65 

transfer calculation. In the works of Bohn et al. [4], a three dimensional model quantifies 66 

and predicts the heat transfers for different operating points using a Nusselt correlation 67 

and shows their effect between the high temperature side turbine and the low 68 

temperatures side compressor. A one dimensional lump mass model is developed by 69 

Olmeda et al. [5] where the whole turbocharger is split into different metal nodes. The 70 

heat transfers are calculated between every metal element and its adjacent, and between 71 

the metal and the fluid. The works of Romagnoli et al. [6] present a lump mass model to 72 

evaluate the heat transfer in the turbine; it shows that the surface temperature of the 73 

compressor and the turbine vary linearly with the exhaust gases temperature and that the 74 

temperature of the bearing housing varies consistently with the oil temperature. A lump 75 

mass model is presented by Serrano et al. [7] where the turbocharger is divided into five 76 

lump masses: the heat transfer is calculated between the different parts, and between 77 

these parts and the ambient air. Many parameters are needed in this model and their 78 

calibration requires specific tests that are not always available for users. This also makes 79 

this model more difficult to apply on different turbochargers. A simpler version of the 80 
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model of Serrano et al. [8] is presented to allow creating turbine and compressor adiabatic 81 

performance maps using the supplier performance maps. The calculation is done on every 82 

operating point of the turbine and the compressor iteratively to find out the outlet 83 

temperature. Hypothesis are used to evaluate the pressure ratio and the efficiency of the 84 

other part of the turbocharger since it is not possible to find the operating point of the 85 

turbine on the turbine map and its corresponding operating point on the compressor map.  86 

To evaluate the heat transfers in turbochargers experimentally, there are different 87 

studies. The surface temperature measurement with an infrared camera can be done as in 88 

the works of Tanda et al. [9]. The temperature gradient can be evaluated along the 89 

turbocharger and the conduction heat transfer can be calculated. Empirical correlations 90 

are presented: the first one links the heat transfer to the difference between the oil 91 

temperature and the compressor inlet air temperature; the second one uses the central 92 

housing and the compressor wall temperatures. The results are satisfactory but the 93 

calibration process requires a specific measurement that is not available for all users. 94 

Experimental measurements are presented by Baines et al. [10] where different 95 

turbochargers are tested with different bearing systems. The environment conditions 96 

element are also studied to see their effect on the turbocharger performance. The turbine 97 

inlet temperature has an important impact on the turbine performance, and the 98 

compressor efficiency depends on the turbine and the oil inlet temperatures. The heat 99 

transfers in the turbocharger need to be studied in a global aspect taking into account all 100 

the elements. On the turbine side, heat transfers occur mainly before the impeller and in 101 

the experimental data of Baines et al. [10], the main heat transfer from the turbine is 102 
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estimated with the environment, and a lower part with the oil and a small remaining 103 

amount with the compressor.  104 

The compressor heat transfer model presented by Marelli et al. [11] is used to 105 

transform the supplier compressor performance map into a quasi-adiabatic map. This 106 

model is applied on the compressor only and depends a lot on the oil and water 107 

temperatures. This model requires geometrical data not always available for the user. 108 

Serrano et al. [12] also developed an internal convection heat transfer model applied on a 109 

cooled turbocharger; it shows the effect of the oil and coolant temperature on the thermal 110 

transfers. These heat transfers are considered mainly at the turbine inlet and the 111 

compressor outlet. The effect of the heat transfer on the performance of a turbocharger is 112 

presented in the works of Sirakov and Casey [13]. A method to transform a turbocharger 113 

supplier map into an adiabatic map is detailed. The particularity of this method is the 114 

assumption of a constant heat flow for the turbocharger operating points. This hypothesis 115 

can be rough: the heat flow should be considered variable with the operating points. Savic 116 

et al. [14] quantifie the heat transfers in the turbocharger using the power calculation. The 117 

comparison between the supplier conditions and the adiabatic data becomes simpler but 118 

this approach requires knowing the turbine and compressor effective power for every 119 

operating point which is not the case when using SAE supplier maps. The model of Gao 120 

et al. [15] is also based on a three dimensional conjugate heat transfer simulation to 121 

quantify the external heat transfers on the turbine side: it is noticed that the greatest part 122 

of the internal heat transfer in the turbine occurs in the volute. In the approach of Casey et 123 

al. [16], the heat transfer effect is implemented into the calculation with a polytropic 124 

transformation assumption instead of an isentropic. There is no need to add a heat transfer 125 
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model since it is calculated directly in the transformation model but it requires important 126 

changes like the supplier maps that need to be calculated using the new approach.  127 

The effect of heat transfer on water cooled turbocharger performance is tested in the 128 

works of Cormerais et al. [17] and Marelli et al. [18][19]. The water cooling has an 129 

important impact on the turbocharger components mass flow rates and efficiencies. Water 130 

cooling reduces the heat transfers between the turbine and the compressor and it could be 131 

considered as a thermal barrier. A more detailed calculation on Gasoline engine 132 

turbochargers heat transfers is presented by Jiaqiang et al. [20] where a CFD calculation 133 

shows the influence of the water boiling heat transfer on the thermal transfers in the 134 

turbocharger, the void fraction and the temperature field in the water section. 135 

 A three masses lumped model is presented by Sanguinetti et al. [21] where the heat 136 

transfer is quantified in every element between the body of this element and the fluid 137 

going inside, the surrounding environment, and the adjacent element or elements. Goumy 138 

et al. [22] continued the work on this model and presented a method to calculate quasi-139 

adiabatic maps from supplier maps using the heat transfer model. This paper presents the 140 

continuation of the model of Goumy et al. [22] on water cooled turbochargers. The 141 

difference presented in this paper is the separation of the turbine and the compressor heat 142 

transfer models. The heat transfer is calculated in the turbine and the compressor 143 

separately since the water cooling is considered as a thermal barrier between the two. 144 

This method could be very useful for automotive manufacturers when using engine 145 

simulation with a turbocharger model based on the supplier maps. In the first part, 146 

experimental measurements are presented to show the supplier and adiabatic conditions. 147 

The heat transfer model is presented with the validation of the thermal barrier concept, 148 
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the friction model used and the central housing constant temperature calculation. In the 149 

last part, adiabatic turbine and compressor performance maps are generated using 150 

supplier maps and applying the heat transfer model. 151 

2 Experimental measurements: 152 

The experimental tests are carried on a turbocharger test bench at Centrale Nantes 153 

with modifications according to each turbocharger specifications. The main diagram of 154 

the test bench is shown in Fig. 1. The detailed presentation of the test bench can be found 155 

in the works of Salameh et al. [23][24]. The turbine is fed with compressed air coming 156 

from a screw compressor, a filter, a dryer, a pressure regulator and an electric heater to 157 

regulate the turbine inlet temperature. An electric valve is used to regulate the turbine 158 

mass flow rate and expansion ratio. The air is extracted at the turbine outlet using an 159 

extractor fan. 160 
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 161 

Fig. 1. Turbocharger test bench 162 

On the compressor side, ambient air is filtered and then goes through a mass flow 163 

rate sensor and into the compressor inlet. An electric valve at the compressor outlet 164 

controls the pressure at the compressor outlet and hereby the compressor mass flow rate 165 

and the turbocharger rotational speed. The compressor exhaust is rejected to the outside 166 

with an extractor fan. Pressure and temperature sensors are installed at the compressor 167 

inlet and outlet.  168 

Sensor Type Range Precision 

Temperature 

Type T -185 – 300 °C ± 0.1°C 

Type N 0 – 1185 °C ± 0.1°C 

 

 

 0 – 100 mbar ±1.5 mbar 

0 – 350 mbar ±5.25 mbar 
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Pressure 

Air: First sensor HMA 
0 – 2500 mbar ±30 mbar 

0 – 5000 mbar ±75 mbar 

Atmospheric pressure: first 

sensor HMA BARO 

800 – 1100 

mbar 

±10 mbar 

Oil pressure : First sensor 

CTU 

0 – 5000 mbar ±0.02% per °C 

(from -20°C) 

Rotor regime sensor Picoturn inductive sensor 0 – 300 000 rpm ± 200 rpm 

Mass flow rate 

Air: Krohne optiswirl 50 – 550 kg.h-1 ±1.5% 

Oil : Bamo micro stream 0.5 – 50 l.h-1 ±2% 

Table 1. Characteristics and precision of the sensors used in the experimental study 169 

Two types of temperature sensors are used according to the measured values. The 170 

pressure sensors are different according to the measurement range. The central housing is 171 

equipped with sensors for the lubricating oil and the cooling water. The oil inlet pressure 172 

and temperature are regulated using a pump and a heater, and so are the water inlet 173 

conditions. The different sensors specifications and precision are presented in Table 1. 174 

The turbocharger presented in this study is a small gasoline engine water-cooled 175 

turbocharger. Experimental tests were also carried on a non-water cooled small diesel 176 

engine turbocharger to see the difference in thermal transfers between the two. On the 177 

turbocharger test bench, a first set of measurements is applied on the tested turbochargers 178 

to generate a performance map close to the supplier map conditions. It is called 179 

“reference” or “Ref” performance map. In these conditions, the turbine inlet temperature 180 

is fixed at 500°C or 580°C (maximum temperature possible on the test bench) and the oil 181 

inlet temperature is fixed at 90°C; the oil pressure is 3 bars. In the case of the water-182 
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cooled turbocharger, the water inlet temperature is 80°C. On the compressor side, the air 183 

is sucked at ambient conditions.  184 

The second set of measurements carried on the turbochargers are the “adiabatic” 185 

measurements. The “adiabatic” measurements are done to generate turbocharger 186 

performance maps with almost zero heat transfer. The turbocharger is insulated to 187 

minimize the heat transfers with the surrounding environment, and the average 188 

temperature in each component is kept to the minimum. The difference between the 189 

average temperatures of the different elements is also kept to a minimum. The lower limit 190 

for the temperature is at the turbine outlet to avoid frost. The average temperature 191 

equality is presented in equation (1). To control the average temperature in the turbine, 192 

compressor and central housing, the inlet temperatures are regulated for air going into the 193 

turbine and the compressor and the oil going into the central housing. In the case of the 194 

water-cooled turbocharger, the adiabatic measurements are done without water 195 

circulating. The temperatures are not very high in the turbine and cooling is not 196 

necessary: an important element in the thermal study is excluded to reduce the margin of 197 

error. Different adiabatic temperature hypothesis are studied: the average temperature 198 

equality in equation (1) is chosen; the different hypothesis are presented in details in the 199 

PhD thesis of G. Salameh [25].  200 

, , , , , ,

2 2 2

in comp out comp in oil out oil in turb out turb
T T T T T T+ + +

= =  

(1)  

A third set of measurements is carried on the water cooled turbocharger with 201 

different combinations of water and oil inlet temperatures. With the different 202 

temperatures combination (on the water and oil sides), reference conditions from the first 203 

set of measurements are applied on the air side in the turbine and compressor. The oil and 204 
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water temperatures are determined for each measurement. The results are shown in Fig. 5 205 

to Fig. 12. 206 

3 Model calculation 207 

3.1 Model description 208 

The thermal transfer model is based on the three lumped masses model by 209 

Sanguinetti et al. [21]. The turbocharger is divided into three elements: turbine, 210 

compressor and central housing. Each element exchanges heat with the fluid going 211 

through it, the adjacent element or elements, and the surrounding environment (Fig. 2). 212 

The difference in this model is the representation of the water cooling as a thermal 213 

barrier. The compressor and the turbine heat transfer models can be separated and the 214 

calculation becomes easier. The turbine heat transfer model can be applied without using 215 

the compressor map and vice versa. The heat transfer models can be resumed by Fig. 2 216 

and the equations (2) and (3). The lumped mass representing the central housing is 217 

supposed at a uniform constant temperature TCH for a steady state operating point. The 218 

calculation of the central housing temperature is detailed in section 3.4. 219 
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 220 

Fig. 2. Water-cooled turbocharger lump mass model 221 

( ) , int
turb

cond turb CH turb turb extturb

T
mC

t
− − −

∂ = Φ + Φ + Φ
∂

 

(2)  

( ) , int

comp

cond comp CH comp comp extcomp

T
mC

t
− − −

∂
= Φ + Φ + Φ

∂
 

(3)  

The heat transfer model is based on the model by Goumy et al. [22] for non-water-222 

cooled turbochargers. The turbine, compressor and central housing temperatures (Tcomp, 223 

Tturb and TCH) are the temperatures of the body of each element. In this model, every 224 

element is considered as a one point mass with one uniform temperature. The external 225 

heat transfers designated by Φcomp,ext and Φturb,ext are the heat transfers between the 226 

compressor and turbine bodies and the surrounding environment. The turbine external 227 

transfer calculated in equation (4) could be divided into two types: convection and 228 

radiation. In normal turbocharger operating conditions, only the turbine reaches 229 

temperatures high enough to consider radiation. For the compressor external exchange, 230 

only convection will be taken into consideration in equation (5) and the radiation effect is 231 

neglected. The turbine is the more consequent element in terms of external losses as 232 

mentioned by Payri et al. [26] and the radiation can be neglected for the other parts. The 233 

Compressor Turbine 

Φcomp-ext 

ΦCH with oil 

Φturb 

with exhaust flow 

Φcond,comp-CH 

Environment Text 

 

Tcomp Tturb 

Toil 

Central housing 

Tair comp Tair turb 

TCH T
Water

 

Thermal barrier 

Φcomp 

with compressor air 

 

T
CH

 

Φturb-ext 

Φcond,Turb CH 
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external convection coefficients are not dependent on the operating point and hereby can 234 

be fixed for all the calculation points.  235 

( ) 4

, , ,turb ext ext turb ext turb ext turb turb ext turb turb
h S T T S Tε σ−Φ = − −  

(4)  

( ), ,comp ext ext comp ext comp ext comp
h S T T−Φ = −  

(5)  

The surrounding temperature Text is a constant measured in the test bench. The 236 

external convection coefficients hext are constants designated according to the material 237 

and the surrounding fluid. The external surface Sext is a geometrical parameter calculated 238 

based on the dimensions of the turbocharger as in the works of Goumy et al. [22]: 239 

empirical equations are applied where the external surfaces and the distances are 240 

calculated using a characteristic dimension: the impeller outer diameter. It works for the 241 

compressor and the turbine.  242 

The heat exchange between the adjacent elements is the conduction calculated in 243 

equations (6) and (7) for the turbine and the compressor respectively. It is defined 244 

according to the Fourrier’s law as a function of the exchange surface and distance, the 245 

material conductivity and the temperature difference. The metal conductivity λiron is a 246 

constant characteristic of the material. The conduction surface areas Sturb-CH and Scomp-CH 247 

and the distances eturb-CH and ecomp-CH are geometrical values determined as a function of 248 

the turbocharger dimensions as mentioned above. 249 

( ),
iron turb CH

cond turb CH CH turb

turb CH

S
T T

e

λ −
−

−

Φ = −  

(6)  

( ),

iron comp CH

cond comp CH CH comp

comp CH

S
T T

e

λ −
−

−

Φ = −  

(7)  

The exchange between the fluid going into the turbine and the compressor and the 250 

body of each element is calculated in equations (8) and (9) using only convection. The 251 
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convection coefficient depends on the mass flow rate and has to be calculated for every 252 

turbocharger operating point. In the turbine, the convection is considered before the 253 

impeller. In the compressor it is considered after the impeller. 254 

( )int int, int, ,turb turb turb in turb turb
h S T T−Φ = −  

(8)  

( )int int, int, , ,comp comp comp out adia comp comp
h S T T−Φ = −  

(9)  

The internal convection coefficient hint is calculated in equation (10) as a function of 255 

the fluid thermal conductivity λ calculated for air as a function of the pressure and the 256 

temperature, the characteristic dimension of the flow Lc considered as the impeller outer 257 

diameter for the turbine and the compressor, and the Nusselt number Nu calculated in 258 

equation (11) using Gnielinski correlation [27] valid for smooth tubes over a large 259 

Reynolds number range [28].  260 

int

c

Nu
h

L

λ ×=  

(10) 

( ) ( )
( ) ( )0.5 2/3

/ 8 Re 1000 Pr

1 12.7 / 8 Pr 1

f
Nu

f

−
=

+ −
 

(11) 

The variable f in the Nusselt equation is a function of the Reynolds number 261 

calculated using equation (12). The Prandtl and Reynolds numbers are also calculated in 262 

equations (13) and (14). For air, the cinematic and dynamic viscosities ν and μ are 263 

calculated using the temperature and pressure. 264 

( )( ) 2

0.79 ln Re 1.64f
−

= −  

(12) 

( )
Pr

pT cµ
λ

×
=  

(13) 

Re c
velocity L

ν
×=  

(14) 
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3.2 Thermal barrier concept 265 

In the case of the water cooled turbocharger, studies show that water cooling can be 266 

considered as a thermal barrier as mentioned by Cormerais et al. [17]: the heat transfers 267 

between the turbine and the compressor could be reduced and the only heat transfers 268 

remaining between the different components are between the turbine and the central 269 

housing and between the compressor and the central housing. The effect of the significant 270 

water flow rate and specific heat is that the central housing remains at a constant 271 

temperature and reduces the heat exchange between the turbine and the compressor. To 272 

see the effect of the water-cooling, two sets of experiments are carried. The operating 273 

conditions are the same for both sets except one difference: the turbine inlet temperature 274 

is 500°C in the first set and 100°C in the second set. For the compressor, oil and water 275 

inlet conditions, they are the same for the two sets. The results for the water-cooled 276 

turbocharger are showed in Fig. 3. The compressor efficiency is calculated using the inlet 277 

and outlet temperatures as shown in equation (19). Fig. 3 shows that, away from the 278 

boundary limits, the compressor isentropic efficiency does not mostly change with the 279 

turbine inlet temperature variation for the water cooled turbocharger.  280 
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 281 

Fig. 3. Water cooled turbocharger compressor efficiency performance map: isentropic 282 

efficiency vs. corrected mass flow rate; turbine inlet temperature 500°C in red and turbine 283 

inlet temperature 100°C in dashed blue lines. 284 

A non-water-cooled turbocharger is tested to see the effect of the turbine inlet 285 

temperature on the compressor efficiency without water cooling. Two series of 286 

measurements are carried: a first set of measurements with a turbine inlet temperature at 287 

580°C and a second set of measurements at adiabatic conditions. The adiabatic conditions 288 

are presented in section 2: they are used in this part as “cold” measurement conditions to 289 

compare with “hot” measurements. The compressor efficiency is plotted in Fig. 4 for the 290 

two conditions. It shows that the compressor efficiency is highly affected by the turbine 291 

inlet temperature in this case. The heat transfers between the turbine and the compressor 292 

have an important impact on their performance. Compared to the results of the water-293 

cooled turbocharger in Fig. 3, it can be considered that the water cooling reduces the 294 

effect of the turbine inlet temperature on the compressor performance: hereby the heat 295 
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transfers between the turbine and the compressor could then be neglected. The central 296 

housing is considered as one lumped mass at a constant uniform temperature which is a 297 

function the oil and water temperatures. This central housing temperature is not the real 298 

central housing measured temperature: it is an intermediate value used to calculate the 299 

turbine and compressor heat transfers. 300 

 301 

Fig. 4. Non water cooled turbocharger compressor efficiency performance map: 302 

isentropic efficiency vs. corrected mass flow rate; turbine inlet temperature 580°C in red 303 

and adiabatic measurements in dashed blue lines. 304 

3.3 Turbocharger friction model 305 

A part of the heat exchanged in the turbocharger is the heat produced from the friction of 306 

the moving parts. In this study, the friction power is converted entirely into heat going to 307 

the lubricating oil. The friction power is calculated using the model of Perrot et al. [29].  308 

In their model, Perrot et al. [29] calculate the friction power as a function of the oil 309 

viscosity and the turbocharger regime as shown in equation (15) where “a” and “b” are 310 
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calibration coefficients; “a” is a constant determined by the experiments and “b” is 311 

calculated as a function of the compressor impeller outer diameter.   312 

( )2 810
friction

P N a bµ −= × × + ×  

(15) 

The oil viscosity µ is calculated using the oil inlet temperature Toil,in with the model of M. 313 

Deligant [30] in equation (16). The coefficients “c”, “d” and “e” are determined 314 

according to the type of oil used. 315 

( ) 273.16

d

T eT c eµ + −= ×  

(16) 

3.4 Central housing temperature calculation 316 

Using the oil inlet temperature and the turbocharger rotational speed, and knowing the 317 

type of oil used, the friction dissipated power can be calculated using equation (15). This 318 

friction power being converted into heat going to the oil, and considering that the oil does 319 

not exchange heat other than the one coming from the friction power, the oil outlet 320 

temperature can be calculated in equation (17)  knowing the oil mass flow rate and 321 

specific heat.  322 

, ,

friction

out oil in oil

oil oil

P
T T

m c
= +

×&

 

(17) 

For the lump mass model, the central housing temperature is calculated using the oil 323 

outlet temperature and the cooling water inlet temperature as shown in equation (18). 324 

Since the water flow rate and specific heat are significant, the central housing is 325 

considered at a stabilized thermal point with a constant temperature. The central housing 326 

temperature is a representative value of the heat transfers occurring in the central 327 

housing.  It is not a real temperature because the central housing does not have a uniform 328 

temperature in all its regions. The coefficient “k” shown in equation (18) is a constant 329 
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equal to 0.25 and determined using experimental measurements at different oil and water 330 

temperatures combinations.  331 

( ) ,1
CH water out oil

T k T k T= × + −  

(18) 

The data shown in Fig. 5 to Fig. 12 represents the compressor isentropic 332 

efficiency calculated at different water and oil temperatures combinations with the same 333 

model calibration for the central housing temperature calculation. The reference 334 

conditions (“ref”) points are the data measured with hot air going through the turbine and 335 

atmospheric air going through the compressor as described in section 2. The oil and water 336 

temperatures are different for every set of points. The adiabatic measurements (“adia”) 337 

are the measurements with controlled turbine and compressor inlet temperatures. The 338 

detailed description of the adiabatic measurements is presented in section 2 based on the 339 

works of Salameh et al. [24][25]. These measurements are done to calculate the 340 

compressor efficiency using the reference measurement conditions and the heat transfer 341 

model with the central housing temperature calculation. The “model” results are 342 

compared to the adiabatic measurements to validate the calculation of the central housing 343 

temperature using equation (18).  344 
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 345 

Fig. 5. Compressor efficiency vs. corrected rotational speed for water inlet temperature 346 

50°C and oil inlet temperature 50°C: reference conditions points, adiabatic experimental 347 

points and heat transfer model points. Turbocharger regime range from 80 000 rpm to 348 

100 000 rpm. 349 

 350 

Fig. 6. Compressor efficiency vs. corrected rotational speed for water inlet temperature 351 

50°C and oil inlet temperature 50°C: reference conditions points, adiabatic experimental 352 

points and heat transfer model points. Turbocharger regime range from 100 000 rpm to 353 

125 000 rpm. 354 
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 355 

Fig. 7. Compressor efficiency vs. corrected rotational speed for water inlet temperature 356 

50°C and oil inlet temperature 70°C: reference conditions points, adiabatic experimental 357 

points and heat transfer model points. Turbocharger regime range from 85 000 rpm to 358 

100 000 rpm. 359 

 360 

Fig. 8. Compressor efficiency vs. corrected rotational speed for water inlet temperature 361 

50°C and oil inlet temperature 70°C: reference conditions points, adiabatic experimental 362 

points and heat transfer model points. Turbocharger regime range from 100 000 rpm to 363 

125 000 rpm. 364 
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 365 

Fig. 9. Compressor efficiency vs. corrected rotational speed for water inlet temperature 366 

75°C and oil inlet temperature 90°C: reference conditions points, adiabatic experimental 367 

points and heat transfer model points. Turbocharger regime range from 85 000 rpm to 368 

100 000 rpm. 369 

 370 

Fig. 10. Compressor efficiency vs. corrected rotational speed for water inlet temperature 371 

75°C and oil inlet temperature 90°C: reference conditions points, adiabatic experimental 372 

points and heat transfer model points. Turbocharger regime range from 100 000 rpm to 373 

125 000 rpm. 374 
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 375 

Fig. 11. Compressor efficiency vs. corrected rotational speed for water inlet temperature 376 

75°C and oil inlet temperature 90°C: reference conditions points, adiabatic experimental 377 

points and heat transfer model points. Turbocharger regime range from 125 000 rpm to 378 

150 000 rpm. 379 

 380 

Fig. 12. Compressor efficiency vs. corrected rotational speed for water inlet temperature 381 

75°C and oil inlet temperature 90°C: reference conditions points, adiabatic experimental 382 

points and heat transfer model points. Turbocharger regime range from 150 000 rpm to 383 

180 000 rpm. 384 
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Oil and water temperature combinations (50-50, 70-50, and 90-75) are used to check the 385 

validity of the heat transfer model and specifically the central housing temperature 386 

calculation using the value of the coefficient k in equation (18). When applying the heat 387 

transfer model to the reference conditions measurements, the compressor efficiency gets 388 

closer to the adiabatic measurements data. The heat transfer model is then working in the 389 

right direction. At higher rotational speeds, the gap between the “ref” data and the “adia” 390 

data is narrowed due to the decrease in the relative ratio of the heat transfer to the 391 

mechanical power exchanged. The model has a better performance on the data at 75°C 392 

for water and 90°C for oil: this set of data is the most important to take into consideration 393 

because these conditions are the closest to the reference or real operating conditions. 394 

4 Turbocharger adiabatic maps generation: 395 

The performance map of a turbocharger given by the supplier is calculated in hot 396 

conditions: the turbine inlet temperature is above 600°C, the oil inlet temperature is 397 

around 90°C and the water inlet temperature is around 80°C when the turbocharger is 398 

water-cooled. The equations used to calculate the compressor and the turbine efficiencies 399 

are based on the first law of thermodynamics applied on a steady-state flow of an ideal 400 

gas through an adiabatic process in an open system. With the temperature gradients 401 

mentioned above, and the turbocharger not being insulated, the process in both the 402 

turbine and the compressor is far from adiabatic. It is then necessary to quantify the heat 403 

transfers in every element and calculate the correct power and hereby the correct 404 

efficiency. The compressor isentropic efficiency is calculated in equation (19) using the 405 

compressor inlet and outlet temperatures and the isentropic expansion outlet temperature 406 
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(calculated using the Laplace equation). The turbine supplier efficiency calculated in 407 

equation (22) is not the turbine isentropic efficiency: it is the ratio of the compressor 408 

adiabatic power to the turbine isentropic available power. It is then the product of the 409 

turbine isentropic efficiency (equation (20)) by the turbocharger mechanical efficiency 410 

(equation (21)).  411 
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(22) 

These equations ((19) to (22)) are correct if the process is adiabatic in both the 412 

turbine and the compressor. It is then necessary to reevaluate these efficiencies taking 413 

into account the mechanical powers and the heat exchanges. With the water cooling, the 414 

heat transfers can be evaluated in the turbine and the compressor separately and the 415 

adiabatic performance maps can be generated using the supplier performance map of the 416 

studied element (turbine or compressor) without the other. 417 

4.1 Compressor adiabatic map generation: 418 

A supplier compressor performance map is measured on a conventional 419 

turbocharger test bench with high temperatures at the turbine inlet and also relatively hot 420 
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water and oil. The data is recorded for thermally stabilized operating points. The 421 

compressor heat transfer balance presented in the differential equation (3) becomes: 422 

, int 0cond comp CH comp comp ext− − −Φ + Φ + Φ =  

(23) 

The enthalpy power calculated using the compressor inlet and outlet temperatures 423 

can be calculated using the supplier map data: the compressor inlet temperature, the 424 

pressure ratio, the efficiency, the mass flow rate and the specific heat: 425 
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  In this case, the enthalpy power is separated from the mechanical power because 426 

of the heat transfers that must be taken into consideration: 427 

, , intenth comp mecha comp compP P −= − Φ  

(25) 

 The mechanical power is the power produced or consumed due to the moving parts 428 

(impeller). In this study, the heat transfers do not take place in the impellers so the 429 

mechanical power can be calculated using the impellers inlet and outlet temperatures. 430 

If the heat transfer with the fluid inside the compressor can be modeled after the 431 

impeller, another temperature can be calculated: the compressor impeller adiabatic outlet 432 

temperature Tout,adia,comp: this temperature is the temperature at the impeller outlet if the 433 

heat transfer is applied only after the impeller. The impeller adiabatic outlet temperature 434 

can be used to calculate the compressor mechanical consumed power: 435 

( ), , , , ,mecha comp comp p comp out adia comp in comp
P m c T T= × × −&  

(26) 

 The system of equations (5), (7), (9), (23), (24), (25) and (26) can be solved and 436 

the results are the compressor body temperature Tcomp, the impeller adiabatic outlet 437 

temperature Tout,adia,comp and the compressor internal heat exchange Φcomp-int. The 438 

compressor adiabatic efficiency calculated in equation (19) in adiabatic conditions can be 439 
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calculated in this case but when taking into account the heat transfers. The combination 440 

of the efficiency definition and the equations (23) to (26) gives the following equation 441 

allowing the calculation of the compressor adiabatic efficiency in non-adiabatic 442 

measurement conditions: 443 
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 444 

Fig. 13. Compressor efficiency curves for different corrected rotational speeds: Reference map 445 

conditions, experimental adiabatic conditions and heat transfer model results. 446 

 The results shown in Fig. 13 are three series: the reference map conditions data 447 

measured on the hot test bench, the adiabatic conditions experimental data and the points 448 

calculated using the reference map and the heat transfer model; the last set is named 449 

“model” because of the heat transfer model applied. The results are plotted in constant 450 
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regime curves for the three different conditions. The curves are set from left to right in 451 

the growing rotational speed direction. The reference map data are the dashed lines, the 452 

adiabatic data are the light colored lines, and the heat transfer model results are the lines 453 

with dots. It can be seen that the heat transfer has a greater effect on the compressor 454 

efficiency at lower rotational speeds. The difference is obvious between the reference 455 

data and the adiabatic data at lower rotational speeds. At higher rotational speeds, the 456 

effect of the heat transfer on the compressor efficiency is reduced. The amount of heat 457 

exchanged can increase but its relative ratio to the mechanical power exchanged between 458 

the turbine and the compressor is greatly reduced. At high rotational speeds, the curves of 459 

the reference and adiabatic data become almost one. The heat transfer is calculated but its 460 

amount does not change the compressor efficiency value. 461 

4.2 Turbine adiabatic map generation: 462 

A supplier turbine performance map is measured on a conventional turbocharger 463 

test bench with high temperatures at the turbine inlet and also relatively hot water and oil. 464 

The data is recorded for thermally stabilized operating points. The heat transfers are 465 

between the body and the following elements: the surrounding environment (radiation 466 

and convection), the central housing (conduction) and the internal turbine fluid 467 

(convection) as shown in Fig. 2. The differential equation (2) becomes: 468 

, int 0cond turb CH turb turb ext− − −Φ + Φ + Φ =  

(28) 

On the turbine side, the approach is close from the one applied for the compressor. 469 

Due to water-cooling, the turbine heat transfer model can be applied without taking into 470 

account the heat transfers between the turbine and the compressor. However, the 471 
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compressor map must be used to calculate the mechanical power delivered by the turbine 472 

at every operating point since the turbine supplier efficiency is the ratio of the compressor 473 

enthalpy power to the turbine isentropic enthalpy power as detailed in equation (22).  474 

Knowing the values of the turbine inlet air temperature Tin,turb, the surrounding air 475 

temperature Text, and the central housing temperature TCH calculated in section 3.4, it is 476 

possible to calculate the turbine body temperature Tin,turb using the equations (4), (6), (8) 477 

and (28). With the value of the turbine body temperature Tin,turb, the turbine heat fluxes 478 

can be calculated and the impeller inlet temperature Tin,imp,turb can be calculated 479 

considering that the heat transfers occur only before the impeller: 480 

( )int , , ,turb turb p in turb in imp turb
m c T T−Φ = × −&  

(29) 

The compressor enthalpy power Penth,comp can be calculated using only the turbine 481 

supplier map: the turbine efficiency can be used to calculate the compressor enthalpy 482 

power in equation (22). As for the compressor, the mechanical power is the power 483 

produced or consumed due to the moving parts (impeller). In this study, the heat transfers 484 

do not take place in the impellers so the mechanical powers can be calculated using the 485 

impellers inlet and outlet temperatures. The compressor mechanical power Pmecha,comp can 486 

be calculated using equation (25). For this, it is necessary to know the compressor 487 

enthalpy power Penth,comp and the compressor internal heat exchange Φcomp-int. To know the 488 

compressor internal heat transfer, compressor data from the previous section must be 489 

plotted in a map: with the turbine characteristics, every operating point is designated and 490 

placed in the compressor map to evaluate the compressor internal heat transfer. Another 491 

approach can be applied at this step: the compressor internal heat flux can be neglected 492 

Φcomp-int in the turbine adiabatic map generation: its influence is not significant on the 493 
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results. It becomes possible to avoid using the compressor data map for the turbine 494 

calculation. The results for the two approaches (with and without compressor internal 495 

heat transfer Φcomp-int) are shown in Fig. 14 and Fig. 15 and it confirms the possibility of 496 

not taking into account the compressor internal heat transfer in the turbine heat transfer 497 

calculations.  498 

There are three series of turbine outlet temperatures: Tout,turb,expe, Tout,turb,model, and 499 

Tout,turb,without heat transfer. Tout,turb,expe is the experimental temperature measured at the turbine 500 

outlet when operating in “hot” conditions. Tout,turb,model is the turbine outlet temperature 501 

calculated using the inlet conditions and the heat transfer model developed in this study: 502 

it should match the data from the Tout,turb,expe series. Tout,turb,without heat transfer is the turbine 503 

outlet temperature calculated using the inlet conditions and without a heat transfer model 504 

applied. The difference between  Tout,turb,expe  and Tout,turb,without heat transfer shows the 505 

importance of a heat transfer model in these conditions. 506 

The friction power Pfriction calculated in equation (15) can be added to the 507 

compressor mechanical power Pmecha,comp to calculate the turbine mechanical power 508 

Pmecha,turb (equation (30)). The turbine outlet temperature is then calculated using the 509 

turbine mechanical power and the turbine impeller inlet temperature as shown in equation 510 

(31). 511 

, ,mecha turb mecha comp friction
P P P= +  

(30) 

( ), , , ,mecha turb turb p in imp turb out turb
P m c T T= × −&  

(31) 
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 512 

Fig. 14. Turbine outlet temperatures with compressor internal heat transfer: Turbine 513 

outlet temperature calculated with heat transfer, without heat transfer and experimentally 514 

measured turbine outlet temperature 515 
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 516 

Fig. 15. Turbine outlet temperatures without compressor internal heat transfer: Turbine 517 

outlet temperature calculated with heat transfer, without heat transfer and experimentally 518 

measured turbine outlet temperature.  519 

As shown in Fig. 14 and Fig. 15, it is possible to neglect the effect of the 520 

compressor internal heat flux in the turbine heat transfer calculation. The results from 521 

Fig. 15 will be considered as final results.  522 

The effect of applying the heat transfer model is obvious and the results show a 523 

temperature difference up to 63 K between the experimental data and the data calculated 524 

without the heat transfers: this represents a 9.2% difference. The maximum difference 525 

between the experimental data in adiabatic conditions and the one calculated with the 526 

heat transfer model is 20 K or 2.9%. The Mean Absolute Error (MAE) defined in 527 

equation (32) is 6 and the coefficient of determination (R2) defined in equation (33) is 528 

0.89.    529 
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Once the turbine outlet temperature Tout,turb,model is calculated, it is possible to 530 

calculate the turbine isentropic efficiency as in equation (20). In this case, the values are 531 

not adiabatic measurement temperatures but calculated using the heat transfer model; the 532 

turbine isentropic efficiency equation becomes: 533 
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(34) 

 The different efficiencies are plotted in Fig. 16. The turbine supplier efficiency is 534 

the ratio of the compressor enthalpy difference to the turbine isentropic enthalpy 535 

difference as in equation (22). The supplier enthalpy ratio is not an efficiency but the 536 

ratio of the turbine enthalpy difference to the turbine isentropic enthalpy difference; it is 537 

calculated with the same equation (34) but with a turbine outlet temperature calculated 538 

without heat transfer. The calculation is shown in equation (35). The supplier enthalpy 539 

ratio is calculated to show the effect of the heat transfers on the calculation of 540 

efficiencies: the equation used to calculate the efficiency with the temperature difference 541 

is true for an adiabatic flow so the heat transfers must be evaluated and removed from the 542 

enthalpy difference. The turbine isentropic efficiency calculated using the turbine outlet 543 

temperature from the heat transfer model (equation (34)) is also plotted. The turbocharger 544 

mechanical efficiency is calculated using only the turbine performance map: the friction 545 

power is evaluated using the model from section 3.3 and the turbine mechanical power is 546 

calculated using equation (31). The turbocharger mechanical efficiency is the ratio of the 547 
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compressor mechanical power to the turbine mechanical power; the compressor 548 

mechanical power being the difference between the turbine mechanical power and the 549 

friction power. The mechanical efficiency is calculated using equation (36). 550 

, , ,

1

, 1

in turb out turb without heat transfer

in turb turb

T T
Supplier enthalpy ratio

T

γ
γτ

− −
−

−
− − =

 
−  

 

 

(35) 

, ,

, ,

mecha comp mecha turb friction

mecha

mecha turb mecha turb

P P P

P P
η

−
= =  

(36) 

 551 

 552 

Fig. 16. Turbine efficiencies: supplier turbine efficiency, supplier enthalpy ratio, turbine 553 

isentropic efficiency (model), turbine mechanical efficiency (model) 554 
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the compressor. The calculation on each side can be done separately from the other one. 558 

Water-cooling can be considered as a thermal barrier allowing the heat transfers to be 559 

separated on the turbine and the compressor sides. The compressor heat exchange is 560 

between the compressor and the central housing, the internal flow and the surrounding 561 

environment. The turbine heat exchange is also between the turbine and the central 562 

housing, the internal flow and the surrounding environment. The radiation is only 563 

considered on the turbine side due to high temperatures. The central housing is 564 

considered at a uniform constant temperature at stabilized operation points. To separate 565 

the calculation on the compressor side and the turbine side, the friction power is 566 

calculated based on the oil temperature and the turbocharger regime. The friction power 567 

is entirely transferred to the oil in the central housing as heat and the oil outlet 568 

temperature is calculated. The central housing temperature is calculated using the oil and 569 

water temperatures based on a set of measurements at different conditions. 570 

The heat transfer model applied on a compressor or a turbine performance map 571 

generates a new map at adiabatic conditions. The points from the map are measured at 572 

stabilized points and different temperature gradients in the turbine, the compressor and 573 

the central housing. The heat transfer model on the compressor side generates an 574 

efficiency map in adiabatic conditions to correct the supplier efficiency calculated with 575 

non-adiabatic data. The effect of the heat transfer on the compressor efficiency is more 576 

significant at low rotational speeds and due to its relatively high ratio in the power 577 

exchanged. At higher rotational speeds; the heat transfer has a lower effect on the 578 

compressor efficiency even though the heat flux increases but the mechanical power 579 

exchanged increases much more and makes the heat transfer insignificant. 580 
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On the turbine side, the heat transfer is applied to calculate the turbine impeller inlet 581 

temperature considering the heat exchange taking place before the impeller. The turbine 582 

mechanical power is calculated using the compressor mechanical power and the friction 583 

power. The compressor mechanical power is calculated using the supplier turbine 584 

efficiency and the expansion ratio and the compressor heat exchange is neglected in the 585 

calculation of the compressor power. The turbine mechanical power is then calculated 586 

and so is the turbine outlet temperature. This temperature is compared to the experimental 587 

values and to the turbine outlet temperature calculated without heat exchanges. Using the 588 

temperatures calculated the turbine efficiencies are plotted: the turbine isentropic 589 

(adiabatic) efficiency, the turbocharger mechanical efficiency and the turbine supplier 590 

efficiency.  591 

The advantages of this model are its simplicity and the capability of doing the 592 

calculation on the compressor and the turbine separately without having to couple the 593 

operating points or use the performance map of the other element. In this study, adiabatic 594 

efficiency maps are plotted for thermally stabilized steady-state points and the next step 595 

could be to implement this model into a software and apply it on transient operating 596 

conditions.  597 
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NOMENCLATURE 605 

a, b, c, d, e, f, k coefficients [-] 

cp Air thermal capacity [J.kg-1.K-1] 

coil Oil thermal capacity [J.kg-1.K-1] 

Δhcomp Compressor enthalpy difference [J.kg-1] 

ecomp-CH Thickness between compressor and central housing [m] 

eturb-CH Thickness between turbine and central housing [m] 

hint,comp Compressor internal convection coefficient [W.m-2.K-1] 

hext,comp Compressor external convection coefficient [W.m-2.K-1] 

hint,turb Turbine internal convection coefficient [W.m-2.K-1] 

hext,turb Turbine external convection coefficient [W.m-2.K-1] 

i Number [-] 

Lc Characteristic dimension: impeller outer diameter [m] 

MAE Mean Absolute Error [-] 

mC Thermal inertia [J.K-1] 

ṁ Mass flow rate [kg.s-1] 

ṁcomp Compressor mass flow rate [kg.s-1] 

ṁturb Turbine mass flow rate [kg.s-1] 
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ṁoil Oil mass flow rate [kg.s-1] 

Nbre Number of data points [-] 

N Turbocharger rotational speed [rpm] 

Nu Nusselt number [-] 

P Pressure [Pa] 

Pfriction Friction power [W] 

Penth,comp Compressor enthalpy power [W] 

Pmecha,comp Compressor mechanical power [W] 

Penth,turb Turbine mechanical power [W] 

Pr Prandtl number [-] 

R2 Coefficient of determination [-] 

Re Reynolds number [-] 

Sext,comp Compressor external surface [m2] 

Sint,comp Compressor internal surface [m2] 

Scomp-CH Surface exchange between compressor and central housing [m2] 

Sext,turb Turbine external surface [m2] 

Sint,turb Turbine internal surface [m2] 

Sturb-CH Surface exchange between turbine and central housing [m2] 
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t Time [s] 

T Temperature [K] 

Tcomp Compressor temperature [K] 

Tin,comp Compressor inlet temperature [K] 

Tout,comp Compressor outlet temperature [K] 

Tout,adia,comp Compressor outlet temperature without thermal transfer [K] 

Tair,comp Compressor air temperature [K] 

Tturb Turbine temperature [K] 

Tin,turb Turbine inlet temperature [K] 

Tin,imp,turb Turbine impeller inlet temperature [K] 

Tout,turb Turbine outlet temperature [K] 

Tout,turb,expe Turbine experimental outlet temperature [K] 

Tout,turb,model Turbine model outlet temperature [K] 

Tout,turb,without heat transfer Turbine outlet temperature without the heat transfer calculation [K] 

Tair,turb Turbine air temperature [K] 

Toil Oil temperature [K] 

Tin,oil Oil inlet temperature [K] 

Tout,oil Oil outlet temperature [K] 
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Twater Water inlet temperature [K] 

TCH Central housing temperature [K] 

Text Ambient temperature [K] 

w Specific work [J/kg] 

Greek symbols  

γ Specific heat ratio [-] 

εturb Turbine emissivity [-] 

ηadia,exp,comp Compressor experimental adiabatic efficiency [-] 

ηadia,exp,turb Compressor experimental adiabatic efficiency [-] 

ηadia,comp,model Compressor model adiabatic efficiency [-] 

ηsup,comp Compressor supplier efficiency [-] 

ηisentr,turb Turbine isentropic efficiency [-] 

ηmech Turbocharger mechanical efficiency [-] 

ηturb Turbine efficiency (turbine isentropic x mechanical) [-] 

λ Fluid thermal conductivity [W.m-1.K-1] 

λiron Iron thermal conductivity [W.m-1.K-1] 

μ Fluid dynamic viscosity [kg.m-1.s-1] 

σ Stefan constant [W.m-2.K-4] 
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τcomp Compressor compression ratio [-] 

τturb Turbine expansion ratio [-] 

ν Fluid kinematic viscosity [kg.m-1.s-1] 

Φturb-ext Turbine external heat transfer [W] 

Φcomp-ext Compressor external heat transfer [W] 

Φcond,comp-CH 

Conduction heat transfer between compressor and central housing 

[W] 

Φcond,turb-CH Conduction heat transfer between turbine and central housing [W] 

Φturb Turbine internal heat transfer [W] 

Φcomp Compressor internal heat transfer [W] 

ΦCH with oil Convection heat transfer between oil and central housing [W] 

Subscripts  

adia adiabatic 

comp compressor 

enth enthalpic 

exp experimental 

ext external 

imp impeller 
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in inlet 

mech mechanical 

oil oil 

out outlet 

ref reference 

sup supplier 

turb turbine 

Abbreviation  

ECU Engine control unit 

HIL hardware in the loop 
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