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Abstract
Heat transfer plays an important role in affecting an on-engine turbocharger performance.
However, it is normally not taken into account for turbocharged engine simulations.
Generally, an engine simulation based on one-dimensional gas dynamics uses turbocharger
performance maps which are measured without quantifying and qualifying the heat transfer,
regardless of the fact that they are measured on the hot-flow or cold-flow gas-stand. Since
heat transfer situations vary for on-engine turbochargers, the maps have to be shifted and
corrected in the 1-D engine simulation, which mass and efficiency multipliers usually do for
both the turbine and the compressor. The multipliers change the maps and are often different
for every load point. Particularly, the efficiency multiplier is different for every heat transfer
situation on the turbocharger. The heat transfer leads to a deviation from turbocharger
performance maps, and increased complexity of the turbocharged engine simulation.
Turbochargers operate under different heat transfer situations while they are installed on the
engines.
The main objectives of this thesis are:
•

heat transfer modeling of a turbocharger to quantify and qualify heat transfer

mechanisms,
•

improving turbocharged engine simulation by including heat transfer in the turbocharger,

•

assessing the use of two different turbocharger performance maps concerning the heat

transfer situation (cold-measured and hot-measured turbocharger performance maps) in the
simulation of a measured turbocharged engine,
•

prediction of turbocharger walls’ temperatures and their effects on the turbocharger

performance on different heat transfer situations.
Experimental investigation has been performed on a water-oil-cooled turbocharger, which
was installed on a 2-liter GDI engine for different load points of the engine and different heat
transfer situations on the turbocharger by using insulators, an extra cooling fan, radiation
shields and water-cooling settings. In addition, several thermocouples have been used on
accessible surfaces of the turbocharger to calculate external heat transfers.
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Based on the heat transfer analysis of the turbocharger, the internal heat transfer from the
bearing housing to the compressor significantly affects the compressor. However, the internal
heat transfer from the turbine to the bearing housing and the external heat transfer of the
turbine housing mainly influence the turbine. The external heat transfers of the compressor
housing and the bearing housing, and the frictional power do not play an important role in the
heat transfer analysis of the turbocharger.
The effect of the extra cooling fan on the energy balance of the turbocharger is significant.
However, the effect of the water is more significant on the external heat transfer of the
bearing housing and the internal heat transfer from the bearing housing to the compressor. It
seems the radiation shield between the turbine and the compressor has no significant effect on
the energy balance of the turbocharger.
The present study shows that the heat transfer in the turbocharger is very crucial to take into
account in the engine simulations. This improves simulation predictability in terms of getting
the compressor efficiency multiplier equal to one and turbine efficiency multiplier closer to
one, and achieving turbine outlet temperature close to the measurement. Moreover, the
compressor outlet temperature becomes equal to the measurement without correcting the map.
The heat transfer situation during the measurement of the turbocharger performance
influences the amount of simulated heat flow to the compressor. The heat transfer situation
may be defined by the turbine inlet temperature, oil heat flux and water heat flux. However,
the heat transfer situation on the turbine makes a difference on the required turbine efficiency
multiplier, rather than the amount of turbine heat flow. It seems the turbine heat flow is a
stronger function of available energy into the turbine. Of great interest is the fact that different
heat situations on the turbocharger do not considerably influence the pressure ratio of the
compressor. The turbine and compressor efficiencies are the most important parameters that
are affected by that.
The component temperatures of the turbocharger influence the working fluid temperatures.
Additionally, the turbocharger wall temperatures are predictable from the experiment. This
prediction enables increased precision in engine simulations for future works in transient
operations.
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Nomenclature
cp

average specific heat capacity at constant pressure (J/kgK)

m&

mass flow (kg/s)

p

pressure (Pa)

T

temperature (K)



heat capacity ratio

η

efficiency

λ

Lambda value

Q&

Heat flux (W)

W&

Work (W)

h

specific enthalpy, convection heat transfer coefficient (J/kg), (W/m2)

P

power (W)

ε

emissivity

A

area (m2)

F

shape factor, fan

Re

Reynolds number

υ

kinematic viscosity (m2/s)

µ

dynamic viscosity (Pa.s)

Nu

Nusselt number

Pr

Prandtl number

α

thermal diffusivity (m2/s)

k

thermal conductivity (W/mK)

Gr

Grashof number

β

volume expansion coefficient (1/K)
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Subscripts
0
total (stagnation)
1

compressor inlet

2

compressor outlet

3

turbine inlet

4

turbine outlet

C

compressor

T

turbine

B

bearing housing

BH

bearing housing

TH

turbine Housing

CH

compressor housing

TB

turbine back plate

CB

compressor back plate

Turbo

turbocharger

Shaft

turbocharger shaft

Rotor

turbine rotor

imp

compressor impeller

Pipes

pipes to the turbocharger

Ext

external

Int

internal

T-B

turbine to bearing housing

B-C

bearing housing to compressor

f

friction, film

W

water
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Oil

oil

Rad

radiation

Conv

convection

Cond

conduction

m

mechanical

N

natural

F

forced

D

diameter

x

distance

∞

free flow

s

radiation shield

tt

total to total

ts

total to static

ref

reference

analyzed calculated base on the heat transfer analysis of the turbocharger
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1. Introduction
1.1. Background
Turbocharging is an essential technology for downsizing and downspeeding
internal combustion engines, which leads to a lower fuel consumption. Fig. 1.1
shows the turbocharging concept. In order to drive the turbocharger compressor,
the turbocharger turbine uses the hot exhaust gas from the engine, which is
otherwise released into the environment with a high content of unused energy
[1].

Figure 1.1 Turbocharging the internal combustion engine [1]

The increasing interest in turbocharging the internal combustion engine has
heightened the need for more accurate turbocharger performance prediction. Of
particular interest is heat transfer within the turbocharger. On-engine
turbocharger faces high exhaust temperatures which causes significant amount
of heat transfer; however, this heat transfer is rarely measured or accounted for
in any turbocharger performance or turbocharged engine simulation. Fig. 1.2
12

shows glowing red-hot turbine and exhaust manifold on the engine where the
exhaust gas temperature can be up to 870°C. This high temperature can
deteriorate the turbine and compressor performance measurement.

Exhaust manifold

Turbine

Compressor

Figure 1.2 Glowing red-hot turbine and exhaust manifold on the engine

Turbine and compressor performance are modeled in one-dimensional gas
dynamics simulation models, using performance maps provided by the
manufacturer or measured on gas-stand. These maps are measured under
assumed adiabatic conditions; however, on-engine turbocharger faces real
conditions with large amount of heat transfer. Therefore, there is a potential to
increase simulation accuracy by including this heat transfer in the simulation.
Heat transfer on the turbocharger is a very important issue when it is working on
the engine, especially for SI-engines, which have higher exhaust gas temperature
than CI-engines. In spite of the fact that the heat transfer affects on-engine
turbocharger performance, most of the turbocharged engine simulations are still
13

based on the traditional turbocharger performance maps, in which the heat
transfer is not taken into account carefully. Although hot flow-rig comprises the
heat transfer on the turbocharger to some extent, the quantity and the quality of
the heat transfer mechanisms are not comprehensible in different heat transfer
conditions.

1.2. Objectives
In order to support simulations of complete turbocharged engines in the present
study, the turbocharger performance has been studied in a 1-D engine simulation
with focus on heat transfer in the turbocharger.
It is of value to be able to simulate engine transients as they are run in engine
certification and in real engine use. Performance and emissions can be studied
and optimized with such simulations. The value of the simulations is very much
dependent on the precision of the results. The aim of this study is to increase the
simulation precision and predictability by including the heat transfer in the
turbocharger.
Heat transfer leads to a deviation from turbocharger performance maps, and
increase the complexity of the turbocharged engine simulation. Turbochargers
are operated under different heat transfer situations while they are installed on
the engines.
This thesis has four main objectives
•

heat transfer modeling of the turbocharger

•

improving turbocharged engine simulation by including heat transfer in

the turbocharger
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•

assessing the use of two different turbocharger performance maps

concerning the heat transfer situation in the simulation of measured
turbocharged engine
•

prediction of turbocharger walls’ temperatures and their effects on the

turbocharger performance on different heat transfer situations
Although considerable research has been devoted to the heat transfer in the
turbocharger, rather less attention has been paid to the turbocharger performance
maps utilized in the engine simulations. The aim of this study is to discuss this
aspect and to show the effects of applying these different maps, measured under
different heat transfer situations, in the one-dimensional gas dynamic engine
models.
This study uses two sets of turbocharger performance maps measured under
“cold” and “hot” conditions in a special test rig. The generated performance
maps of the turbine and the compressor are integrated to a 1D engine simulation
in which the heat transfer of the turbocharger is considered by adding a heat
source downstream of the compressor and a heat sink upstream the turbine.
The temperatures of the working fluids in the turbocharger are affected by the
components temperatures, which leads to significant misinterpretation of the
turbocharger performance, especially in a transient driving cycle. At a fast loadstep, the walls’ temperatures remain virtually the same as the previous stationary
temperatures during the load-step. Thus, the working fluids temperature will be
influenced by the turbocharger walls’ temperatures of the first stationary load
point. Therefore, it is of value if we could predict the walls’ temperatures and
investigate their influences on the working fluid temperatures. The present study
shows that turbocharger walls’ temperatures are predictable and they effect on
the air and exhaust gases temperatures through the compressor and the turbine.
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1.3. Methodology
The methods to investigate the heat transfer in the turbocharger are performing
measurements on an on-engine turbocharger by changing heat transfer condition
on it, then simulating the complete turbocharged engine in a one-dimensional
gas dynamics tool. The used turbocharged performance maps were measured on
a special gas-stand. Fig. 1.3 shows Garret GT 1752 turbocharger, which was a
water-oil-cooled with a single-entry turbine and waste-gate (the waste-gate was
welded-closed during the measurements).

Turbine

Compressor

Figure 1.3 Tested turbocharger

The heat transfer modeling of the turbocharger can represent and simulate the
heat fluxes of different components of the turbocharger; however, it will be
shown that these models are highly dependent on the selective coefficient for
convection heat transfer or emissivity and also geometry and material properties.
In the simulation, using multipliers is the common way of adjusting
turbocharger speed and parameters downstream of the compressor and upstream
of the turbine. However, they do not represent the physical reality. The
efficiency multiplier and mass multiplier change the maps for both turbine and
16

compressor by correcting and shifting them. They need often to be different for
different load points and every heat transfer situation on the turbocharger.
Considering heat transfer of the turbocharger in the engine simulation improves
the simulation precision and predictability and leads to less usage of turbine
efficiency multiplier and no need to use the compressor efficiency multiplier.
This would contribute to an advanced transient simulation of a turbocharged
engine.
One problem is that when the engine load is changed from high to low or vice
versa, the temperatures of the turbine and compressor housings determine the
heat transfer to the working fluids, independent on the oil and water
temperatures in the bearing housing. Therefore, one general method must be
used to consider the heat transfer in the turbocharger.

1.4. Literature survey
There are different approaches to take into account the heat transfer in the
turbochargers. Some authors have tried to make a heat transfer model for the
turbocharger and some have tried to include heat transfer of the turbocharger in
the engine simulation. The common issue in these publications is that the heat
transfer is very important in the turbocharger.
Westin et al. [2] found that heat transfer from the turbine to the compressor can
deteriorate the compressor efficiency. In addition, the compressor efficiency
might even be better than in the map when the compressor outlet temperature is
high. Furthermore, they found incorporation of the heat losses in the simulation
did not do very much for the necessity of using correction factors for the turbine
efficiency.
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Westin [3] simulated turbocharged engines with focus on the turbine. He
showed that several kW can be lost in the turbine, and the simulated outlet
temperature thus differ by around 50 K from measured if the heat losses are not
accounted for.
Baines et al. [4] developed a one-dimensional heat transfer model of a
turbocharger in order to predict the external and internal heat transfers of the
turbocharger
Romagnoli and Martinez-Botas [5], also, developed a 1-D heat transfer model of
a turbocharger. They found that the deterioration of the compressor diabatic
efficiency had an average drop of almost 25%, in respect to the correspondent
adiabatic conditions. It was assumed that most of the heat transferred to the air
after compression occurs through the compressor back plate. They also showed
that bearing housing temperature and turbine inlet temperature are linearly
related and the compressor outlet temperature is predictable. However, it was
mentioned that the geometry of the bearing housing as well as the oil
temperature must be considered in order to be sure of the generality of suggested
equation.
Some authors [6] and [7] modeled the heat transfer of the turbocharger based on
resistances, in steady state and transient conditions. It was shown that heat
transfer influences the turbocharger performance especially at low and partial
loads by Cormerais et al. [6]. Serrano et al. [7] applied conductance values
obtained from a thermal characterization methodology to correct a procedure for
measuring the mechanical efficiency of the tested turbocharger. It was
mentioned that not only the convective interaction, but also the radiation heat
transfer should be included in the model for the further investigation.
Shaaban and Seume [8] investigated turbocharger diabatic performance and
showed that the heat transfer to the compressor introduces a significant
18

systematic error (overestimation) in the measured efficiency (measured product
of the turbine efficiency and the mechanical efficiency) at low rotational speeds.
The compressor peripheral Mach number and heat transfer are the most
important factors affecting the compressor diabatic performance.
The heat transfer in the turbocharger causes underestimation of the measured
compressor efficiency and overestimation of the turbine efficiency [9].
According to Shaaban [9], convection and radiation heat transfer represent 6070% of the total amount of heat transfer from the turbine at low rotational
speeds. The oil acts as a heat barrier that removes most of the heat transfer from
the turbine to the compressor through the bearing housing.
Bohn et al. [10] carried out a conjugate flow and heat transfer calculation of a
turbocharger, and concluded that the compressor fluid is heated up by the heat
flux from the turbine, for small Reynolds numbers; with increasing Reynolds
number, the compression heats up the fluid so strongly that heat is discharged
into the casing and blades. It was shown that the heat transfer from the turbine to
the compressor significantly influences the change of state during the
compression process.
Sirakov and Casey [11] have demonstrated a correction procedure which
converts performance maps for adiabatic conditions. However, this only holds
true if the thermodynamic and aerodynamic effects of heat transfer are small.
This procedure is great for stationary load conditions but not for transient, which
is the case in vehicle usages. These authors concluded that the heat transfer to
the compressor is mainly influenced by the temperature of the oil in bearing
housing and not so directly by temperature of the turbine inlet itself. The finding
suggests that this approach might be less effective when the turbocharger works
in transient condition and the assumption of small heat transfer is no longer true.
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The gas temperature of compressor and turbine are influenced by the
turbocharger’s wall temperature and this can lead to a great misinterpretation of
turbocharger performance (and consequently engine performance) in transient
condition, when the load is changed but the wall temperature is still mainly
governed by previous load point. It would seem, therefore, that including heat
transfer in the turbocharger in engine transient simulations should be very
important.
Galindo et al. [12] implemented a heat transfer model in a 1D gas dynamic to
model a turbocharged engine. The wall temperatures were calculated by a threenode finite-differences scheme accounting for thermal inertia.
Chesse et al. [13] have argued the direct use of a manufacturer’s compressor
map without considering heat transfer. The heat flux to the compressor is
determined by assuming that the heat transfer occurs after the impeller. Then,
the compressor mechanical power and outlet temperature are evaluated.
Romangoli and Martinez-Botas [14] found that the compressor diabatic
efficiency can be evaluated by three main independent parameters: Mach
number, pressure ratio and “temperature parameter”. The Mach number had the
largest effect on the compressor efficiency, while the temperature factor was
revealed significant only at low speeds. The length of the bearing housing and
compressor diameter turned out to be significant within a few percentage points
of the compressor efficiency.
Serrano et al. [15] investigated the influence of the turbine inlet temperature on
the turbocharger performance. They concluded that moderate changing of the
turbine inlet temperature is a good technique for increasing turbine testing
operative range; without a very high influence of the gas temperature on the
isentropic efficiency and mass flow. Reference [15] discussed about a huge
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uncertainty range in the calculation of turbine efficiency, which was due to the
error accumulation theory.
Westin and Ångström [16] found that the turbine efficiency multiplier could not
be shown to depend on the pulsation amplitude of the turbine flow.

21

2. Experimental setup
2.1. Tested turbocharged engine
In order to study heat transfer on the turbocharger, which is working on the
engine, the investigation required very accurate measurements, not only across
the turbocharger but also all over the engine. The aim of this study is to simulate
a turbocharged engine including heat transfer on the turbine and the compressor.
The engine used for this work is a direct injected 2-liter gasoline engine
equipped with turbocharger and variable valve timing. The turbocharger is
water-oil-cooled with a closed (welded) waste-gate. This turbocharger is not the
standard one for this engine.
In addition to the pulsating flow on the real engine, the curvature of the piping
connected to turbine and compressor are one source of deviation from map
condition causing inaccuracies in the simulation of turbocharged engines. The
flow disturbance caused by the bends also interacts with the pulsations which is
a complication, making it very difficult to accurately take the bends into
consideration. On the compressor side, with much smaller pulsation, the bend
effects should be more easily compensated for, because it is possible to arrange
with straight piping in an engine setup, as shown on the tested engine (Fig. 2.1).
Moreover, the volume of the pipes between compressor and intake manifold is
large enough to give very low pulsating flow through the compressor.
Many parameters are measured on the turbocharged engine such as air mass
flow, fuel flow, crank angle resolved cylinder pressure, turbocharger speed,
crank angle resolved exhaust manifold pressure, crank angle resolved turbine
inlet pressure, crank angle resolved turbine outlet pressure, crank angle resolved
intake manifold pressure, intake manifold temperature, turbine inlet gas
temperature, compressor outlet temperature and turbine outlet temperature,
valve timing, start of injection and lambda value.
22

In addition to the base parameters, several thermocouples have been used on
accessible surfaces of the turbocharger to measure the turbocharger walls’
temperatures. Also, the mass flow of the water and oil into the turbocharger
bearing housing were measured. The temperature of the water and oil inlet and
outlet were measured, as well. Fig 2.2 shows the welded thermocouple on
turbocharger walls.

Engine
Exhaust manifold

Compressor inlet
Turbine intlet

Turbine outlet

Compressor

Compressor outlet

Turbine

Figure 2.1 Tested turbocharged engine with straight piping

Figure 2.2 Welded thermocouples on the turbocharger walls
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2.2. Experimental condition
The experiment has been performed in different load points of the engine and
different situations of heat transfer in the turbocharger.
It has to be mentioned that most of the load points have been run in
stoichiometric air fuel ratio (λ=1) except some cases which have higher exhaust
gases temperature than the allowable temperature limit of the turbine inlet
temperature. This is a remedy to run turbocharger with higher mass flow by
running the engine in rich condition, while the maximum turbine inlet
temperature is not exceeded.
The aim was that to change the heat transfer situation on the turbocharger. Three
mechanisms of heat transfer are convection, radiation and conduction. Six
strategies were used to be able to study heat transfer and change its situation on
the turbocharger:
1. The turbocharger was running with or without water. In one case, the water
passed into the turbocharger bearing housing and in another, the water into that
was blocked. In all load points, the oil for cooling the bearing housing came
from the engine oil. However, the water came from tap water at around 16°C.
2. One radiation shield (aluminum foil) between turbine and compressor was
used to avoid radiation from the hot turbine to the compressor. Fig. 2.3 shows
that the turbine back cannot see the compressor back by using radiation shield
between the turbine and the compressor. Fig. 2.4 shows also that the compressor
back cannot see the turbine back.
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Radiation shield
Turbine
Figure 2.3 The turbine cannot see the compressor by using radiation shield

Radiation shield

Compressor

Figure 2.4 The compressor cannot see the turbine by using radiation shield

3. Mounting an extra cooling fan on top of the turbocharger to change the
situation of convection heat transfer.

25

Cooling fan pipe

Figure 2.5 Extra cooling fan on top of the turbocharger to change the air velocity
around it

4. A special kind of insulator, which was like a blanket, was used to insulate the
turbocharger. It was possible to remove some part of insulator to change the heat
transfer condition just on that part of the turbocharger. Fig. 2.6 presents the used
blanket insulator, which is insulfrax blanket with the thermal and physical
stability up to 1200°C. Its thermal conductivity differs between 0.06 and 0.2

/ for 200 until 800°C. The wholly insulated turbocharger on the engine is

shown in Fig. 2.7. It is possible to remove some part of the insulator like Fig.
2.8, which just the turbine is free.
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Figure 2.6 Insulfrax Blanket insulator

Figure 2.7 Wholly insulated turbocharger on the engine
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Figure 2.8 Insulated compressor and bearing housing while the turbine is free

5. A wide radiation shield between engine (exhaust manifold) and the
turbocharger was used to avoid radiation from exhaust manifold to the
compressor (see Fig. 2.9)

Radiation shield

Figure 2.9 Engine radiation shield with partly insulated turbocharger
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6. Some special gaskets that have low conductivity were used between pipes and
turbocharger to reduce conduction from turbocharger walls to the pipes or vice
versa as much as possible. The used gasket is Micapac 1000 with thermal
conductivity of 0.3 / at 20°C.

In addition to the above strategies, the pipes were insulated to reduce the heat
transfer via convection and radiation. This helps more accurate measurement
and simulation of the turbocharged engine. Moreover, the oil and water pipes to
the turbocharger bearing housing were insulated. Table 2.1 summarizes the
experiment of the turbocharged engine in different load points and different heat
transfer situations on the turbocharger.

2.3. Turbocharger performance maps
Provided turbocharger performance maps include turbine and compressor
performance maps, for the mentioned turbocharger from a test rig but with
different turbine inlet temperatures. “Cold-measured” and “hot-measured” refer
to the turbocharger performance maps that were measured with the turbine inlet
temperatures of 100 and 600 °C, respectively.
The experiment for measuring the turbocharger performance maps was carried
out on a closed-loop gas stand. The range of supplied air was up to 0.53 kg/s.
The inlet air of the turbine can be heated with a diesel burner up to 1050°C and
pressurized up to 6 Bar. Additionally, an electrical heater was used to heat the
air up to 250°C, in the lower range of inlet temperature; see Larsson et al. [17]
for more details about the test facilities. AVL introduced this gas-stand for
Saab/GM (Fig. 2.10).
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Table 2.1 The experiment of the turbocharged engine in different load points and
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Insulating
Gasket

864
858
854
854
864
850
850
831
830
828
826
848
848
625
624
720
720
799
798
853
854
849
849
555
558
656
654
769
769
801
800
848
850
852
849
848
849
841
848
831
831
833
834
849
848
846
844
726
808
855
840

Engine
Radiation
Shield

223.5
223.2
223.3
223.4
223.1
220.2
220.0
217.7
216.7
216.5
216.5
218.5
218.0
56.7
57.5
121.3
123.2
175.6
176.1
219.8
220.8
256.6
256.2
49.7
52.1
82.9
84.4
153.7
154.5
185.3
185.7
223.9
224.6
252.9
253.2
321.8
322.7
322.8
322.2
320.6
320.5
320.7
320.9
322.7
321.8
321.7
329.5
124.7
189.1
254.7
214.3

Turbine
Inlet
Temperature
(°C)

Turbine Tip
Speed (m/s)

BMEP (bar)
12.4
12.4
12.4
12.4
12.4
12.4
12.4
12.4
12.4
12.4
12.4
12.4
12.4
3.2
3.2
6.3
6.3
9.4
9.4
12.5
12.4
15.6
15.6
6.2
6.2
6.3
6.3
6.3
6.4
6.3
6.2
6.5
6.3
6.4
6.2
12.7
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5
6.3
6.4
6.3
9.3

Insulated
Bearing
Housing

2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
1000
1000
1500
1500
2500
2500
3000
3000
3500
3500
4000
4000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
2000
3000
4000
2500

Insulated
Turbine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

Engine Speed
(rpm)

Case No.

different heat transfer situations on the turbocharger (=yes).









































































































Figure 2.10 Turbocharger performance measurements on the gas-stand [17]

Table 2.2 provides the temperatures of turbine inlet, water and oil and also the
volume flow of water and oil across the turbocharger bearing housing in three
different operating conditions, cold test-rig, hot test-rig and on the engine-lab.
The oil and water heat flows show that in the hot condition the total amount of
heat flux from the bearing housing is positive. This means that oil and water
cool the bearing housing. However, in the cold rig condition, the total amount of
heat flux from the bearing housing is negative. This is because the temperature
of inlet oil was very high and it caused heat addition to the bearing housing. This
must be considered in explaining the result of the study. The reason for keeping
the oil inlet temperature high is to get rid of the effect of frictional power on the
turbocharger performance. Adjusting the temperature of the oil to the
compressor outlet temperature is a way to make an adiabatic condition for the
compressor. However, changing the oil temperature can change the oil viscosity
tremendously and consequently shaft frictional power. In order to keep the shaft
frictional power constant, the average oil temperature was kept high and
constant.
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2.4. Temperature measurement
A controversial issue in an experiment is always the temperature measurement
of the exhaust gases. Due to high pulsating flow and big temperature gradient of
the exhaust gases before the turbine the slow thermocouple cannot measure the
time resolved fluid temperature. In addition, heat transfer uncertainties on the
thermocouple lead to inaccurate measurements. The heat flows are convection
from gas to the thermocouple, radiation from the thermocouple to the pipe walls
and conduction through the thermocouple stem. In order to investigate heat
transfer more accurately, the thermocouple is modeled and three heat transfer
mechanisms are considered on that. Then, the temperature of the modeled
thermocouple is tuned to the measurement. The result of modeled thermocouple
will be shown in chapter 3.
Table 2.2 Heat transfer situations of the tested turbocharger in three different operating
conditions
Turbocharger
Cold Test-Rig
Turbine
Inlet
100
Temperature (°C)
Oil
Inlet
95-100
Temperature (°C)
Oil
Outlet
86-100
Temperature (°C)
Water
Inlet
80
Temperature (°C)
Water
Outlet
80.9
Temperature (°C)
Oil Volume Flow
2.3-2.6
(lit/min)
Water Volume Flow
4.9-5.2
(lit/min)

on Turbocharger on Hot Turbocharger on the
Test-Rig
Engine-Lab
600
550-855
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85-100

46-70

90-102

50-95

80

16-17.5

81.5-83

19-24

2.8-3.7

0.8-2.6

4.8-5.17

3-3.2 or 0

3. Simulation
3.1. Turbocharged engine simulation model
The turbocharged engine was simulated by using a commercial code, GTPOWER [18], based on one-dimensional gas dynamics, representing the flow
and heat transfer in the piping and in the other components of the engine system.
The continuity, momentum and energy equations are simultaneously solved as
one-dimensional in the flow model. However, turbine and compressor
performance are modeled using performance maps that are provided by the user.
Both compressor and turbine map can be summarized as a series of performance
data points, each of which describes the operating condition by speed, pressure
ratio, mass flow rate, and thermodynamic efficiency [18]. The turbocharger
speed and the pressure ratio are predicted across the turbine and compressor at
each time-step; then, the mass flow rate and efficiency are looked up in the maps
and imposed in the solution. The outlet temperature is calculated based on the
efficiency, leading to a deviation from the measurement. The heat transfer in the
turbocharger is a major cause, which will be discussed later.
Measuring turbocharger performance typically gives a few points which do not
cover the whole required map for engine simulations. Therefore, they must be
interpolated or extrapolated. In this study, the interpolation and extrapolation
were performed in GT-POWER; however, the coefficients and shape factors
were adjusted manually to get reasonably smooth curves and good fits to the
measurements for both the cold and hot maps of the turbine and the compressor.
Base Engine parameters like heat release were optimized against measurements.
The combustion was modeled by the Wiebe function. The crank angle of 50
percent burned fuel and burn duration (10-90%) are calculated based on heat
release analysis from cylinder pressure measurements. The most interesting
parameters regarding the turbocharger are crank-angle-resolved pressures before
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and after turbine, average air mass flow and fuel flow, temperatures before and
after the turbine, and the compressor and turbocharger speed.
Fig. 3.1 shows turbocharged engine simulation model in GT_POWER with
controlling parts.
Cylinders

Intake manifold

Turbo shaft
Turbine

Exhaust manifold

Compressor

Inlet ambient

Outlet ambient

Figure 3.1 Turbocharged engine simulation model in GT-POWER

3.2. Heat transfer simulation
There is another problem in using these maps which is the main aim of this
study. Heat transfer on/within the turbocharger is included in the maps;
however, just the heat transfer situation during the rig test is included. So, by
changing the heat transfer situation on the turbocharger, the maps cannot predict
the performance accurately and it needs correction.
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The temperature situation during the stationary measured maps differs from that
in a running engine. Shaaban and Seume [7] assumed that on the compressor,
the compression process through the impeller is adiabatic and the amount of heat
transfer to the compressor is divided into two fractions. The first and second
fractions of heat transfer take place at constant pressure before and after the
impeller, respectively, see Fig. 3.2. On the turbine, the expansion process
through the rotor also can be regarded as adiabatic and the amount of heat
transfer from the turbine is divided into two fractions, as shown in Fig. 3.3. They
take place at constant pressure before and after the rotor, respectively.
Different authors [8, 9, 10 and 15] have discussed the diabatic compression and
expansion processes of the turbine and compressor on the enthalpy-entropy
diagram.

Figure 3.2 Compression process in adiabatic and diabatic compressor [8]
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Figure 3.3 Expansion process in adiabatic and diabatic turbine [8]

Therefore, on the compressor the air enters the compressor and is compressed
through the impeller and collected in the scroll. Therefore, it is reasonable to
assume the main part of the heat transfer to the air takes place at the scroll. On
the turbine, the exhaust gases also enter the turbine volute with a much larger
surface area in comparison to the whole turbine and then expand in the rotor and
finally come out. Similarly, it is reasonable to assume that the main part of heat
transfer occurs at turbine volute. Consequently, in order to take heat transfer on
the turbocharger into account, a heat source exactly after the compressor
impeller and a heat sink exactly before the turbine rotor are built into the model.
They must have no volume to get the same pressure pulsation as the
measurement. Therefore, they are assumed just 10 mm long pipes with input
heat rate. This extra length is compensated by decreasing the length of the
adjacent pipe.
Simulated heat flows from the turbine and to the compressor are artificial heat
flows to correct between the heat situations of the turbocharger at the test rig and
at the lab engine.
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3.3. Engine simulation control
There are different strategies for controlling a turbocharged engine. Since
measuring pressure is the most reliable measurement on the engine, the most
leverage control on the engine is that to get right pressures all over the engine. In
this study, a throttle controller was used to target right pressure in the intake
manifold by controlling the throttle angle.
The backpressure of the turbine is a function of piping and equipments of after
treatment. However, the average pressure before the turbine depends on the flow
characteristics of the turbine. So, a continuous proportional-integral-derivative
(PID) controller was used to achieve a target value of measured pressure before
the turbine by controlling the turbine mass multiplier. This multiplier acts as a
representative of turbine size. Increasing the turbine mass multiplier means
increasing the turbine size. At the same time, another PID controller was used to
achieve measured turbocharger speed by controlling the turbine efficiency
multiplier.
On the compressor side, by using long pipes before and after, it was possible to
get the pressure ratio very close or equal to the measurements. As a result, it was
not required to change the compressor mass multiplier. The turbocharger that
was tested is slightly smaller than the original turbocharger that the engine was
designed for. Therefore, in a great majority of cases, the operating points were
very close to the surge line of the compressor performance map.
Additionally, two PID controllers were used to maintain heat flows after
compressor and before turbine. On the compressor side, the target value was the
measured air temperature at compressor outlet and the input signal was the
sensed one at the same place. By adding a heat input rate to the built-small-pipe
downstream the compressor, the measured temperature was achievable. On the
turbine side, the target value was the measured thermocouple temperature at
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turbine outlet and the input signal to the controller was the simulated
thermocouple temperature. To get the right temperature from the simulated
thermocouple at the turbine outlet, the heat was extracted from the built-smallpipe upstream the turbine.
Another strategy to achieve the measured temperature of the air after
compressor would be to control the compressor efficiency multiplier and set the
heat input rate after the compressor to zero. This method changes the absorbed
mechanical power in the compressor and consequently the operational point of
turbine and its efficiency multiplier.
In brief, turbine efficiency multiplier and mass multiplier were found to achieve
the measured turbocharger speed and pressure before the turbine. At the same
time, the heat flows to the compressor and from the turbine were iteratively
found to give the measured temperature after the compressor and after the
turbine.
Fig. 3.4 shows the turbocharger model in GT-POWER with the controllers for
heat flows and multipliers on the compressor and the turbine.
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Figure 3.4 Turbocharger model in GT-POWER with the controllers

3.4. Calibrating and tuning
Engine simulation requires input of geometrical parameters. In this study,
realistic values for non-measured parameters such as temperature of the
combustion chamber walls were used. To tune the simulation against the
measurement, many parameters are compared including average air mass flow,
fuel flow, crank angle resolved cylinder pressure, BMEP, turbocharger speed,
crank angle resolved exhaust manifold pressure, crank angle resolved turbine
inlet pressure, crank angle resolved turbine outlet pressure, crank angle resolved
intake manifold pressure, intake manifold average temperature, average turbine
inlet gas temperature, compressor outlet temperature and average turbine outlet
temperature. In the simulation, some of the input parameters are engine speed,
burn duration, crank angle of 50% burned fuel, valve timing, start of injection
39

and lambda value. Figure 3.5 shows the calculated and measured pressures
across the turbine after tuning the model. The simulated crank angle resolved
pressures before and after the turbine have very good agreement with the
measurement.

Figure 3.5 Pressures before and after the turbine in 2000 rpm and BMEP=12.4 bar,
(symbols=measurement)

Fig. 3.6 illustrates different averaging methods for the exhaust gases
temperature. The fluid temperature oscillates highly due to the pulsating
pressure and flow. The mass-averaged temperature is the one that should be
considered as the temperature before the turbine. The time-averaged one has a
lower value than mass-averaged. The thermocouple has lower value than
average temperatures due to the heat transfer. The mass-averaged total
temperature is around 3 degrees higher than the mass-averaged static
temperature in this case. The thermocouple shows some value between total and
static temperature, which is closer to total temperature, if the heat transfer of the
thermocouple is negligible. In turbomachinery applications, the total
temperature should be used for calculation of efficiency. However, the
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uncertainty of the measurement is more significant than the difference between
the total and static temperature.

Figure 3.6 Simulated time resolved and different average temperatures of the exhaust
gases before the turbine and wall temperature in 2000 rpm and BMEP=12.4 bar
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4. Turbocharger heat transfer modeling
4.1. Heat transfer mechanisms
In order to model heat transfer in the turbocharger, possible mechanisms of heat
transfer on the turbocharger were considered and then simplified categorically.
Fig. 4.1 depicts different components of a turbocharger including turbine
housing, turbine rotor, turbine back, bearing housing, compressor back,
compressor impeller, compressor housing, turbo shaft, cooling oil and cooling
water.

Figure 4.1 Different components of a turbocharger

Fig. 4.2 illustrates possible mechanisms of heat transfer on a turbocharger.
Exhaust gases enter into the turbine, produce power, and then exit from it. On
the other side, fresh air enters into the compressor, and the compressed air goes
out. The compressed air exits from the compressor. On the shaft, the turbine
power consumed as compressor power and frictional power. The heat
transferred by conduction, convection, radiation, cooling water and cooling oil.

42

To solve this complicated energy network on the turbocharger, the heat fluxes
should be integrated to some categorized and significant heat flows. For
instance, the heat transfer mechanisms on the external surfaces of one
component can be named as external heat transfer of that component etc. Fig.
4.3 shows the categorized heat transfer mechanisms and energy fluxes on a
turbocharger, which will be used to drive the equations.

Figure 4.2 Heat and energy transfer mechanisms on a turbocharger
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Figure 4.3 Categorized mechanisms of heat transfer and energy fluxes on a
turbocharger

4.2. Heat transfer modeling
The first law of thermodynamics is the application of energy conservation to
heat and thermodynamics processes.
Q& − W& = m& (h − h )
02 01

(1)

The continuity equation states the conservation of mass.
m& in = m& out = m&

(2)

This can be written in a turbocharger like the following equation:
m& T = m& C + m& Fuel

(3)

The main governing equations regarding the heat transfer in the turbocharger are
three equations (4, 5 and 6) and one independent equation (7). The external heat
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transfers can be calculated on the turbine, the compressor and the bearing
housing 

,

, 

,

 

, ,

based on the measured temperatures of the

surfaces. The turbocharged engine simulation (discussed in chapter 5) provides
the powers of the turbine and the compressor. Furthermore, it gives the fluid
temperature before and after the turbine and the enthalpy (or specific heat
capacity) of the exhaust gas and air in different temperatures and humidity.
Equation (6) gives the frictional power of the turbocharger. Finally, the internal
heat transfers can be calculated from the turbine to the bearing housing and from
the bearing housing to the compressor 

, 

 

, .

Turbine:
m& h
− m& h
− P −Q&
− Q&
=0
T 0in, T
T 0out, T
T Ext, T
Int, T − B

(4)

Compressor:
m& h
− m& h
+ P +Q&
− Q&
=0
C 0in, C
C 0out, C
C Int, B − C
Ext, C

(5)

Shaft power:
P −P =P
T
C
f

(6)

Bearing (redundancy check):
Q&

Int , T − B

− Q&

Int , B − C

+ P − Q& − Q&
− Q&
=0
f
W
Oil
Ext , B

(7)

There are three equations, which are from the combination of the main
equations:
Whole turbocharger:
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m& h
− m& h
+ m& h
− m& h
− Q& − Q&
− Q&
− Q&
− Q&
=0
T 0in, T
T 0out , T
C 0in, C
C 0out , C
W
Oil
Ext , T
Ext , C
Ext , B

(8)
Turbine and bearing housing:
m& h
− m& h
− Q& − Q&
− Q&
− Q&
− P + P − Q&
=0
T 0in, T
T 0out , T
W
Oil
Ext , B
Ext , T
T
f
Int , B − C

(9)
Compressor and bearing housing:
m& h
− m& h
− Q& − Q&
− Q&
− Q&
+ P + P + Q&
=0
C 0in, C
C 0out , C
W
Oil
Ext , B
Ext , C
C
f
Int , T − B

(10)
To be able to tune the heat transfer coefficients on the turbocharger, these
equations were used.

4.3. Detailed heat transfer mechanisms of the turbocharger
The detailed heat transfer mechanisms on different part of the turbocharger can
be summarized by the following equations:
Turbine
Q&

Q&

Int, T

Ext , T

= Q&

Int, TH

= Q&

+ Q&

Int, T − B

Ext _ Conv , T

+ Q&

Ext _ Rad , T

(11)
+ Q&
Cond _ Pipes , T

(12)

By using insulators like gaskets between pipes and turbocharger, which has a
thermal contact resistance, the conduction to the piping is negligible.
Q&
≈0
Cond _ Pipes , T

(13)
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Q&

Q&

Q&

= Q&
+ Q&
Cond , T − BH
Cond , T − Shaft

Int , T − B

Ext _ Conv, T

Ext _ Rad , T

= Q&

= Q&

Ext _ Conv, TH

Ext _ Rad , TH

+ Q&

+ Q&

Ext _ Conv, TB

Ext _ Rad , TB

(14)
(15)
(16)

Due to the thermal contact resistance, the surface temperature on the back of the
turbine is much lower than turbine casing surface temperature.
Compressor:
Q&

Q&

Int, C

Ext , C

= Q&

Int, B − C

= Q&

− Q&

Int, CH

Ext _ Conv , C

+ Q&

(17)

Ext _ Rad , C

+ Q&
Cond _ Pipes , C

Q&
≈0
Cond _ Pipes , C
Q&

Int , B − C

Q&

Q&

(19)

= Q&
+ Q&
Cond , BH − C
Cond , Shaft − C

Ext _ Conv , C

Ext _ Rad , C

= Q&

= Q&

Ext _ Conv , CH

Ext _ Rad , CH

(18)

+ Q&

+ Q&

(20)

Ext _ Conv , CB

(21)

Ext _ Rad , CB

(22)

Water and Oil:
Q& = m& c
(T
−T
)
W
W p , W out , W
in, W
Q&

Oil

= m&

(23)

c
(T
−T
)
Oil p , Oil out , Oil
in, Oil

(24)

Bearing housing:
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Q&

Ext , B

= Q&

Ext _ Conv , BH

+ Q&

Ext _ Rad , BH

(25)

Turbo shaft:
Q&
= Q&
− Q&
Cond , T − Shaft
Conv , T − Rotor
Rad , Rotor _ TH
(Q&

Rad , Rotor _ TH

≈ 0)

(26)
(27)

Q&
= Q&
Cond , Shaft − C
Conv , imp − C

(28)

Powers:
PC = η m PT

(29)

PT − PC = P f

(30)

 1 −ηm 
 PC
Pf = 
 ηm 

(31)

Isentropic process:
po  To 
= 
p T 

γ (γ −1)

(32)

For wholly isolated turbocharger:
Q&

Q&

Q&

Ext, B

Ext, T

Ext, C

=0

(33)

=0

(34)

=0

(35)
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Q&

Q&

= Q&

Int, T

Int, C

Int, T − B

= Q&

(36)

Int, B − C

(37)

4.4. Principal heat transfer
Three main heat transfer mechanisms are conduction, radiation and convection.
These are summarized here:
Conduction heat transfer:
∆T
Q&
= kA
Cond
∆x

(38)

Radiation heat transfer:
Q&

Rad

= εσA (T 4 − T 4 )
1 1
∞

σ = 5.67 × 10 −8

(39)

W m2K 4

Convection heat transfer:
Q& Conv = hA (Tw − T∞ )

(40)

The radiation heat transfer between two surfaces is [19]:

Q&

Rad ,1 − 2

=

σ (T 4 − T 4 )

1
2
1 − ε1
1− ε2
1
+
+
A1ε 1 A1 F12 A2ε 2

(41)

in which F is shape factor.
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The following relation [19] gives the radiation heat transfer for two surfaces
with a radiation shield.

Q&

Rad ,1 − 2( Shield )

=

σ (T 4 − T 4 )

1
2
1 − ε1
1− ε s
1− ε2
1
1
+
+2
+
+
A1ε 1 A1 F1s
As ε s A2 F2 s A2ε 2

(42)

4.4.1. Forced convection
Calculation of convective heat transfer coefficient is summarized here. The
Reynolds number is calculated by the following equation:
Re x =

U∞x

υ

Re D =

U∞D

(43)

υ

where kinematic viscosity is calculated by:
υ=

µ
ρ

(44)

The Nusselt number is the ratio of convective to conductive heat transfer across
a boundary.
Nu x =

hx x
kf

(45)

If the difference between the surface and free stream temperature is significant,
fluid properties are to be evaluated at the film temperature, defined as the
arithmetic average of the surface and free-stream temperatures:
Tf =

Tw + T∞
2

(46)
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The ratio of momentum diffusivity to thermal diffusivity is a non-dimensional
number called Prandtl number.
Pr =

υ
α

α=

k
ρc p

Pr =

(47)

is thermal diffusivity. Therefore

cpµ

(48)

k

µ, c p , k

are the dynamic viscosity, specific heat at constant pressure and thermal

conductivity of the fluid, respectively.
As a final point, the convective heat transfer coefficient can be calculated by
hx =

Nu x k f

(49)

x

According to Reynolds analogy and Colburn-Chilton's analogy between friction
and heat flux, there is a mathematical similarity between the momentum
equation and energy equation in convection.
Nu x = C Re mx Pr n

(50)

The empirical constants C, m and n depend on the surface geometry and flow
condition.
For circular cylinder, the Nusselt number can be calculated by
N u D = C Re nD Pr 1 3

Pr > 0.6

(51)

and the constants can be found in this table.
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The Nusselt number can be calculated by
Nu D =

hD D
k .

(52)
Table 4.1 The constants in the Eq. (51) [19]
Re

C

n

0.4 - 4

0.989

0.330

4 – 40

0.911

0.385

40 – 4000

0.683

0.466

4000 – 40000

0.193

0.618

40000 - 400000

0.0266

0.805

4.4.2. Natural convection
In natural convection, the Nusselt number is based on two non-dimensional
numbers, Grashof and Prandtl numbers. The Grashof number is [19]
GrD =

gβ (Tw − T∞ ) D 3

ν2

(53)

where the volume expansion coefficient is
β =−

1  ∂ρ 


ρ  ∂T  p

.

(54)

It has to be noted that fluid properties are evaluated at the film temperature
Tf =

Tw + T∞
2

(55)

For an ideal gas, the volume expansion coefficient is
absolute temperature of gas.
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β=

1
T

where T is the

Another dimensionless number is Rayleigh number.
Ra x = Grx Pr

(56)

The Nusselt number in natural convection can be
Nu D = dGrDe Pr f

(57)

Nu D = f (Ra, Pr)

(58)

The Nusselt number calculations for the turbocharger components from different
publications are listed in the appendix 1.
4.4.3. Combined natural and forced convection
Before solving a heat transfer problem, it is very important to understand that
the occurred convection heat transfer is purely natural, purely forced convection
or combined natural and forced convection. There is a criteria [19] based on the
ratio of Grashof number and square of Reynolds number to define the type of
convection heat transfer.
Natural convection neglected

Gr
<< 1
Re 2

Forced/natural convection comparable

Gr
=1
Re 2

Forced convection neglected

Gr
>> 1
Re 2

If the forced and natural convection are comparable, both must be considered by
the following equation [19]:
Nu n = Nu Fn ± Nu Nn

(59)
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Table 4.2 provides the constants and signs in this equation.
Table 4.2 constants and signs for combined natural and forced convection heat transfer
[19]
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4.5. Comparison of different methods
In order to assess different methods of heat transfer calculation on the
turbocharger, eight methods are compared to each other. The external heat
transfer of the turbocharger is the summation of the external heat transfers of the
turbine housing and back, the compressor housing and back, and bearing
housing:
Q&

Ext , Turbo

= Q&

Ext , T

+ Q&

Ext , C

+ Q&

Ext , B .

(60)

The external heat transfer of each part of the turbocharger consists of radiation
and convection. They can be calculated based on the mentioned equations for
radiation and convection. The Convection heat transfer is the problematic part of
heat transfer calculation.
The calculations of Nusselt numbers were done for the compressor housing and
back, the turbine housing and back, and the bearing housing, based on the:
1.

forced convection from reference [5] (see appendix 1)

2.

forced convection from reference [4] (see appendix 1)

3.

natural convection from reference [4] (see appendix 1)

4.

forced convection for ideal circular cylinders in the Reynolds

5.

forced convection for ideal circular cylinders in the Reynolds

6.

forced convection for ideal circular cylinders in the Reynolds

7.

forced convection of all parts of the turbocharger and wide range of

number range of 40    4000 (see appendix 1)

number range of 4000    40000 (see appendix 1)

number range of 40000    400000 (see appendix 1)
Reynolds number suggested, based on the present study
N u D = 0.025 Re 0.9 Pr 0.33

Pr > 0.6
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(61)

8.

combined forced and natural convection.

Simultaneously, the turbocharger external heat transfer can be calculated based
on equations (8) and (60), which is based on the measurements. If we assume a
control volume around the whole turbocharger, the external heat transfer of the
turbocharger is
Q&

Ext , Turbo

.
= m& h
− m& h
+ m& h
− m& h
− Q& − Q&
T 0in, T
T 0out , T
C 0in, C
C 0out , C
W
Oil

(62)

In order to improve the heat transfer model, some parameters are extracted from
the turbocharged engine simulation such as turbine inlet temperature, specific
heat capacity of the exhaust gas before and after the turbine, specific heat
capacity of the air before and after the compressor, turbine work and compressor
work. Chapter 5 discusses improving the turbocharged engine simulation.
Fig. 4.4 shows the calculated external heat transfer of the turbocharger based on
the mentioned methods for Nusselt calculation versus equation (62).
The results shows the suggested formula for Nusselt calculation could agree
well with the measurements. Evidently, the main problem with other methods is
that they could not predict the convection heat transfer when the cooling fan is
on. Therefore, they are not valid for high Reynolds numbers. The results
indicate that the heat transfer calculation is highly dependent on the constants
and coefficients, which were used. The material properties and geometry (areas
estimations) might be another uncertainty in heat transfer calculation. The
limitation of fast measurement of the temperature is an error source in
calculation based on the heat transfer model.
This is valid on the turbine housing, turbine back, bearing housing, compressor
back and compressor housing in different Reynolds number and engine
operating conditions
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Comparing the combined natural and forced convection with the suggested
formula indicates that it is not necessary to assume natural convection for this
small turbocharger on the engine operation.
According to Baines et al. [4], the greatest uncertainty would lie in the
convective heat transfer coefficients and that suitable values for the thermal
conductivities and emissivities could be obtained from the literature. It is,
therefore, inevitable that any errors or uncertainties in these parameters will be
subsumed into the convective heat transfer coefficients and correlations.

Figure 4.4 Turbocharger external heat transfer calculations
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Due to the high dependency of the heat transfer calculation on parameters,
constants and coefficients, this method is not used in the turbocharged engine
simulation, and a more general method should be considered for the heat
transfer in the turbocharger, which will be discussed later.

4.6. Orders of magnitude of the heat transfer mechanisms
In order to study orders of magnitude of different heat transfer mechanisms on
the turbocharger, one engine load point was measured in different heat transfer
situations. Table 4.3 summarizes the heat transfer situations for the engine speed
of 2000 rpm and BMEP of 12.4 bar. Case 8 in Table 4.3 is the normal situation
of the turbocharger on the engine, in which the water passes through the
turbocharger bearing housing, and the fan, the turbocharger radiation shield and
the insulators on the walls are not used.
Fig. 4.5 shows the amount of heat transfer mechanisms and energy fluxes on the
turbocharger for this case based on the heat transfer model of the turbocharger
(see Fig. 4.3, as well).
Table 4.3 Different heat transfer situations on the turbocharger, engine speed=2000 rpm
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Figure 4.5 Heat transfer mechanisms on the turbocharger for case 8 in Table 4.3

The largest energy flux is the enthalpy difference across the turbine and the
smallest heat transfer mechanism on the turbocharger is the bearing housing heat
transfer. This is because the cooling water passes through the bearing housing
and the wall temperature is close to the water temperature (from 17 to 23°C) and
the heat transfer is very low by convection and radiation. Fig. 4.6 shows the
orders of magnitude of the energy fluxes for this case. The results show that the
enthalpy difference across the turbine and the compressor, the turbine power and
compressor power have the same order of magnitude of three. Interestingly, the
external heat transfer of the turbine housing, the internal heat transfer from the
turbine to the bearing housing and the heat transfer via the water have the same
order of magnitude as the turbine power. However, the orders of magnitude of
the internal heat transfer from the bearing housing to the compressor and the oil
heat transfer are one scale lower than the turbine power. The results show that
the external heat transfers of the compressor housing and the bearing housing,
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and the frictional power have the same order of magnitude of one. Therefore,
they do not play an important role in the heat transfer analysis of the
turbocharger.
Based on this heat transfer analysis of the turbocharger, the internal heat transfer
from the turbine to the bearing housing (
to the compressor (

, )

,  )

and from the bearing housing

are significant. They include all heat transfers from

turbine to the bearing housing and from the bearing housing to the compressor
like heat transfer via turbo-shaft by conduction, heat transfer via the bearing
housing material via conduction, heat transfer via the oil and heat transfer via
the water.

Figure 4.6 Orders of magnitude of the heat transfer mechanisms and energy fluxes on
the turbocharger for case 8 in Table 4.3

4.7. Evaluation of different heat transfer situations
To evaluate different heat transfer situations on the turbocharger, five heat
transfer mechanisms are of great importance including the external heat transfers
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on the turbine, the compressor and the bearing housing, and also the internal
heat transfers from the turbine to the bearing housing and from the bearing
housing to the compressor.
Fig 4.7 shows the magnitude of these heat transfer mechanisms for the cases
listed in Table 4.3. The results indicate that the effect of the fan on the energy
balance of the turbocharger is significant. The different heat transfer situation
could not change the orders of magnitude of the internal heat transfers from the
turbine to the bearing housing and from the bearing housing to the compressor,
and the external heat transfer on the turbine housing. However, the fan increases
the order of magnitude of the external heat transfer of the compressor housing.
In addition, the cooling water could change one order of magnitude of the
external heat transfer on the bearing housing.

Figure 4.7 Heat transfer mechanisms on the turbocharger for cases listed in Table 4.3
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Table 4.4 shows a full factorial experiment on the heat transfer of the
turbocharger. The experiment has three independent factors, which are the
water, the turbocharger radiation shield and the fan. The responses are five
different heat transfers on the turbocharger. Experimental units take on all
possible combination of these three factors, which means eight trials. The
interactions of the factors are provided by multiplying the factors signs.
Table 4.4 Full factorial experiment on the heat transfer of the turbocharger
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-
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-
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-
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Water X Rad

1
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Fan
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Rad

Interactions

Water

Factors

16.8 2821.3 466.3 1819.8

The main effect of each factor on each response is the difference between the
high and low settings of the factor [20]. For instance the effect of having the
water through the turbocharger bearing housing on the external heat transfer of
the compressor is the average response of the compressor external heat transfer
when the factor water is at the (+) level minus the average response of the
compressor external heat transfer when the factor water is at the (-) level.
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Water effect on 

,
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, )

@ water=(-))

(63)

In addition, the effect of the interactions is the mean difference between the
effect of the first factor when the second factor is at (+) and the effect of the first
factor when the second factor is at (-).
Figs. 4.8 to 4.12 show the statistical analysis results. The effects of three factors
and their interactions are shown on each response. The effects of the fan on all
responses are significant. However, the effect of the water is more significant on
the external heat transfer of the bearing housing and the internal heat transfer
from the bearing housing to the compressor. It seems the radiation shield
between the turbine and the compressor has no significant effect on the energy
balance of the turbocharger. Low effect of the turbocharger radiation is because
of small area of turbine back and compressor back, and the low temperatures on
the backs, as well. The fan, the water, the interaction of the fan and the water,
and the turbocharger radiation shield are, respectively, the most significant
factors that effect on the internal heat transfer from the turbine to the bearing
housing.
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Figure 4.8 Effect of different heat transfer situations on the external heat transfer of the
compressor

Figure 4.9 Effect of different heat transfer situations on the external heat transfer of the
bearing housing
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Figure 4.10 Effect of different heat transfer situations on the external heat transfer of
the turbine

Figure 4.11 Effect of different heat transfer situations on the internal heat transfer from
the bearing housing to the compressor
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Figure 4.12 Effect of different heat transfer situations on the internal heat transfer from
the turbine to the bearing housing
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5. Including the heat transfer in the simulation
5.1. Improving the simulation
As was explained, the heat transfer of the turbocharger is included in the
turbocharged engine simulation by adding a heat source after the compressor
and a heat sink before the turbine. Then the heat flows on the the compressor
and the turbine are adjusted to get right temperatures after the compressor and
the turbine. In fact, these heat flows are artificially differential heat flows
between heat transfer situation of the turbocharger on the engine-lab and the
gas-stand.
Including the heat transfer of the turbocharger in the turbocharged engine
simulation improves the precision and predictability in terms of
•

the compressor outlet temperature close to the measurement

•

the turbine outlet temperature close to the measurement

•

the compressor efficiency multiplier equal to 1

•

the turbine efficiency multiplier close to 1.

This way of inclusion of turbocharger heat transfer in the simulation enables to
handle transient simulation of turbocharged engine in future works. This is due
to the fact that in transient condition the heat transfer is very high and the
correction of turbocharger performance maps which were presented in some
sources like [11] is not valid. This will be shown later.

5.2. Test conditions
Table 5.1 summarizes 24 different cases of engine speed and break mean
effective pressure. Each load point is run with two conditions on the
turbocharger. In one case the water is passed into the turbocharger bearing
housing and in another the water into that is blocked. In all load points, the oil
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for cooling the bearing housing comes from engine oil. However, the water
comes from tap water with around 16°C.
It has to be mentioned that most of the load points have been run in
stoichiometric air fuel ratio (λ=1) except some cases which have higher exhaust
gases temperature than the allowable temperature limit of the turbine inlet.
Cases 9, 10 and 19 to 24 have been run in rich condition to get lower
temperature of the exhaust gases.
Table 5.1 Test conditions of the turbocharged engine, with and without water into
turbocharger bearing housing (=yes)
Case
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Engine
Speed(rpm)
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
1000
1000
1500
1500
2500
2500
3000
3000
3500
3500
4000
4000
3000
3000

BMEP
(bar)
3.2
3.2
6.3
6.3
9.4
9.4
12.45
12.45
15.6
15.6
6.2
6.2
6.3
6.3
6.35
6.35
6.25
6.25
6.4
6.4
6.3
6.3
12.6
12.6

Engine Torque Water
(Nm)
(Turbo)
50

50
100

100
150

150
200

200
250

250
100

100
100

100
100

100
100

100
100

100
100

100
200

200
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Turbine Tip T1T
Speed (m/s)
(ºC)
56.7
625
57.4
624
121.4
720
123.2
720
175.6
799
176.1
798
219.7
853
220.9
854
256.7
849
256.2
849
49.8
555
52.0
558
82.9
656
84.4
654
153.8
769
154.4
769
185.3
801
185.7
800
223.8
848
224.7
850
252.8
852
253.3
849
321.7
848
322.9
849

λ
1
1
1
1
1
1
1
1
0.9
0.9
1
1
1
1
1
1
1
1
0.94
0.94
0.9
0.9
0.73
0.73

5.3. Simulation results
Fig. 5.1 depicts the amounts of tuned heat transfers before the turbine and after
the compressor for the 24 load points, according to Table 5.1. The heat transfer
on the turbocharger is becoming more important by increasing the engine speed
and torque. In other words, an increase in engine power produces higher exhaust
gases temperature and mass flow. Therefore, the turbine is fed with more
energy. Consequently, the temperature gradient between the turbine and the
compressor or the turbine and its ambient gets higher. To this end, the amount of
heat flow from the turbine is increased by increasing the engine power and some
part of this is going to the compressor side and is added to that.

Figure 5.1 The amounts of heat flows before the turbine (black columns) and after
compressor (grey columns) for each case.

The cooling water and the lubricating oil in the bearing housing transfer some
part of the heat from the turbine. The cases without water have lower amount of
heat flow from the turbine. What is more, the compressor gets more heat from
bearing housing in the cases without water. The water works as a heat barrier
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between the turbine and the compressor in the bearing housing. In the absence of
the water, heat can transfer more easily from turbine to the compressor.
In order to see the effect of heat transfer in the turbocharger on the engine
simulation, two types of simulation have been done with and without
considering the heat transfer in the turbocharger. When the simulation considers
the heat transfer in the turbocharger, the efficiency multipliers of the turbine and
compressor are used to get the right temperature after the compressor and right
turbocharger speed. In the first simulation, it is assumed that the compressor
efficiency multiplier is one and the compressor impeller works according to its
map. The difference between the measured compressor outlet temperature and
calculated one from the compressor map is due to the heat transfer and it is
compensated by using a heat source downstream the compressor impeller. In the
second simulation, it is assumed that the difference between the measured and
calculated compressor outlet air temperature can be compensated by applying
compressor efficiency multiplier on the map. In this simulation, the compressor
efficiency multiplier is adjusted to get the compressor outlet temperature equal
to the measurement.
Figure 5.2 illustrates the difference between the compressor efficiency
multipliers from two types of simulation. When the heat transfer in the
turbocharger is considered in the simulation, the compressor efficiency
multipliers of all cases were set equal to one. On the other type of simulation,
the compressor efficiency multiplier deviates from one to achieve the right
temperature after compressor, when the heat transfer in the turbocharger is not
considered. The compressor outlet temperature was adjusted exactly to the
measurement in the two types of simulation. We change the efficiency of the
compressor to get the right temperature at compressor outlet, but the efficiency
of the compression was in reality close to the measured map. The only thing that
changed was the heat transfer to the compressed air via the compressor scroll.
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Figure 5.2 shows that the compressor requires lower efficiency multipliers in
cases without water, because the compressor heat flows are higher in
comparison to the cases with water. The cases with the highest deviation from
one are cases 1, 2, 11, 12 and 14 which all are low load points and in low
turbocharger speeds. These are not covered in the provided turbocharger map
and they have to be extrapolated. Therefore, the deviation comes from the
extrapolation of the turbocharger performance map.
Figure 5.3 depicts the difference between turbine efficiency multipliers from the
two types of simulation. Similar to the compressor efficiency multiplier, the
turbine efficiency multipliers are higher for cases without water, in the two types
of simulation. However, it is more apparent in the simulation when the heat
transfer in the turbocharger is not considered. When the heat transfer in the
turbocharger is included in the simulation, the turbine efficiency multiplier is
very close to one except for cases 1, 2, 11 and 12. As was mentioned, they are in
low turbocharger speeds and they require map extrapolation. On the other hand,
when the heat transfer is not considered turbine efficiency multipliers are much
higher in comparison to the first simulation. Cases 1, 2, 12, 13 and 14 have the
highest turbine efficiency multipliers in the second simulation, due to two
reasons, first they are in low turbocharger speeds, which need to be extrapolated
on the map, and secondly, the heat transfers of the turbine and compressor are
not applied. Therefore, the compressor efficiency multiplier varies which
changes the efficiency of the compressor impeller. Therefore, higher compressor
power is required to produce the requested pressure ratio, and the torque balance
changes on the turbocharger shaft. Consequently, one solution is to adjust the
turbine efficiency multiplier to get the turbocharger speed the same as the
measurement.
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Figure 5.2 Compressor efficiency multiplier vs. case No. with and without heat transfer
consideration in the simulation (desired means no use of multiplier).

Figure 5.3 Turbine efficiency multiplier vs. case No. with and without heat transfer
consideration in the simulation (desired means no use of multiplier).

Figure 5.4 shows the mass averaged temperature of the flow at turbine outlet
from two types of simulation. The turbine outlet temperature is adjusted to the
72

measurement, when the heat transfer is included in the simulation. But, when the
heat transfer in the turbocharger is not included in the simulation, the turbine
outlet temperature is 1 to 5.7 percent higher in comparison to the first
simulation. Predicting the right temperature after the turbine is very crucial in
the simulation for after treatment optimization.

Figure 5.4 Mass averaged temperature after turbine vs. case No. with and without heat
transfer consideration in the simulation and measured temperature.

5.4. Simulated versus analyzed heat flows
Of great importance is that to show the simulated artificial heat flows are
logically defined from the turbine and to the compressor (based on the
turbocharged engine simulation), and they are not just haphazard heat flows.
Therefore, these artificial heat flows should correlate with the analytically
calculated heat flows based on the heat transfer model of the turbocharger. The
analyzed heat flows on the turbine and the compressor are
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Fig. 5.5 and 5.6 show the turbine and the compressor heat flows from the
simulation against the heat transfer analysis, for the cases listed in Table 5.1.
The results indicate the logical connections of the artificial heat flows from the
simulation with heat flows from the analysis; however, the heat transfer model
of the turbocharger gives higher turbine and compressor heat flows than the
simulation. This is a consequence of using turbocharger performance map in the
simulation and unknown heat transfers on the exhaust manifold and pipes in the
simulation. In addition to the simulation, the uncertainty in the heat transfer
model contributes significantly to the difference of simulated and analyzed heat
flows. As was discussed, in order to calculate the Nusselt number on each part
of turbocharger, an ideal geometry was assumed for each part. This leads to a
great unreliability in the heat transfer calculation. In addition, the assumption of
the thermal properties of each material of the turbocharger is a major cause of
the difference between the simulated and analyzed heat flows. However, their
correlations show that the simulated heat flows are logical.

Figure 5.5 Simulated vs. analyzed turbine heat flow
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Figure 5.6 Simulated vs. analyzed compressor heat flow
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6. Cold and hot-measured turbocharger performance
maps
6.1. Turbocharger performance maps
The cold and hot-measured compressor speed maps are combined in Fig. 6.1.
The input data window is the region of the performance maps in which the
measured data are situated. Measured data are in the input data window and the
map is interpolated in this window, but the rest of the map is extrapolated. Due
to this fact, the input data windows of the cold and hot maps are not
superimposed in Fig. 6.1. As can be seen, the input data window of the hot map
covers higher rotational speeds and higher corrected mass flow. However, it
does not include the low rotational speeds. In contrast, the cold-measured input
data window can cover lower rotational speeds and low corrected mass flow.
This is due to the fact that the turbine drives the compressor; the range of
available energy into the turbine is different in the cold and hot conditions.
When the turbine inlet temperature is 600°C, higher turbocharger speed and
pressure ratio are reachable in comparison to the turbine inlet temperature of
100°C. In addition, the minimum achievable turbocharger speed in hot condition
is higher than that of the cold condition, because there is a limitation of
controllability of the minimum flow into the turbine on the test rig; with the cold
flow, lower volume flow can more easily be controlled. Hence, the input data
window of the cold map can cover lower rotational speeds and consequently
lower pressure ratio and corrected mass flow.
Four different speed lines are shown in different levels from the cold and the hot
maps. They are very close to each other. However, in low corrected mass flow,
the pressure ratio of the cold map is slightly higher, and in higher corrected mass
flow, the pressure ratio of the cold map is lower than the hot map. In addition, in
low rotational speeds, the constant-speed lines are very close to each other, but
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in higher speeds, they separate from each other and the cold one gives higher
pressure ratio. Therefore, it may be assumed the speed lines of the two maps
coincide. This is due to the fact that the heat transfer has no large influence on
the compressor pressure ratio in steady state. However, the apparent compressor
efficiency is changed. Sirakov and Casey [11] have reported the same result and
explained that the heat transfer is falsely attributed as an additional work input
and is not a thermodynamic effect.
The differences in the highest corrected mass flow and low pressure ratio region
are not of great significance, since the cold measured speed lines are based on
extrapolation in this region.

Figure 6.1 Comparing constant-speed lines in the extrapolated compressor performance
maps based on the cold and hot measurements, including the cycle average values (◦) of

the load points listed in Table 5.1 (some cases are numbered) and the input data
windows
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Fig. 6.2 presents extrapolated turbine efficiency (total to static) versus pressure
ratio (total to static) based on the cold and hot measurements. It shows only
three corrected speed lines to be able to compare them with each other. The
middle part of the hot curves has lower efficiencies compared to the cold ones.
However, the lower and higher pressure ratio parts of the hot curves have higher
efficiencies than the cold ones. This can be explained by considering Table 1.2.
As was described on the cold test-rig, the turbocharger bearing housing is heated
up by the oil flow, which can influence the apparent compressor efficiency.
According to Sirakov and Casey [11], the main part of the heat transfer travels
through the bearing housing and appears to be controlled by the oil temperature.
Thus, this heat addition in the cold test-rig leads to lower apparent compressor
efficiency and higher apparent turbine efficiency. It has to be mentioned that the
measurement points are placed around the maximum efficiency point of each
curve and the rest are extrapolated.

Figure 6.2 Combination of extrapolated turbine efficiency maps based on the cold and
hot measurements
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6.2. Turbocharged engine
The amount of simulated heat flow to the compressor is shown in Fig. 6.3, for
all load points listed in Table 5.1. The simulation has been performed by cold
and hot-measured turbine and compressor performance maps. The results
indicate that the compressor heat flow is not just a function of engine load point;
thus, other parameters affecting the heat transfer situation of the compressor
have to be considered, such as turbine inlet temperature, oil heat flow, water
heat flow and compressor operating point.
Not surprisingly, some cases have negative compressor heat flow or very little
heat flow, and some of them have ten times more positive heat flow.
In order to understand Fig. 6.3 deeply, it is explained step by step. In the first
step, one load point is compared in two conditions, with (odd cases) and without
(even cases) water into the turbocharger bearing housing. It is clear that the
cases without water have higher amount of heat flow to the compressor, for all
load points and for both cold and hot maps. The reason is that there is higher
heat transfer to the compressor in the absence of water in the bearing housing.
Both cold and hot-measured turbocharger performance maps used the water and
the water is blocked in half of the cases of the turbocharged engine.
In the next step, we consider cases 1 to 4 and 11 to 14 in which the simulated
compressor heat flow with hot map shows higher value than that of the cold
map. These are cases in low load point of engine and consequently low load
point of the turbocharger. The important point in the cold-measured
turbocharger performance map is that the inlet oil temperature is higher than
outlet oil temperature. This means there is a heat transfer from hot oil to the
turbocharger, presumably mostly to the compressor. This is because in low load
points the average air temperature across the compressor has low temperature
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(lower than 80 ºC); however, the oil inlet temperature is around 95 ºC and water
temperature is around 80 ºC, as listed in Table 2.2.
By considering the turbine inlet temperature of the mentioned cases, listed in
Table 5.1, it seems the heat transfer situations of the on-engine turbocharger are
closer to the heat transfer situation of the cold-measured turbocharger rather
than the hot-measured one. This is due to the fact that the average oil
temperature of the turbocharger in the engine lab is lower, and that of the hotmeasured one is highest. Consequently, the simulation of turbocharged engine
needs more heat flow to the compressor when hot-measured compressor
performance map is used. Case 3 shows negative compressor heat flow. That is
because of high amount of cooling water, which is flowed into the on-engine
turbocharger with low temperature, 19 ºC. Therefore, some heat must be
extracted from the compressor to follow the maps. However, the compressor in
the cold map is still cooled more than the hot-measured one.

Figure 6.3 Simulated compressor heat flows for 24 cases, listed in Table 5.1, based on the
cold and hot-measured turbocharger performance maps
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Then, cases 5 to 10 and 15 to 22 are studied in which the cold map requires
more compressor heat flow than the hot map. These cases are normal
operational points which are more reliable, because they sit in input data
window and the errors from the extrapolation is less and measurement
uncertainty is also lower. They have relatively high rotational speeds and high
turbine inlet temperature. The turbine inlet temperature of these cases is between
770 to 855 ºC, which means higher than the hot-measured map.
In these cases, it is clear that the heat transfer situation of the hot-measured
compressor map is much closer to the heat transfer situation of the on-engine
turbocharger than that of the cold-measured map. Thus, the required amount of
compressor heat flow is lower for the simulation with the hot-measured maps.
The simulation with the cold-measured maps has more deviation from the onengine turbocharger’s heat transfer situation.
The last cases in Fig. 6.3 are the only cases that do not follow these
explanations. Cases 23 and 24 are explained by considering air-fuel ratio. They
are run very over-rich (λ=0.7) to decrease the turbine inlet temperature. By
changing this ratio very much, the deviation of the hot-measured map is higher
than the cold-measured one, and it needs more compressor heat flow.
Fig. 6.4 illustrates the simulated turbine heat flow for 24 cases, listed in Table
5.1, based on the cold and hot-measured turbocharger performance maps. It is
obvious that the turbine heat flow is mostly affected by the turbocharger load
point, rather than oil or water heat flow.
The turbine heat flow is increased by stepping-up the load of the engine, or
turbocharger, which leads to the higher amount of available energy into the
turbine. The cases without water have slightly lower simulated turbine heat
flow, as is expected. This is because of the fact that the heat transfer from the
turbine to the bearing housing is less in the absence of the water. Using the cold
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and hot-measured maps does not make a big difference in the simulated amount
of heat flow on the turbine, which works on the engine. In order to understand
the reason behind that, the required turbine efficiency multiplier must be
examined, as shown in Fig. 6.5.
The difference of efficiency multipliers in each case is clear. In all cases the hot
map requires higher turbine efficiency multiplier, except for cases 11 and 12
which are the low load points. The difference between the expected and the
obtained results may be due to the map extrapolation and the measurement
uncertainties, at low turbocharger speeds.
A higher turbine efficiency multiplier means higher efficiency is required to
achieve the engine test conditions. As was shown in Fig. 6.2, the cold-measured
turbine efficiency was higher than the hot-measured one, around the maximum
efficiency point of the efficiency curve. This was because of the heat transfer
from the hot oil flow to the compressor in the cold measurement. Now, this is
reflected in the required turbine efficiency multiplier. The hot map needs higher
turbine efficiency and the cold map demands lower turbine efficiency.

Figure 6.4 Simulated turbine heat flows for 24 cases, listed in Table 5.1, based on the
cold and hot-measured turbocharger performance maps
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Figure 6.5 Required turbine efficiency multipliers for 24 cases, listed in Table 5.1, based
on the cold and hot-measured turbocharger performance maps

Fig. 6.6 illustrates the measured and simulated absolute pressures after the
compressor with the cold and hot-measured turbocharger performance maps in
which no multiplier was used for the compressor map and the turbine was tuned
for the speed. Most of the cases are very close to each other, as is expected;
however, for high engine load points like cases 9, 10, 21, 22, 23 and 24, there
are some differences. These can be explained by examining Fig. 6.1. The higher
the turbocharger speed, the greater the distance of the constant turbocharger
speed lines of the cold and hot-measured compressor maps. In lower mass flow,
like these engine operational points, the cold-measured constant speed lines give
slightly higher pressure ratio. Thus, this discrepancy can contribute to the
differences in cases 23 and 24 from the expectations, in addition to the very low
air-fuel ratio, which changes the flow characteristics.
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Figure 6.6 Comparison of measured absolute static pressure after compressor with
simulated ones based on the cold and hot-measured turbocharger performance maps,
for 24 cases listed in Table 5.1
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7. Turbocharger walls’ temperatures
7.1. Turbocharger working fluids temperatures
Although working fluid temperature of a turbomachine is a function of the
turbomachine performance and inlet temperature of the working fluid, the
turbomachine walls temperature can significantly affect the working fluid
temperature. Changing the heat transfer situation on the turbocharger for the
same load point gives different air temperature after the compressor and
different exhaust gases temperature after the turbine. This impact is greater in a
transient load condition.
Attempts have been made to find the best functions of the turbocharger working
fluids temperature base on the present study’s measurements. The measurements
were performed for different engine load points and different heat transfer
conditions on the turbocharger.
Three average walls’ temperatures were made for three main components of the
turbocharger, the compressor scroll and back, the turbine housing and back, and
the turbocharger bearing housing. These were formed based on the measured
walls’ temperatures on accessible surfaces of the turbocharger.
The working fluid temperature can be a function of the pressure ratio across the
turbine or the compressor, the walls’ temperatures, the speed of the working
fluid, and inlet temperature of the working fluid. All parameters should be
normalized.
It was found that the speed of the working fluids have relations to the pressure
ratios of the compressor and the turbine. The speed of the working fluids can be
presented by the ratio of the blade tip speed to the speed of sound at the
compressor inlet temperature.
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Figs. 7.1 and 7.2 show the relation between pressure ratio and normalized blade
tip speed for the compressor and the turbine, respectively. The results indicate
that including both turbomachine performance and working fluid speed can be
done just by considering the pressure ratio.

Figure 7.1 The compressor pressure ratio vs. normalized blade tip speed for the load
points listed in Table 2.1

Figure 7.2 The turbine pressure ratio vs. normalized blade tip speed for the load points
listed in Table 2.1
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An intensive investigation was performed to find the correlations between the
introduced parameters of the turbocharger. The temperatures are normalized to
the compressor inlet temperature, which is the ambient temperature. The best
trend line for the normalized compressor outlet temperature was found in
relation to the product of the compressor pressure ratio and average walls
temperature of the compressor. Fig. 7.3 shows this relation.
The normalized turbine outlet temperature was a function of the product of the
turbine pressure ratio, normalized average turbine walls temperature and
normalized turbine inlet temperature (see Fig. 7.4.).
There are just four operating points out of the trend line that all are cases with
the fan where the uncertainty of the temperature measurement is very high due
to the heat transfer of the thermocouples.

Figure 7.3 Normalized compressor outlet temperature vs. the product of the compressor
pressure ratio and normalized average compressor walls temperature for the load points
listed in Table 2.1
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Figure 7.4 Normalized turbine outlet temperature vs. the product of the turbine
pressure ratio, normalized turbine inlet temperature and normalized average turbine
walls temperature for the load points listed in Table 2.1

7.2. Predictability of the walls’ temperatures
According to the previous section, in order to predict the outlet temperatures of
the turbocharger working fluids, the walls’ temperatures are required. The
measurements of the turbocharger walls’ temperatures in many different engine
load points and heat transfer conditions show that the turbocharger walls’
temperatures are predictable. Fig. 7.5 illustrates the normalized average
compressor walls temperature as a function of compressor pressure ratio
(compressor performance), average turbine walls temperature (which is
significantly influenced by changing the convection on the turbocharger) and the
bearing housing walls temperature (which is governed by the oil and water
cooling temperature).
Therefore, the external compressor surfaces temperature can be calculated by
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where a and b are constants.
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Figure 7.5 Normalized average temperature of external compressor walls against the
product of the compressor pressure ratio, normalized average turbine walls temperature
and normalized average bearing housing walls temperature for the load points listed in
Table 2.1

Fig. 7.6 shows the linear relationship between normalized average temperature
of the turbine external surfaces and its heat boundary conditions. These
conditions are normalized turbine inlet temperature, normalized average bearing
housing temperature and convective heat transfer on the turbine. The convection
heat transfer is a function the air velocity around the turbocharger. The air
velocity was measured downstream the outlet pipe of the fan when the fan was
on. This has been done by measuring the mass flow of the air in the pipe by a
hot-film meter. The air velocity was 18 m/s. Then, the air velocity around the
turbine was estimated by making smoke around it for two different conditions,
when the turbine was red and hot and when the engine was off and just the
forced ventilation of the test cell was working. The result was that the air
velocity can differ by load points due to the temperature gradient around it. Its
range is from 0.5 m/s to 5 m/s when the cooling fan did not work.
According to Fig. 7.6, the effect of convection on the turbine housing
temperature is high when the cooling fan is on. Otherwise, the turbine housing
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temperature is governed by the turbine inlet temperature and bearing housing
temperature. Therefore, a parameter for fan is added to this function. F in this
graph can be 0 when the fan is off or 1 when the fan is on. The maximum
velocity around the turbine normalizes the velocity of the air. Therefore, the
external turbine surfaces temperature can be calculated by
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fan is off R
fan is on

where a, b and c are constants.

Figure 7.6 Normalized average temperature of external turbine walls as a function of
turbine inlet temperature, Bearing housing temperature and the velocity of the air
around the turbocharger for the load points listed in Table 2.1

Now, it is required to predict the bearing housing external walls temperature.
The measurements show that it is mainly governed by the water temperature;
however, when the water to the bearing housing is blocked, it is influenced by
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the oil temperature and convection around the bearing housing. Fig. 7.7 shows
this relation, which is linear. Therefore, the external turbocharger bearing
housing surfaces temperature can be calculated by
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where a, b and c are constants.

Figure 7.7 Normalized average temperature of external bearing housing walls as a
function of cooling water, cooling oil and the velocity of air around the turbocharger for
the load points listed in Table 2.1

7.3. Transient prediction
At a fast load-step, the walls’ temperatures remain virtually equal to the
previous stationary temperatures during the load-step. The critical question is;
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how much the turbocharger walls’ temperatures can influence the efficiencies
and the outlet temperatures of the turbocharger in transient conditions and
during engine load-steps.
Fig. 7.8 shows a load-step of an engine. If we assume the engine load is changed
at constant engine speed, the turbocharger speed will change from point 1 to 2.
However, it is assumed that turbocharger walls’ temperatures remains at
previous load point temperatures for a while and then begins to change slowly to
achieve the same temperature as the stationary point 2. It is assumed that the
point 2' (virtual) have approximately the same turbocharger speed as point 2 but
the same turbocharger walls’ temperatures as the point 1.
2
2' (virtual)

1

Figure 7.8 Transient load-step operation of an engine

As was discussed the turbocharged walls’ temperatures are predictable just by
knowing the temperatures of inlet compressor, inlet turbine, inlet water and inlet
oil, also the compressor pressure ratio, the turbine pressure ratio and the velocity
of the air around the turbocharger, as well. Therefore, the temperatures of outlet
compressor and outlet turbine will be defined based on the turbocharger walls’
temperatures and the mentioned parameters.
For instance, cases 14 and 13 in Table 2.1 are considered. The load step is from
50 Nm (case 14) to 200 Nm (case 13) at constant engine speed of 2000 rpm. In
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both cases the cooling fan is off and there is water through the bearing housing.
Table 7.1 provides the data of the sample load-step.
Table 7.1 The data of the sample load-step and the virtual point

Case

1

2

2_Virtual

Compressor inlet temperature (°C)

20.7

21.7

20.7

Turbine inlet temperature (°C)

624.6

848.3

848.3

Water inlet temperature (°C)

15.9

17.1

15.9

Oil inlet temperature (°C)

50.8

58.3

50.8

Compressor pressure ratio

1.028

1.465

1.465

Turbine pressure ratio

1.030

1.327

1.327

Turbocharger Speed (rpm)

25165 96825

96825

External wall temperature of the turbine (°C)

419.3

616.8

419.3

Bearing housing wall temperature (°C)

25.8

35.2

25.8

External wall temperature of the compressor (°C)

30.5

72.5

30.5

Figs. 7.9 and 7.10 compare the predicted compressor outlet temperature and
turbine outlet to the measurements and shows the virtual temperatures when the
turbocharger walls’ temperatures remain at the previous load condition. The
results indicate that the predicted temperatures have a good agreement with the
measurements. The maximum differences of the predicted and measured
temperatures are 0.25% for compressor outlet and 1.4% for turbine outlet.
Interestingly, the virtual temperatures have quite great deviation from the second
stationary load points, which shows the importance of understanding the heat
transfer in the turbocharger. The virtual compressor outlet temperature and
turbine outlet temperature have 4.3 and 6.1% difference with the second
stationary load point, respectively.
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Figure 7.9 Prediction of compressor outlet temperature during the load-step

Figure 7.10 Prediction of turbine outlet temperature during the load-step
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8. Summary and conclusions
The long-term objective for this project is to improve turbocharged engine
simulation precision and predictability for transient operation by including heat
transfer of the turbocharger in the simulation. The motivation for this is the need
for better understanding of the turbocharger performance on the engine-like
condition and a wish to minimize the usage of multipliers in one-dimensional
gas dynamics codes.
Analytical and experimental investigation of the heat transfer in an on-engine
turbocharger was examined and combined with the turbocharged engine
simulation. This has been performed in order to consider heat transfer in the
turbocharger, and reduce shifting and correcting the turbocharger performance
maps in one-dimensional gas dynamics codes.
The experimental investigation was conducted on a GDI engine equipped with
VVT and water-oil-cooled turbocharger. This has been done for different load
points of the engine and different heat transfer conditions on the turbocharger by
using insulators, an extra cooling fan, radiation shields and water-cooling
settings. In addition, several thermocouples have been used on accessible
surfaces of the turbocharger in this investigation to calculate the external heat
transfers
A heat transfer model of the turbocharger has been developed and compared to
the experiment. Different methods for heat transfer calculations have been
compared and a formula has been suggested for Nusselt number calculation
which is valid for the turbine housing, turbine back, bearing housing,
compressor back and compressor housing in different Reynolds number and
engine operating conditions.
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Based on this heat transfer analysis of the turbocharger, the internal heat transfer
from the turbine to the bearing housing (Q +
to the compressor (Q +

),,- )

),, )

and from the bearing housing

are significant. Furthermore, the external heat

transfers of the compressor housing and the bearing housing, and the frictional
power do not play an important role in the heat transfer analysis of the
turbocharger.
The effect of using the extra cooling fan on the energy balance of the
turbocharger is significant. However, the effect of the water is more significant
on the external heat transfer of the bearing housing and the internal heat transfer
from the bearing housing to the compressor. It seems the radiation shield
between the turbine and the compressor has no significant effect on the energy
balance of the turbocharger.
In order to include heat transfer of the turbocharger in the engine model of the
one-dimensional gas dynamics code, a heat sink and a heat source were built
upstream the turbine rotor and downstream the compressor impeller,
respectively. The heat flows can be compensated by the efficiency multipliers on
the turbine and compressor, but these multipliers are load dependent and
deteriorate the predictability of the simulation. Moreover, the gas temperature
after the turbine is not achievable by using an efficiency multiplier, exclusively.
The present study has shown that heat transfer in the turbocharger is very crucial
to take into account in engine simulations, and it improves simulation
predictability in terms of getting the compressor efficiency multiplier equal to
one and turbine efficiency multiplier closer to one, and achieving turbine outlet
temperature close to the measurement. Moreover, the compressor outlet
temperature becomes equal to the measurement without correcting the map. In
fact, simulated heat flows are the differential heat flows between two heat
situations; on the engine and on the gas-stand (for the maps).
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The simulated artificial heat flows correlated with the analytically calculated
heat flows from the turbine and to the compressor based on the heat transfer
model. The simulated heat flows had logical connections with the turbocharger
heat transfer modeling; however, the heat transfer model of the turbocharger
gave higher turbine and compressor heat flows than the simulation. This is
because the heat transfer model of the turbocharger requires many assumptions
for the calculations of the heat transfer coefficients such as an ideal geometry for
each part, thermal properties of the materials, areas estimations etc. These
assumptions increase the uncertainty of the absolute amount of heat transfer of
the turbocharger based on the heat transfer modeling; however, the quantity of
the heat transfer on the turbocharger is predictable.
Furthermore, the use of two different turbocharger performance maps was
assessed concerning the heat transfer situation in the simulation of the measured
turbocharged engine. The turbocharger performance maps have been measured
under two different heat transfer situations, with the turbine inlet temperatures of
100 and 600°C.
The results indicate that the heat transfer situation during the measurement of
the turbocharger performance influences the amount of simulated heat flow to
the compressor. The heat transfer situation may be defined by the turbine inlet
temperature, oil heat flux and water heat flux. However, the heat transfer
situation on the turbine makes a difference on the required turbine efficiency
multiplier, rather than the amount of turbine heat flow. It seems the turbine heat
flow is a stronger function of available energy into the turbine.
Of great interest is the fact that different heat situations on the turbocharger do
not considerably influence the pressure ratio of the compressor. The turbine and
compressor efficiencies are the most important parameters, which are affected
by that.
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The bearing housing temperature can significantly influence the compressor
efficiency. This temperature is governed by the oil and water temperatures. This
impact is greater at the low rotational speeds of the turbocharger. Due to this
fact, the turbine efficiency, which was calculated based on the compressor work,
was affected by the oil heat flux and it gave higher efficiency in the cold
measurement in contrast to the expectation.
The component temperatures of the turbocharger influence the working fluid
temperatures. Additionally, the turbocharger wall temperatures are predictable
from the experiment. This prediction enables increased precision in engine
simulations for future works in transient operations.
It is presumably critical to include the heat transfer of the turbocharger in
transient simulations of turbocharged engines. This is because the heat transfer
to the fluid through the turbocharger depends on the heat transfer situation from
previous load conditions. To this end, understanding the effect of heat transfer
situation on the turbocharger performance would be crucial in the transient
simulation of turbocharged engines.
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9. Future work
The main aim of the future work should be the simulation of turbocharged
engine in the transient operation when the heat transfer of the turbocharger is
considered. In order to include the heat transfer of the turbocharger in transient
simulation of the turbocharged engine, we have to use the same method for
artificially differential heat flows of the turbine and the compressor, presented in
chapter 3. At a fast load-step, we can achieve the differential heat flows for two
stationary points by the implemented controller in the simulation. Then, we can
remove the heat flow controllers, put the constant values for them, and make
different interpolations between these two points to get the same result as the
measured one in transient operation. By using the method presented in chapter 7,
it is possible to simulate the turbocharged engine for the virtual outlet
temperatures of the compressor and the turbine. Therefore, the interpolation
could be between three points that would improve the predictability of the
simulation. In addition, the heat transfer modeling of the turbocharger would be
completed in transient condition by considering the thermal inertias of the
turbocharger components.
Another field, which could be interesting, is bearing frictional power of the
turbocharger. Turbocharger shaft friction is normally included in the turbine
efficiency maps. At low turbine power, the friction part can be considerable. The
low power situation is very important for the outcome of transients. The last
focus of this project is to extract the friction from the map into a separate
friction calculation to be included in the simulation. An assumption is that high
axial forces during transient have an important effect on the friction power. The
author has made numerous measurements on back-plate pressure of the
compressor impeller, axial force on turbocharger shaft and displacement of the
turbocharger shaft. However, they are not included in this thesis. It is of value to
be able to use the data and make an analytical investigation on the pressure
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distribution on the blades to calculate the axial forces and friction on the
turbocharger shaft. Also, study the effect of changing oil temperature (viscosity)
on the friction and discussing turbocharger friction characteristics are desirable,
in order to separate these losses from aerodynamic losses.
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Appendix 1: Nusselt numbers of the turbocharger components from different
sources
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