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Abstract

Heat transfer plays an important role in affectang on-engine turbocharger performance.

However, it is normally not taken into account fiafbocharged engine simulations.

Generally, an engine simulation based on one-dimmrakgas dynamics uses turbocharger
performance maps which are measured without qyargifand qualifying the heat transfer,
regardless of the fact that they are measured erhdft-flow or cold-flow gas-stand. Since
heat transfer situations vary for on-engine turlaoghrs, the maps have to be shifted and
corrected in the 1-D engine simulation, which masd efficiency multipliers usually do for
both the turbine and the compressor. The multiplerange the maps and are often different
for every load point. Particularly, the efficienoyltiplier is different for every heat transfer
situation on the turbocharger. The heat transfaddeto a deviation from turbocharger
performance maps, and increased complexity of tmbotharged engine simulation.
Turbochargers operate under different heat trarsfeations while they are installed on the

engines.
The main objectives of this thesis are:

heat transfer modeling of a turbocharger to quanaind qualify heat transfer
mechanisms,

improving turbocharged engine simulation by inchglheat transfer in the turbocharger,

assessing the use of two different turbochargefopeance maps concerning the heat
transfer situation (cold-measured and hot-meastudabcharger performance maps) in the
simulation of a measured turbocharged engine,

prediction of turbocharger walls’ temperatures dhdir effects on the turbocharger

performance on different heat transfer situations.

Experimental investigation has been performed amager-oil-cooled turbocharger, which

was installed on a 2-liter GDI engine for differém&d points of the engine and different heat
transfer situations on the turbocharger by usirgylators, an extra cooling fan, radiation
shields and water-cooling settings. In additiorvesal thermocouples have been used on

accessible surfaces of the turbocharger to cakebeiernal heat transfers.



Based on the heat transfer analysis of the turlsgehathe internal heat transfer from the
bearing housing to the compressor significantlges the compressor. However, the internal
heat transfer from the turbine to the bearing haysind the external heat transfer of the
turbine housing mainly influence the turbine. Theeenal heat transfers of the compressor
housing and the bearing housing, and the frictipoaler do not play an important role in the

heat transfer analysis of the turbocharger.

The effect of the extra cooling fan on the energlabce of the turbocharger is significant.
However, the effect of the water is more significam the external heat transfer of the
bearing housing and the internal heat transfer fileenbearing housing to the compressor. It
seems the radiation shield between the turbingf@dompressor has no significant effect on

the energy balance of the turbocharger.

The present study shows that the heat transfdreniurbocharger is very crucial to take into
account in the engine simulations. This improvesusation predictability in terms of getting
the compressor efficiency multiplier equal to omel aurbine efficiency multiplier closer to
one, and achieving turbine outlet temperature chuséhe measurement. Moreover, the

compressor outlet temperature becomes equal tméasurement without correcting the map.

The heat transfer situation during the measurenwnthe turbocharger performance
influences the amount of simulated heat flow to ¢benpressor. The heat transfer situation
may be defined by the turbine inlet temperatureheat flux and water heat flux. However,
the heat transfer situation on the turbine makesference on the required turbine efficiency
multiplier, rather than the amount of turbine htatv. It seems the turbine heat flow is a
stronger function of available energy into the ineb Of great interest is the fact that different
heat situations on the turbocharger do not corsidgrinfluence the pressure ratio of the
compressor. The turbine and compressor efficiermieshe most important parameters that

are affected by that.

The component temperatures of the turbochargemdantie the working fluid temperatures.
Additionally, the turbocharger wall temperatures aredictable from the experiment. This
prediction enables increased precision in enginaulgitions for future works in transient

operations.
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Nomenclature
average specific heat capacity at constant pre$3(kgK)

mass flow (kg/s)
pressure (Pa)
temperature (K)
heat capacity ratio
efficiency

Lambda value
Heat flux (W)
Work (W)

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

power (W)

emissivity

area (m2)

shape factor, fan
Reynolds number
kinematic viscosity (m2/s)
dynamic viscosity (Pa.s)
Nusselt number

Prandtl number

thermal diffusivity (m2/s)
thermal conductivity (W/mK)
Grashof number

volume expansion coefficient (1/K)



Subscripts
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Turbo
Shaft
Rotor
imp
Pipes
Ext
Int
T-B
B-C

total (stagnation)
compressor inlet
compressor outlet
turbine inlet

turbine outlet
compressor

turbine

bearing housing

bearing housing

turbine Housing
compressor housing
turbine back plate
compressor back plate
turbocharger
turbocharger shaft
turbine rotor

compressor impeller
pipes to the turbocharger
external

internal

turbine to bearing housing
bearing housing to compressor
friction, film

water



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 analysisedittbocharger
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1. Introduction
1.1. Background

Turbocharging is an essential technology for downgi and downspeeding
internal combustion engines, which leads to a lolwel consumption. Fig. 1.1
shows the turbocharging concept. In order to ditveturbocharger compressor,
the turbocharger turbine uses the hot exhaust iges the engine, which is

otherwise released into the environment with a fdghtent of unused energy

[1].

Figure 1.1 Turbocharging the internal combustion egine [1]

The increasing interest in turbocharging the irercombustion engine has
heightened the need for more accurate turbochgeydéormance prediction. Of
particular interest is heat transfer within the btwharger. On-engine
turbocharger faces high exhaust temperatures wtackes significant amount
of heat transfer; however, this heat transfer islyameasured or accounted for

in any turbocharger performance or turbochargednengimulation. Fig. 1.2
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shows glowing red-hot turbine and exhaust manitmidthe engine where the
exhaust gas temperature can be up to 870°C. Tlys temperature can

deteriorate the turbine and compressor performarggsurement.

: i\l
Exhaust manifold \
T e

0N

Compressor

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

Turbine and compressor performance are modeledngdomensional gas
dynamics simulation models, using performance mapsvided by the
manufacturer or measured on gas-stand. These ma&psneasured under
assumed adiabatic conditions; however, on-engimbothharger faces real
conditions with large amount of heat transfer. Efi@e, there is a potential to

increase simulation accuracy by including this heatsfer in the simulation.

Heat transfer on the turbocharger is a very impoitsue when it is working on
the engine, especially for Sl-engines, which hagedr exhaust gas temperature
than Cl-engines. In spite of the fact that the heamnsfer affects on-engine

turbocharger performance, most of the turbochasgegine simulations are still
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based on the traditional turbocharger performanepsnin which the heat
transfer is not taken into account carefully. Aligh hot flow-rig comprises the
heat transfer on the turbocharger to some exteatgtiantity and the quality of
the heat transfer mechanisms are not compreherisiliéferent heat transfer

conditions.

1.2. Objectives

In order to support simulations of complete turtayged engines in the present
study, the turbocharger performance has been stiri 1-D engine simulation

with focus on heat transfer in the turbocharger.

It is of value to be able to simulate engine trants as they are run in engine
certification and in real engine use. Performamug @missions can be studied
and optimized with such simulations. The valuehef $imulations is very much
dependent on the precision of the results. Theddithis study is to increase the
simulation precision and predictability by includirthe heat transfer in the

turbocharger.

Heat transfer leads to a deviation from turbochapgrformance maps, and
increase the complexity of the turbocharged enginaulation. Turbochargers
are operated under different heat transfer sitoatwhile they are installed on

the engines.

This thesis has four main objectives

heat transfer modeling of the turbocharger
improving turbocharged engine simulation by inchgliheat transfer in

the turbocharger

14



assessing the use of two different turbochargerfopeance maps
concerning the heat transfer situation in the satnh of measured
turbocharged engine

prediction of turbocharger walls’ temperatures dne€lir effects on the

turbocharger performance on different heat trarsfaations

Although considerable research has been devotdtietcheat transfer in the

turbocharger, rather less attention has been paltetturbocharger performance
maps utilized in the engine simulations. The ainthid study is to discuss this

aspect and to show the effects of applying theferdnt maps, measured under
different heat transfer situations, in the one-dismienal gas dynamic engine
models.

This study uses two sets of turbocharger performaneps measured under
“cold” and “hot” conditions in a special test rihe generated performance
maps of the turbine and the compressor are inegjtata 1D engine simulation
in which the heat transfer of the turbochargeraastdered by adding a heat

source downstream of the compressor and a heatipstkeam the turbine.

The temperatures of the working fluids in the tutharger are affected by the
components temperatures, which leads to significaisinterpretation of the
turbocharger performance, especially in a tranglemtng cycle. At a fast load-
step, the walls’ temperatures remain virtually $hene as the previous stationary
temperatures during the load-step. Thus, the wgrkinds temperature will be
influenced by the turbocharger walls’ temperatuséshe first stationary load
point. Therefore, it is of value if we could predibe walls’ temperatures and
investigate their influences on the working fluesperatures. The present study
shows that turbocharger walls’ temperatures ardigiable and they effect on

the air and exhaust gases temperatures througiothpressor and the turbine.

15



1.3. Methodology

The methods to investigate the heat transfer inuH@charger are performing
measurements on an on-engine turbocharger by atgahgiat transfer condition
on it, then simulating the complete turbochargedirem in a one-dimensional
gas dynamics tool. The used turbocharged perforenaraps were measured on
a special gas-stand. Fig. 1.3 shows Garret GT tutdcharger, which was a
water-oil-cooled with a single-entry turbine andsteagate (the waste-gate was

welded-closed during the measurements).

/‘::‘,, 10K

)

[ oore RN

Figure 1.3 Tested turbocharger

The heat transfer modeling of the turbocharger regmesent and simulate the
heat fluxes of different components of the turbogbg however, it will be
shown that these models are highly dependent orsdleetive coefficient for
convection heat transfer or emissivity and alsanggtoy and material properties.

In the simulation, using multipliers is the commamay of adjusting
turbocharger speed and parameters downstream obthpressor and upstream
of the turbine. However, they do not represent figsical reality. The
efficiency multiplier and mass multiplier change tnaps for both turbine and

16



compressor by correcting and shifting them. Thegdneften to be different for
different load points and every heat transfer sitmeon the turbocharger.

Considering heat transfer of the turbocharger eneghgine simulation improves
the simulation precision and predictability anddedo less usage of turbine
efficiency multiplier and no need to use the compoe efficiency multiplier.

This would contribute to an advanced transient Rtan of a turbocharged

engine.

One problem is that when the engine load is chariged high to low or vice
versa, the temperatures of the turbine and comprdssusings determine the
heat transfer to the working fluids, independent tre oil and water
temperatures in the bearing housing. Therefore, gareeral method must be

used to consider the heat transfer in the turbgenar

1.4. Literature survey

There are different approaches to take into acctlmtheat transfer in the
turbochargers. Some authors have tried to makeatthensfer model for the
turbocharger and some have tried to include haaster of the turbocharger in
the engine simulation. The common issue in thes®igaiions is that the heat
transfer is very important in the turbocharger.

Westin et al. [2] found that heat transfer from thibine to the compressor can
deteriorate the compressor efficiency. In addititve compressor efficiency
might even be better than in the map when the cesspr outlet temperature is
high. Furthermore, they found incorporation of leat losses in the simulation
did not do very much for the necessity of usingeciion factors for the turbine
efficiency.

17



Westin [3] simulated turbocharged engines with fo@n the turbine. He

showed that several kW can be lost in the turbare] the simulated outlet
temperature thus differ by around 50 K from measuiréhe heat losses are not
accounted for.

Baines et al. [4] developed a one-dimensional heatsfer model of a
turbocharger in order to predict the external amédrnal heat transfers of the

turbocharger

Romagnoli and Martinez-Botas [5], also, developddix heat transfer model of
a turbocharger. They found that the deterioratibrihe compressor diabatic
efficiency had an average drop of almost 25%, speet to the correspondent
adiabatic conditions. It was assumed that moshefheat transferred to the air
after compression occurs through the compressds jplate. They also showed
that bearing housing temperature and turbine itdetperature are linearly
related and the compressor outlet temperatureadigable. However, it was
mentioned that the geometry of the bearing housasgwell as the oil

temperature must be considered in order to beduhe generality of suggested

equation.

Some authors [6] and [7] modeled the heat trardfféne turbocharger based on
resistances, in steady state and transient condititi was shown that heat
transfer influences the turbocharger performangeaally at low and partial

loads by Cormerais et al. [6]. Serrano et al. [gpleed conductance values
obtained from a thermal characterization methodptogcorrect a procedure for
measuring the mechanical efficiency of the testadodcharger. It was

mentioned that not only the convective interactibat also the radiation heat
transfer should be included in the model for thihier investigation.

Shaaban and Seume [8] investigated turbochargdratita performance and
showed that the heat transfer to the compressooduntes a significant

18



systematic error (overestimation) in the measufédiency (measured product
of the turbine efficiency and the mechanical effiniy) at low rotational speeds.
The compressor peripheral Mach number and heatsfaarare the most
important factors affecting the compressor diaba¢idormance.

The heat transfer in the turbocharger causes usitl@egion of the measured
compressor efficiency and overestimation of thebite efficiency [9].
According to Shaaban [9], convection and radiatieat transfer represent 60-
70% of the total amount of heat transfer from thebine at low rotational
speeds. The oil acts as a heat barrier that remmess of the heat transfer from

the turbine to the compressor through the bearnging.

Bohn et al. [10] carried out a conjugate flow arghthtransfer calculation of a
turbocharger, and concluded that the compressual iBuheated up by the heat
flux from the turbine, for small Reynolds numbewgth increasing Reynolds
number, the compression heats up the fluid so glyaat heat is discharged
into the casing and blades. It was shown that &a¢ tiansfer from the turbine to
the compressor significantly influences the chamgfe state during the

compression process.

Sirakov and Casey [11] have demonstrated a cooregirocedure which
converts performance maps for adiabatic conditibfwyever, this only holds
true if the thermodynamic and aerodynamic effedtheat transfer are small.
This procedure is great for stationary load condgibut not for transient, which
Is the case in vehicle usages. These authors awtlthat the heat transfer to
the compressor is mainly influenced by the tempeeadf the oil in bearing
housing and not so directly by temperature of tinbihe inlet itself. The finding
suggests that this approach might be less effeathan the turbocharger works

in transient condition and the assumption of simadit transfer is no longer true.

19



The gas temperature of compressor and turbine afleenced by the
turbocharger’s wall temperature and this can leaa great misinterpretation of
turbocharger performance (and consequently engemononance) in transient
condition, when the load is changed but the walhgerature is still mainly
governed by previous load point. It would seemydfare, that including heat
transfer in the turbocharger in engine transiemugitions should be very

important.

Galindo et al. [12] implemented a heat transfer ehad a 1D gas dynamic to
model a turbocharged engine. The wall temperatusze calculated by a three-

node finite-differences scheme accounting for tlaimertia.

Chesse et al. [13] have argued the direct use mbhaufacturer's compressor
map without considering heat transfer. The heat fio the compressor is
determined by assuming that the heat transfer ecafier the impeller. Then,

the compressor mechanical power and outlet temyerare evaluated.

Romangoli and Martinez-Botas [14] found that thempoessor diabatic
efficiency can be evaluated by three main indepengmrameters: Mach
number, pressure ratio and “temperature parametéeg.Mach number had the
largest effect on the compressor efficiency, while temperature factor was
revealed significant only at low speeds. The lergtlthe bearing housing and
compressor diameter turned out to be significathiwia few percentage points

of the compressor efficiency.

Serrano et al. [15] investigated the influencehaf turbine inlet temperature on
the turbocharger performance. They concluded thademate changing of the
turbine inlet temperature is a good technique farreasing turbine testing
operative range; without a very high influence lo¢ tgas temperature on the

isentropic efficiency and mass flow. Reference [tli§cussed about a huge

20



uncertainty range in the calculation of turbinaaeéihcy, which was due to the

error accumulation theory.

Westin and Angstrém [16] found that the turbindaééhcy multiplier could not

be shown to depend on the pulsation amplitudeefulbine flow.
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2. Experimental setup
2.1. Tested turbocharged engine

In order to study heat transfer on the turbochargéich is working on the
engine, the investigation required very accuratagueements, not only across
the turbocharger but also all over the engine. diheof this study is to simulate
a turbocharged engine including heat transfer ertuhbine and the compressor.
The engine used for this work is a direct injectediter gasoline engine
equipped with turbocharger and variable valve tgmiiThe turbocharger is
water-oil-cooled with a closed (welded) waste-gatas turbocharger is not the
standard one for this engine.

In addition to the pulsating flow on the real emgithe curvature of the piping
connected to turbine and compressor are one saifrceviation from map
condition causing inaccuracies in the simulatiortuwbocharged engines. The
flow disturbance caused by the bends also intewitisthe pulsations which is
a complication, making it very difficult to accuelit take the bends into
consideration. On the compressor side, with muchllempulsation, the bend
effects should be more easily compensated for,usecH is possible to arrange
with straight piping in an engine setup, as showrthe tested engine (Fig. 2.1).
Moreover, the volume of the pipes between compreasd intake manifold is
large enough to give very low pulsating flow thrbufe compressor.

Many parameters are measured on the turbocharggdeesuch as air mass
flow, fuel flow, crank angle resolved cylinder psase, turbocharger speed,
crank angle resolved exhaust manifold pressurenkceagle resolved turbine
inlet pressure, crank angle resolved turbine optlessure, crank angle resolved
intake manifold pressure, intake manifold tempemtuturbine inlet gas
temperature, compressor outlet temperature andneurbutlet temperature,

valve timing, start of injection and lambda value.
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In addition to the base parameters, several thesoples have been used on
accessible surfaces of the turbocharger to meathaeturbocharger walls’
temperatures. Also, the mass flow of the water aihdnto the turbocharger
bearing housing were measured. The temperatureeoivater and oil inlet and

outlet were measured, as well. Fig 2.2 shows thi&laegethermocouple on

turbocharger walls.

\' %
\ "n
Turblne |ntle \ é

il
P

A Turbine outle
)

Figure 2.2 Welded thermocouples on the turbochargewalls
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2.2. Experimental condition

The experiment has been performed in different lpakits of the engine and

different situations of heat transfer in the turteger.

It has to be mentioned that most of the load poiméve been run in
stoichiometric air fuel ratio £1) except some cases which have higher exhaust
gases temperature than the allowable temperatmi¢ @f the turbine inlet
temperature. This is a remedy to run turbochargén higher mass flow by
running the engine in rich condition, while the nmaMm turbine inlet

temperature is not exceeded.

The aim was that to change the heat transfer mtuan the turbocharger. Three
mechanisms of heat transfer are convection, radiatind conduction. Six

strategies were used to be able to study heatférasusd change its situation on
the turbocharger:

1. The turbocharger was running with or without watarone case, the water
passed into the turbocharger bearing housing amadather, the water into that
was blocked. In all load points, the oil for coglithe bearing housing came
from the engine oil. However, the water came frapwater at around 16°C.
2.0ne radiation shield (aluminum foil) between tudbiand compressor was
used to avoid radiation from the hot turbine to teenpressor. Fig. 2.3 shows
that the turbine back cannot see the compressdr lpacising radiation shield
between the turbine and the compressor. Fig. 2awslalso that the compressor
back cannot see the turbine back.

24



ig

Radiation shie

Figure 2.4 The compressor cannot see the turbine hysing radiation shield

3. Mounting an extra cooling fan on top of the turbaxger to change the

situation of convection heat transfer.
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Cooling fan pip

\

Figure 2.5 Extra cooling fan on top of the turbochager to change the air velocity

around it

4. A special kind of insulator, which was like a blabkwas used to insulate the
turbocharger. It was possible to remove some gansalator to change the heat
transfer condition just on that part of the turbargfer. Fig. 2.6 presents the used
blanket insulator, which is insulfrax blanket withe thermal and physical
stability up to 1200°C. Its thermal conductivityffdrs between 0.06 and 0.2
for 200 until 800°C. The wholly insulated turboodper on the engine is
shown in Fig. 2.7. It is possible to remove somg p&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 enme
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Figure 2.8 Insulated compressor and bearing housinghile the turbine is free

5.A wide radiation shield between engine (exhaust ifol) and the
turbocharger was used to avoid radiation from eghamanifold to the

compressor (see Fig. 2.9)

Radiation shield

Figure 2.9 Engine radiation shield with partly insdated turbocharger
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6. Some special gaskets that have low conductivitlewsed between pipes and
turbocharger to reduce conduction from turbochavgals to the pipes or vice
versa as much as possible. The used gasket is &ticap00 with thermal
conductivity of 0.3 at 20°C.

In addition to the above strategies, the pipes weselated to reduce the heat
transfer via convection and radiation. This helpsranaccurate measurement
and simulation of the turbocharged engine. Moreother oil and water pipes to
the turbocharger bearing housing were insulatedileT2.1 summarizes the
experiment of the turbocharged engine in diffefeat points and different heat
transfer situations on the turbocharger.

2.3. Turbocharger performance maps

Provided turbocharger performance maps includeirtarkand compressor
performance maps, for the mentioned turbochargem fa test rig but with
different turbine inlet temperatures. “Cold-measlirand “hot-measured” refer
to the turbocharger performance maps that were unecasvith the turbine inlet
temperatures of 100 and 600 °C, respectively.

The experiment for measuring the turbocharger peidace maps was carried
out on a closed-loop gas stand. The range of splir was up to 0.53 kg/s.
The inlet air of the turbine can be heated withesel burner up to 1050°C and
pressurized up to 6 Bar. Additionally, an electricaater was used to heat the
air up to 250°C, in the lower range of inlet tengtare; see Larsson et al. [17]
for more details about the test facilities. AVL roduced this gas-stand for
Saab/GM (Fig. 2.10).
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Table 2.1 The experiment of the turbocharged enginm different load points and

different heat transfer situations on the turbochager ( =yes).
i j=! ° =
& g |"g |7y | ¢ I .

Sle |2 e |of | 5| _E_|E|Be|Bep| BE| .8, |Ey
o | £ 5 @ £ a =91 988 | g |85 | 8S=5G 82| cx83 8 <
21258 |5 |58 |EE5|85|582|%|85|283 325|232 |34
O | uws ) F o ,2&8 SE|FXy |WU|EF | ET | £SO |UWxy | £EO
1 2000 124 | 2235 864

2 2000 124 | 2232 858

3 2000 124 2233 854

4 2000 124 | 2234 854

5 2000 124 2231 864

6 200( 124 | 220. 85(

7 2000 124 2200 850

8 2000 124 2177 831

9 2000 124 | 2167 830

10 | 2000 124 2165 828

11 [ 2000 124 2165 826

12 | 2000 124 2185 848

13 | 2000 124 2180 848

14 | 2000 32 56.7 625

15 | 2000 32 575 624

16 | 2000 6.3 1213 720

17 | 2000 6.3 1232 720

18 | 200 9.4 175.€ 79¢

19 | 2000 9.4 176.1 798

20 | 2000 125 2198 853

21 | 2000 124 2208 854

22 | 2000 156 | 256.6 849

23 | 2000 156 | 256.2 849

24 | 1000 6.2 49.7 555

25 | 1000 6.2 52.1 558

26 | 1500 6.3 82.9 656

27 | 1500 6.3 84.4 654

28 | 2500 6.3 153.7 769

29 | 2500 6.4 154.5 769

30 | 3000 6.3 185.3 801

31 | 3000 6.2 185.7 800

32 | 350( 6.5 223.¢ 84¢

33 | 3500 6.3 224.6 850

34 | 4000 6.4 252.9 852

35 | 4000 6.2 253.2 849

36 | 3000 127 3218 848

37 | 3000 125 3227 849

38 | 3000 125| 3228 841

3¢ | 300( 12E | 322: 84€

40 | 3000 125 3206 831

41 | 3000 125| 3205 831

42 | 3000 125 3207 833

43 | 3000 125| 3209 834

44 | 300( 125 | 3223 84¢

45 | 3000 125 3218 848

46 | 300( 125 | 3213 84€

47 | 3000 125 3295 844

48 | 2000 6.3 124.7 726

49 | 3000 6.4 189.1 808

50 | 4000 6.3 254.7 855

51 | 250( 9.2 214.% 84C
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Figure 2.10 Turbocharger performance measurementsrothe gas-stand [17]

Table 2.2 provides the temperatures of turbingim@ater and oil and also the
volume flow of water and oil across the turbochaigearing housing in three

different operating conditions, cold test-rig, bedt-rig and on the engine-lab.

The oil and water heat flows show that in the hatdition the total amount of
heat flux from the bearing housing is positive. sSTheans that oil and water
cool the bearing housing. However, in the coldcogdition, the total amount of
heat flux from the bearing housing is negative.sTiibecause the temperature
of inlet oil was very high and it caused heat addito the bearing housing. This
must be considered in explaining the result ofstuely. The reason for keeping
the oil inlet temperature high is to get rid of #féect of frictional power on the
turbocharger performance. Adjusting the temperatofethe oil to the
compressor outlet temperature is a way to makedabatic condition for the
compressor. However, changing the oil temperatareahange the oil viscosity
tremendously and consequently shaft frictional poweorder to keep the shaft
frictional power constant, the average oil tempemtwas kept high and

constant.
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2.4. Temperature measurement

A controversial issue in an experiment is always ttmperature measurement
of the exhaust gases. Due to high pulsating flodl@g temperature gradient of
the exhaust gases before the turbine the slow teruple cannot measure the
time resolved fluid temperature. In addition, heansfer uncertainties on the
thermocouple lead to inaccurate measurements. &aeflows are convection
from gas to the thermocouple, radiation from thertfiocouple to the pipe walls
and conduction through the thermocouple stem. bemto investigate heat
transfer more accurately, the thermocouple is nemtl@nd three heat transfer
mechanisms are considered on that. Then, the tamoperof the modeled
thermocouple is tuned to the measurement. Thetresolodeled thermocouple

will be shown in chapter 3.

Table 2.2 Heat transfer situations of the tested tbbocharger in three different operating

conditions

Turbocharger oh Turbocharger on Hot Turbocharger on the

Cold Test-Rig Test-Rig Engine-Lab
Turbine Inlet 100 600 550-855
Temperature (°C)
0]] Inlet 95-100 85-100 46-70
Temperature (°C)
0]] Outlet 86-100 90-102 50-95
Temperature (°C)
Water Inlet 80 80 16-17.5
Temperature (°C)
Water Outlet 80.9 81.5-83 19-24
Temperature (°C)
Oil Volume Flow 2.3-2.6 2.8-3.7 0.8-2.6
(lit/min)
Water Volume Flow 4.9-5.2 4.8-5.17 3-3.20r0
(lit/min)
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3. Simulation
3.1. Turbocharged engine simulation model

The turbocharged engine was simulated by using ranwcial code, GT-
POWER [18], based on one-dimensional gas dynamggsesenting the flow
and heat transfer in the piping and in the othenmmnents of the engine system.
The continuity, momentum and energy equations emel&neously solved as
one-dimensional in the flow model. However, turbimad compressor
performance are modeled using performance mapsitbairovided by the user.
Both compressor and turbine map can be summarieadsaries of performance
data points, each of which describes the operatomglition by speed, pressure
ratio, mass flow rate, and thermodynamic efficiefjt§]. The turbocharger
speed and the pressure ratio are predicted adressirbine and compressor at
each time-step; then, the mass flow rate and effays are looked up in the maps
and imposed in the solution. The outlet temperatsirealculated based on the
efficiency, leading to a deviation from the measwgat. The heat transfer in the
turbocharger is a major cause, which will be diseddater.

Measuring turbocharger performance typically gigefew points which do not
cover the whole required map for engine simulatidrserefore, they must be
interpolated or extrapolated. In this study, th&enpolation and extrapolation
were performed in GT-POWER; however, the coeffitseand shape factors
were adjusted manually to get reasonably smoottiesuand good fits to the
measurements for both the cold and hot maps dtthee and the compressor.

Base Engine parameters like heat release were iaptinragainst measurements.
The combustion was modeled by the Wiebe functidme €rank angle of 50
percent burned fuel and burn duration (10-90%) caleulated based on heat
release analysis from cylinder pressure measuremdiiiie most interesting

parameters regarding the turbocharger are cranle-aegolved pressures before
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and after turbine, average air mass flow and fioeV,ftemperatures before and

after the turbine, and the compressor and turbgehapeed.

Fig. 3.1 shows turbocharged engine simulation madeGT _POWER with

controlling parts.

Turboshaf o hressc  Inlet ambien

I ~

Outlet ambier

Cylinders

Intake manifolc Exhaust manifol

Figure 3.1 Turbocharged engine simulation model iGT-POWER

3.2. Heat transfer simulation

There is another problem in using these maps wisidhe main aim of this
study. Heat transfer on/within the turbochargerinsluded in the maps;
however, just the heat transfer situation during tig test is included. So, by
changing the heat transfer situation on the turbggr, the maps cannot predict

the performance accurately and it needs correction.
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The temperature situation during the stationarysuesd maps differs from that
in a running engine. Shaaban and Seume [7] asstimaécn the compressor,
the compression process through the impeller sbediic and the amount of heat
transfer to the compressor is divided into two titats. The first and second
fractions of heat transfer take place at constaesqure before and after the
impeller, respectively, see Fig. 3.2. On the tuebithe expansion process
through the rotor also can be regarded as adialaticthe amount of heat
transfer from the turbine is divided into two friacis, as shown in Fig. 3.3. They
take place at constant pressure before and aéeptbr, respectively.

Different authors [8, 9, 10 and 15] have discudbeddiabatic compression and
expansion processes of the turbine and compressdhe enthalpy-entropy

diagram.

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

Therefore, on the compressor the air enters thepmssor and is compressed
through the impeller and collected in the scroleilefore, it is reasonable to
assume the main part of the heat transfer to thiakes place at the scroll. On
the turbine, the exhaust gases also enter thenturmlute with a much larger
surface area in comparison to the whole turbinethed expand in the rotor and
finally come out. Similarly, it is reasonable tsasie that the main part of heat
transfer occurs at turbine volute. Consequentlygrader to take heat transfer on
the turbocharger into account, a heat source gxadter the compressor
impeller and a heat sink exactly before the turlboter are built into the model.

They must have no volume to get the same pressulgatpn as the

measurement. Therefore, they are assumed just 1domgnpipes with input

heat rate. This extra length is compensated byedsorg the length of the

adjacent pipe.

Simulated heat flows from the turbine and to thengressor are artificial heat
flows to correct between the heat situations ofttineocharger at the test rig and

at the lab engine.
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3.3. Engine simulation control

There are different strategies for controlling abtcharged engine. Since
measuring pressure is the most reliable measureareihe engine, the most
leverage control on the engine is that to get ngbssures all over the engine. In
this study, a throttle controller was used to tamgght pressure in the intake

manifold by controlling the throttle angle.

The backpressure of the turbine is a function pfng and equipments of after
treatment. However, the average pressure beforeithime depends on the flow
characteristics of the turbine. So, a continuousgpgrtional-integral-derivative
(PID) controller was used to achieve a target valumeasured pressure before
the turbine by controlling the turbine mass muiépl This multiplier acts as a
representative of turbine size. Increasing theimerbbmass multiplier means
increasing the turbine size. At the same time,tsToPID controller was used to
achieve measured turbocharger speed by controtlireg turbine efficiency

multiplier.

On the compressor side, by using long pipes befodeafter, it was possible to
get the pressure ratio very close or equal to tbesmrements. As a result, it was
not required to change the compressor mass matltiplihe turbocharger that
was tested is slightly smaller than the originabtcharger that the engine was
designed for. Therefore, in a great majority ofesaghe operating points were

very close to the surge line of the compressompetdnce map.

Additionally, two PID controllers were used to maim heat flows after
compressor and before turbine. On the compresder gie target value was the
measured air temperature at compressor outlet lmadnput signal was the
sensed one at the same place. By adding a hedtratpuo the built-small-pipe
downstream the compressor, the measured temperaaisr@chievable. On the

turbine side, the target value was the measuresntde®uple temperature at
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turbine outlet and the input signal to the con&oliwas the simulated
thermocouple temperature. To get the right tempesafrom the simulated
thermocouple at the turbine outlet, the heat wasaeted from the built-small-
pipe upstream the turbine.

Another strategy to achieve the measured temperabir the air after
compressor would be to control the compressorieffay multiplier and set the
heat input rate after the compressor to zero. fif@ghod changes the absorbed
mechanical power in the compressor and consequttglpperational point of
turbine and its efficiency multiplier.

In brief, turbine efficiency multiplier and mass htiplier were found to achieve
the measured turbocharger speed and pressure hieétarbine. At the same
time, the heat flows to the compressor and fromtthibine were iteratively
found to give the measured temperature after thepoessor and after the

turbine.

Fig. 3.4 shows the turbocharger model in GT-POWER the controllers for

heat flows and multipliers on the compressor aedunbine.
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Figure 3.4 Turbocharger model in GT-POWER with thecontrollers

3.4. Calibrating and tuning

Engine simulation requires input of geometrical goaeters. In this study,
realistic values for non-measured parameters swghtemperature of the
combustion chamber walls were used. To tune theaulation against the
measurement, many parameters are compared inclagigrgge air mass flow,
fuel flow, crank angle resolved cylinder pressiB&EP, turbocharger speed,
crank angle resolved exhaust manifold pressurenkceagle resolved turbine
inlet pressure, crank angle resolved turbine optlessure, crank angle resolved
intake manifold pressure, intake manifold averageperature, average turbine
inlet gas temperature, compressor outlet temperatnd average turbine outlet
temperature. In the simulation, some of the in@rameters are engine speed,

burn duration, crank angle of 50% burned fuel, gaiming, start of injection
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and lambda value. Figure 3.5 shows the calculatel raeasured pressures
across the turbine after tuning the model. The Etad crank angle resolved
pressures before and after the turbine have vend gagreement with the

measurement.

Figure 3.5 Pressures before and after the turbineni2000 rpm and BMEP=12.4 bar,

(symbols=measurement)

Fig. 3.6 Iillustrates different averaging methodsr fthe exhaust gases
temperature. The fluid temperature oscillates lyigdue to the pulsating
pressure and flow. The mass-averaged temperatutee i®ne that should be
considered as the temperature before the turbine.time-averaged one has a
lower value than mass-averaged. The thermocoupte Ivaer value than
average temperatures due to the heat transfer. niss-averaged total
temperature is around 3 degrees higher than thes-mwasaged static
temperature in this case. The thermocouple showe s@lue between total and
static temperature, which is closer to total terapee, if the heat transfer of the
thermocouple is negligible. In turbomachinery agpgions, the total
temperature should be used for calculation of iefficy. However, the
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uncertainty of the measurement is more signifitaah the difference between

the total and static temperature.

Figure 3.6 Simulated time resolved and different amrage temperatures of the exhaust

gases before the turbine and wall temperature in 2 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 turbochangessible mechanisms of heat
transfer on the turbocharger were considered amial simplified categorically.
Fig. 4.1 depicts different components of a turboghla including turbine
housing, turbine rotor, turbine back, bearing hogsi compressor back,
compressor impeller, compressor housing, turbotshabling oil and cooling

water.

Figure 4.1 Different components of a turbocharger

Fig. 4.2 illustrates possible mechanisms of heamdfier on a turbocharger.
Exhaust gases enter into the turbine, produce paaver then exit from it. On
the other side, fresh air enters into the compressu the compressed air goes
out. The compressed air exits from the compresSarthe shaft, the turbine
power consumed as compressor power and frictiormkvep The heat
transferred by conduction, convection, radiati@gling water and cooling oil.
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To solve this complicated energy network on thédaharger, the heat fluxes
should be integrated to some categorized and &gnif heat flows. For
instance, the heat transfer mechanisms on the naktesurfaces of one
component can be named as external heat transtbabtomponent etc. Fig.
4.3 shows the categorized heat transfer mechanrdsenergy fluxes on a

turbocharger, which will be used to drive the eopret.

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

turbocharger

4.2. Heat transfer modeling

The first law of thermodynamics is the applicatioihenergy conservation to

heat and thermodynamics processes.

Q- W=mlhy,- hyy)

(1)
The continuity equation states the conservatiomass.
T = Mo = (2)
This can be written in a turbocharger like thedwling equation:
My =M + Mgy (3)

The main governing equations regarding the heastea in the turbocharger are

three equations (4, 5 and 6) and one independeatieq (7). The external heat
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transfers can be calculated on the turbine, thepcessor and the bearing
housing , based on the measured temperatures of the
surfaces. The turbocharged engine simulation (desxi in chapter 5) provides
the powers of the turbine and the compressor. Eurtare, it gives the fluid
temperature before and after the turbine and thibay (or specific heat
capacity) of the exhaust gas and air in differarhgeratures and humidity.
Equation (6) gives the frictional power of the tocharger. Finally, the internal
heat transfers can be calculated from the turlmribd bearing housing and from

the bearing housing to the compressor
Turbine:

M foin, 1~ ™rPoout T~ P17 PExt, T~ Cnt,T- B =0 (4)

Compressor:

h

bin.c - Mch 0

e bout,c *PcRint,B- ¢~ Pextc T (5)

Shaft power:

P - Po =P ©)

Bearing (redundancy check):
Qnt,7- 8~ Ant,8- ¢ *Pr - Qv il ~ %ext,B 7P (7)

There are three equations, which are from the coatioin of the main

equations:

Whole turbocharger:
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M Noin T~ ™rMoout T T Mcoin.c T Mcout.c T Qv Poil - Cext T~ Cextc” Cexts =°

(8)
Turbine and bearing housing:
M Rgin, 7~ M oout, T~ Qw - R0il * Qext,B” CExt, T PTPf 7 Q- ¢ 79
(9)
Compressor and bearing housing:

hoin.c = Mcoout.c = Qw ™ Qo0 Cext.B ~ Cext.c TPetPr FQntt- B =0

(10)

M

To be able to tune the heat transfer coefficientstlee turbocharger, these

equations were used.

4.3. Detailed heat transfer mechanisms of the turbocharg

The detailed heat transfer mechanisms on diffguartt of the turbocharger can

be summarized by the following equations:

Turbine
Qnt, 7 “Qnt,TH *Qnt,7- B (11)
QExt,T :QExt_Conv,T +QExt_ Rad, T +QCond_PipesT (12)

By using insulators like gaskets between pipes tarigocharger, which has a
thermal contact resistance, the conduction to ipiagis negligible.

QCond_ PipesT »0 (13)
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Qunt.T- B~ Pcond,T- BH T Qcond,T - Shaft (14)

QExt_Conv,T =QExt_Conv,TH +QExt_Conv,TB (15)

QExt Rad,T ~ QExt_Rad,TH ' QExt Rad,TB (16)

Due to the thermal contact resistance, the sutiEoperature on the back of the

turbine is much lower than turbine casing surfaceperature.

Compressor:

Qnt,c Qunt,B- ¢~ Qnt,cH (17)
Qext,c = Ext_convc T Ext_Rad.c ¥ %cond_Pipesc (18)
QCond_PipesC »0 (19)
ant, B-C - QCond, BH-C +QCond,Shaft- C (20)
QExt_Conv,C - QExt_Conv,CH +QExt_Conv,CB (21)
Qext Rad,c ~ QExt_Rad,CH " QExt_Rad,CB (22)
Water and Oil:

W ="WCpw Toutw ™ Tinw) (23)
Qoit = Mot ©p, 0il Tout, 0il = Tin, o0t (24)

Bearing housing:
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Qext,B = Ext_conv,BH T CExt Rad,BH

Turbo shaft:

QCond,T - Shaft QConv,T - Rotor QRad, Rotor_TH

(QRad, Rotor_TH »0)

QCond,Shaft- C =QConv,imp- C

Powers:

Isentropic process:

9/(g-1)

Po_ T
p T

For wholly isolated turbocharger:

Qexip =9

Qeyi7 =0

QExt,C =0
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(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)



“ntT =CmntT- B (36)

Pnt,c = Qnt,B- ¢ (37)

4.4. Principal heat transfer

Three main heat transfer mechanisms are conductdmtion and convection.

These are summarized here:

Conduction heat transfer:

kADT

QCond - Dx (38)
Radiation heat transfer:

Qrad™ espi(T14 - Té? )

(39)
s =567"10° W/m?K*
Convection heat transfer:
QConv = hA(Tw - T¥) (40)
The radiation heat transfer between two surfacgis
4 L4
Q _ 5(T1 - T2 )
Radl- 2 1- ¢ L1 . 1e
Aiel A1F12 Azez (41)

in which F is shape factor.
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The following relation [19] gives the radiation heaeansfer for two surfaces

with a radiation shield.

s@t-T,)
Q e
Radl- 2(Shield 1- a, 1 +21- &6, 1 19
Ae  AF; Ae, ARy Ag (42)

4.4.1. Forced convection

Calculation of convective heat transfer coefficiemtsummarized here. The
Reynolds number is calculated by the following e

u u (43)
where kinematic viscosity is calculated by:

n
u=-—
p

(44)

The Nusselt number is the ratio of convective todutive heat transfer across
a boundary.

ok (45)

If the difference between the surface and freeaastreemperature is significant,
fluid properties are to be evaluated at the filrmperature, defined as the

arithmetic average of the surface and free-stresmpératures:

r =Tt
2 (46)
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The ratio of momentum diffusivity to thermal diffugy is a non-dimensional

number called Prandtl number.

Przﬂ
a (47)
k
a=—
S is thermal diffusivity. Therefore
Pr:ﬂ
K (48)
n,c_,k

o™ are the dynamic viscosity, specific heat at carigbaessure and thermal

conductivity of the fluid, respectively.
As a final point, the convective heat transfer @ioeint can be calculated by

_ Nu,k;
X (49)

h

X

According to Reynolds analogy and Colburn-Chiltanalogy between friction
and heat flux, there is a mathematical similarigtween the momentum

equation and energy equation in convection.

Nu, = CRe} Pr" (50)

The empirical constants C, m and n depend on tHacgigeometry and flow

condition.

For circular cylinder, the Nusselt number can dlewated by

Nu, =CRe}, Pr’® Pr> 06 (51)
and the constants can be found in this table.
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The Nusselt number can be calculated by

Nu, = hT(D

(52)

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

Re C n
04-4 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 basedwo non-dimensional

numbers, Grashof and Prandtl numbers. The Grashober is [19]

_ 9o, - T,)D’

Gr,
i n’ (53)
where the volume expansion coefficient is
p=-1 I
roA (54)

It has to be noted that fluid properties are ewvafdiaat the film temperature
- Tw +T¥

T, 2

(55)

1

For an ideal gas, the volume expansion coefficient T where T is the
absolute temperature of gas.
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Another dimensionless number is Rayleigh number.
Ra =Gr, Pr (56)
The Nusselt number in natural convection can be

Nu, =dGrS Pr' (57)
Nu, = f(RaPr) (58)

The Nusselt number calculations for the turbochacgenponents 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 vemportant to understand that
the occurred convection heat transfer is purelynat purely forced convection
or combined natural and forced convection. Thei dsiteria [19] based on the
ratio of Grashof number and square of Reynolds mund define the type of

convection heat transfer.

Gr
Natural convection neglected R <1

Gr _
Forced/natural convection comparable  re ~

Gr
Forced convection neglected R L

If the forced and natural convection are compatdiméh must be considered by
the following equation [19]:

n n n
Nu —‘NuF *+ Nuy

(59)
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Table 4.2 provides the constants and signs iretistion.

Table 4.2 constants and signs for combined naturand forced convection heat transfer
[19]
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4.5. Comparison of different methods

In order to assess different methods of heat tesnshlculation on the
turbocharger, eight methods are compared to edolr.ofThe external heat
transfer of the turbocharger is the summation efekternal heat transfers of the
turbine housing and back, the compressor housirdy lzack, and bearing

housing:

Qext Turbo = CExt,T * Qext,c * CExtB. (60)

The external heat transfer of each part of theoititarger consists of radiation
and convection. They can be calculated based om#rgioned equations for
radiation and convection. The Convection heat teans the problematic part of

heat transfer calculation.

The calculations of Nusselt numbers were donehfercompressor housing and
back, the turbine housing and back, and the be&aounging, based on the:

1. forced convection from reference [5] (see appefflix

2. forced convection from reference [4] (see appetdlix

3. natural convection from reference [4] (see appejlix

4. forced convection for ideal circular cylinders ihet Reynolds
number range of (see appendix 1)

5. forced convection for ideal circular cylinders ihet Reynolds
number range of (see appendix 1)

6. forced convection for ideal circular cylinders ihet Reynolds
number range of (see appendix 1)

7. forced convection of all parts of the turbocharged wide range of

Reynolds number suggested, based on the presdmt stu

Nu, = 0.025Re"® Pro% Pr> 06 (61)
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8. combined forced and natural convection.

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

Qext Turbo = ™ Moin, T~ ™ Poout T+ ™cPoin.c = McPooutc - Qw = Roit (62)

In order to improve the heat transfer model, spar@ameters are extracted from
the turbocharged engine simulation such as turlritet temperature, specific

heat capacity of the exhaust gas before and dfterturbine, specific heat

capacity of the air before and after the compregadnine work and compressor
work. Chapter 5 discusses improving the turboclheggine simulation.

Fig. 4.4 shows the calculated external heat trargfthe turbocharger based on
the mentioned methods for Nusselt calculation \&esjuation (62).

The results shows the suggested formula for Nussdtiulation could agree
well with the measurements. Evidently, the mairbfgm with other methods is
that they could not predict the convection heatdfar when the cooling fan is
on. Therefore, they are not valid for high Reynoldsmbers. The results
indicate that the heat transfer calculation is lyigtependent on the constants
and coefficients, which were used. The materiapprties and geometry (areas
estimations) might be another uncertainty in heahdfer calculation. The
limitation of fast measurement of the temperatusean error source in

calculation based on the heat transfer model.

This is valid on the turbine housing, turbine bdokaring housing, compressor
back and compressor housing in different Reynoldsnber and engine

operating conditions
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Comparing the combined natural and forced convecWith the suggested
formula indicates that it is not necessary to assuaatural convection for this

small turbocharger on the engine operation.

According to Baines et al. [4], the greatest uraety would lie in the
convective heat transfer coefficients and thataklgt values for the thermal
conductivities and emissivities could be obtainednt the literature. It is,
therefore, inevitable that any errors or unceri@min these parameters will be

subsumed into the convective heat transfer coefftsiand correlations.

Figure 4.4 Turbocharger external heat transfer calalations
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Due to the high dependency of the heat transfesutalon on parameters,
constants and coefficients, this method is not useithe turbocharged engine
simulation, and a more general method should besidered for the heat
transfer in the turbocharger, which will be disadtater.

4.6. Orders of magnitude of the heat transfer mechanisms

In order to study orders of magnitude of differeeat transfer mechanisms on
the turbocharger, one engine load point was medsuardifferent heat transfer
situations. Table 4.3 summarizes the heat trasgieations for the engine speed
of 2000 rpm and BMEP of 12.4 bar. Case 8 in TalBeiglthe normal situation
of the turbocharger on the engine, in which theewgiasses through the
turbocharger bearing housing, and the fan, theotimérger radiation shield and

the insulators on the walls are not used.

Fig. 4.5 shows the amount of heat transfer mechan&nd energy fluxes on the
turbocharger for this case based on the heat gansbdel of the turbocharger

(see Fig. 4.3, as well).

Table 4.3 Different heat transfer situations on théurbocharger, engine speed=2000 rpm
and BMEP=12.4 bar, ( =yes).

Inlet]
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O |mE m Fo Pl |ZE|FED |W|SEF | S0 | EO0 | Wy | £EO0
1 2000 12.4 220.2 850
2 2000 12.4 220.0 850
3 2000 12.4 217.7 831
4 2000 12.4 216.7 830
5 2000 12.4 216.5 828
6 2000 12.4 216.5 826
7 2000 12.4 218.5 848
8 2000 12.4 218.0 848
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Figure 4.5 Heat transfer mechanisms on the turbochger for case 8 in Table 4.3

The largest energy flux is the enthalpy differemoeoss the turbine and the
smallest heat transfer mechanism on the turbochagiee bearing housing heat
transfer. This is because the cooling water pagsesigh the bearing housing
and the wall temperature is close to the water &atpre (from 17 to 23°C) and
the heat transfer is very low by convection andatawh. Fig. 4.6 shows the
orders of magnitude of the energy fluxes for tlasec The results show that the
enthalpy difference across the turbine and the cesspr, the turbine power and
compressor power have the same order of magnituttees. Interestingly, the
external heat transfer of the turbine housing,itibernal heat transfer from the
turbine to the bearing housing and the heat trarnvséethe water have the same
order of magnitude as the turbine power. However,drders of magnitude of
the internal heat transfer from the bearing housintipe compressor and the oil
heat transfer are one scale lower than the tunbaveer. The results show that

the external heat transfers of the compressor hgusnd the bearing housing,
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and the frictional power have the same order of mtade of one. Therefore,

they do not play an important role in the heat gfan analysis of the

turbocharger.

Based on this heat transfer analysis of the turdasr, the internal heat transfer
from the turbine to the bearing housing () and from the bearing housing
to the compressor ( ) are significant. They include all heat transfieosn
turbine to the bearing housing and from the beahiongsing to the compressor
like heat transfer via turbo-shaft by conductioeathtransfer via the bearing
housing material via conduction, heat transferthi@a oil and heat transfer via
the water.

Figure 4.6 Orders of magnitude of the heat transfemechanisms 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 ba turbocharger, five heat
transfer mechanisms are of great importance inotuthe external heat transfers
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on the turbine, the compressor and the bearingimguand also the internal
heat transfers from the turbine to the bearing imgusnd from the bearing

housing to the compressor.

Fig 4.7 shows the magnitude of these heat tramatshanisms for the cases
listed in Table 4.3. The results indicate that éffflect of the fan on the energy
balance of the turbocharger is significant. Thdedgnt heat transfer situation
could not change the orders of magnitude of thermal heat transfers from the
turbine to the bearing housing and from the beahiogsing to the compressor,
and the external heat transfer on the turbine hgus#iowever, the fan increases
the order of magnitude of the external heat transféhe compressor housing.
In addition, the cooling water could change oneeordf magnitude of the

external heat transfer on the bearing housing.

Figure 4.7 Heat transfer mechanisms on the turbochger for cases listed in Table 4.3
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Table 4.4 shows a full factorial experiment on theat transfer of the
turbocharger. The experiment has three indepenfieniors, which are the
water, the turbocharger radiation shield and the féhe responses are five
different heat transfers on the turbocharger. Erpartal units take on all
possible combination of these three factors, whisbans eight trials. The

interactions of the factors are provided by mwipd the factors signs.

Table 4.4 Full factorial experiment on the heat trasfer of the turbocharger

Factors Interactions Responses
8

g & |5 |3 - |=

= Lul Lul I'”| N N

o o o o o
1| - - - + + + - 81.4 16.8| 2821.3| 466.3| 1819.8
2 + - - - - + + 72.7]-11.0| 2752.5| 337.9| 2064.4
3| - + - - + - + 81.4 29.3| 2751.8| 405.1| 1758.2
4| + + - 1 - - - 73.5| 0.6]|2710.1| 270.2| 1946.2
5 - - + + - - + | 370.9 94.0| 4607.1| 465.2( 1688.8
6| + - + - + - - [352.5| 7.3|4574.2| 368.9| 1624.4
7 - + + - - + - | 403.4 96.9| 4592.7| 488.5| 1538.9
8| + + + + + + + |[358.7| 8.8(4544.2| 375.4| 1605.6

The main effect of each factor on each respongkeidifference between the
high and low settings of the factor [20]. For imsta the effect of having the
water through the turbocharger bearing housingheneixternal heat transfer of
the compressor is the average response of the essmrexternal heat transfer
when the factor water is at the (+) level minus #werage response of the

compressor external heat transfer when the facaems at the (-) level.
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Water effect on = (average ( ) @ water=(+))

— (average () @ water=(-)) (63)

In addition, the effect of the interactions is timean difference between the
effect of the first factor when the second facsoat (+) and the effect of the first

factor when the second factor is at (-).

Figs. 4.8 to 4.12 show the statistical analysisllitesThe effects of three factors
and their interactions are shown on each respdrise effects of the fan on all
responses are significant. However, the effechefwater is more significant on
the external heat transfer of the bearing housmd) the internal heat transfer
from the bearing housing to the compressor. It seéne radiation shield
between the turbine and the compressor has ndisaynti effect on the energy
balance of the turbocharger. Low effect of the detiarger radiation is because
of small area of turbine back and compressor bao#t,the low temperatures on
the backs, as well. The fan, the water, the intema®f the fan and the water,
and the turbocharger radiation shield are, respaygti the most significant
factors that effect on the internal heat transfemf the turbine to the bearing

housing.
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Figure 4.8 Effect of different heat transfer situatons on the external heat transfer of the

compressor

Figure 4.9 Effect of different heat transfer situatons on the external heat transfer of the

bearing housing
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Figure 4.10 Effect of different heat transfer situgions on the external heat transfer of

the turbine

Figure 4.11 Effect of different heat transfer situéions on the internal heat transfer from

the bearing housing to the compressor
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Figure 4.12 Effect of different heat transfer situgions 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 turbasrais included in the
turbocharged engine simulation by adding a heatcgoafter the compressor
and a heat sink before the turbine. Then the Heafsfon the the compressor
and the turbine are adjusted to get right tempezatafter the compressor and
the turbine. In fact, these heat flows are arafigi differential heat flows
between heat transfer situation of the turbochaayethe engine-lab and the

gas-stand.

Including the heat transfer of the turbochargerthe turbocharged engine

simulation improves the precision and predictapilitterms of

the compressor outlet temperature close to the unesent
the turbine outlet temperature close to the measeme
the compressor efficiency multiplier equal to 1

the turbine efficiency multiplier close to 1.

This way of inclusion of turbocharger heat transfethe simulation enables to
handle transient simulation of turbocharged enginfiture works. This is due
to the fact that in transient condition the heainsfer is very high and the
correction of turbocharger performance maps whigrewpresented in some

sources like [11] is not valid. This will be shovater.

5.2. Test conditions

Table 5.1 summarizes 24 different cases of engpeed and break mean
effective pressure. Each load point is run with twonditions on the
turbocharger. In one case the water is passedti@oturbocharger bearing

housing and in another the water into that is bdockn all load points, the oil
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for cooling the bearing housing comes from engine kowever, the water

comes from tap water with around 16°C.

It has to be mentioned that most of the load poiméve been run in

stoichiometric air fuel ratio €1) except some cases which have higher exhaust

gases temperature than the allowable temperatomg¢ ¢if the turbine inlet.

Cases 9, 10 and 19 to 24 have been run in richittemdio get lower

temperature of the exhaust gases.

Table 5.1 Test conditions of the turbocharged enge with and without water into

turbocharger bearing housing ( =yes)

Case| Engine BMEP | Engine Torque Water Turbine Tip| T1T
No. | Speed(rpm) | (bar) (Nm) (Turbo) | Speed (m/s) | (°C)

1 2000 3.2 50 56.7 625 1
2 2000 3.2 50 57.4 624 1
3 200( 6.2 10C 121.¢ 72C 1

4 200( 6.2 10C 123.2 72C 1

5 2000 9.4 150 175.6 799 1
6 2000 9.4 150 176.1 798 1
7 2000 12.45 200 219.7 853 1
8 2000 12.45 200 220.9 85 1
9 2000 15.6 250 256.7 849| 0.9
1C 200( 15.€ 25C 256.2 84¢ | 0.9
11 100( 6.2 10C 49.¢ 55E 1
12 1000 6.2 100 52.0 55¢ 1
13 1500 6.3 100 82.9 656 1
14 1500 6.3 100 84.4 654 1
15 2500 6.35 100 153.8 769 1
16 250( 6.3 10C 154.¢ 76¢ 1
17 300( 6.285 10C 185.% 801 1
18 300( 6.285 10C 185.5 80C 1
19 3500 6.4 100 223.8 848 | 0.94
20 3500 6.4 100 224.7 85 0.94
21 4000 6.3 100 252.8 852 | 0.9
22 4000 6.3 100 253.3 84 0.9
23 300( 12.€ 20C 321.7 84¢& | 0.7t
24 300( 12.€ 20C 322.¢ 84¢ | 0.7t

68



5.3. Simulation results

Fig. 5.1 depicts the amounts of tuned heat trasdiefore the turbine and after
the compressor for the 24 load points, accordingabole 5.1. The heat transfer
on the turbocharger is becoming more importantngyeasing the engine speed
and torque. In other words, an increase in engaveep produces higher exhaust
gases temperature and mass flow. Therefore, th@neurns fed with more
energy. Consequently, the temperature gradient deztwthe turbine and the
compressor or the turbine and its ambient getsenigfo this end, the amount of
heat flow from the turbine is increased by incregghe engine power and some
part of this is going to the compressor side aratided to that.

Figure 5.1 The amounts of heat flows before the tbine (black columns) and after

compressor (grey columns) for each case.

The cooling water and the lubricating oil in theabeg housing transfer some
part of the heat from the turbine. The cases withvater have lower amount of
heat flow from the turbine. What is more, the coesgor gets more heat from

bearing housing in the cases without water. Theemabrks as a heat barrier
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between the turbine and the compressor in thermgelousing. In the absence of

the water, heat can transfer more easily from héribdo the compressor.

In order to see the effect of heat transfer in tindocharger on the engine
simulation, two types of simulation have been domgh and without
considering the heat transfer in the turbochargéren the simulation considers
the heat transfer in the turbocharger, the effcyemultipliers of the turbine and
compressor are used to get the right temperattee thie compressor and right
turbocharger speed. In the first simulation, itassumed that the compressor
efficiency multiplier is one and the compressor @thgr works according to its
map. The difference between the measured compressiet temperature and
calculated one from the compressor map is due @¢ohtfat transfer and it is
compensated by using a heat source downstreanothgressor impeller. In the
second simulation, it is assumed that the diffeeelnetween the measured and
calculated compressor outlet air temperature canopepensated by applying
compressor efficiency multiplier on the map. Insteimulation, the compressor
efficiency multiplier is adjusted to get the comgser outlet temperature equal

to the measurement.

Figure 5.2 illustrates the difference between themmressor efficiency
multipliers from two types of simulation. When theeat transfer in the
turbocharger is considered in the simulation, themmressor efficiency
multipliers of all cases were set equal to one.tl@nother type of simulation,
the compressor efficiency multiplier deviates frame to achieve the right
temperature after compressor, when the heat tnamstée turbocharger is not
considered. The compressor outlet temperature wasstad exactly to the
measurement in the two types of simulation. We ghathe efficiency of the
compressor to get the right temperature at comprasslet, but the efficiency
of the compression was in reality close to the messmap. The only thing that

changed was the heat transfer to the compressedaaine compressor scroll.
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Figure 5.2 shows that the compressor requires l@ffeziency multipliers in

cases without water, because the compressor heaits flare higher in
comparison to the cases with water. The cases ththhighest deviation from
one are cases 1, 2, 11, 12 and 14 which all areldad points and in low
turbocharger speeds. These are not covered inrthedpd turbocharger map
and they have to be extrapolated. Therefore, theatien comes from the
extrapolation of the turbocharger performance map.

Figure 5.3 depicts the difference between turbifieiency multipliers from the
two types of simulation. Similar to the compressfiiciency multiplier, the
turbine efficiency multipliers are higher for casathout water, in the two types
of simulation. However, it is more apparent in gimulation when the heat
transfer in the turbocharger is not considered. Wthe heat transfer in the
turbocharger is included in the simulation, thebitoe efficiency multiplier is
very close to one except for cases 1, 2, 11 and4 2vas mentioned, they are in
low turbocharger speeds and they require map estafapn. On the other hand,
when the heat transfer is not considered turbifieieicy multipliers are much
higher in comparison to the first simulation. Ca%e&, 12, 13 and 14 have the
highest turbine efficiency multipliers in the sedosimulation, due to two
reasons, first they are in low turbocharger speetigsh need to be extrapolated
on the map, and secondly, the heat transfers ofuttene and compressor are
not applied. Therefore, the compressor efficiencyltiplier varies which
changes the efficiency of the compressor impelleerefore, higher compressor
power is required to produce the requested presatiog and the torque balance
changes on the turbocharger shaft. Consequentey/,solution is to adjust the
turbine efficiency multiplier to get the turbochargspeed the same as the
measurement.

71



Figure 5.2 Compressor efficiency multiplier vs. casNo. with and without heat transfer

consideration in the simulation (desired means nose of multiplier).

Figure 5.3 Turbine efficiency multiplier vs. case M. with and without heat transfer

consideration in the simulation (desired means nose of multiplier).

Figure 5.4 shows the mass averaged temperatureediidw at turbine outlet

from two types of simulation. The turbine outletgerature is adjusted to the
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measurement, when the heat transfer is includéueisimulation. But, when the
heat transfer in the turbocharger is not includedhe simulation, the turbine
outlet temperature is 1 to 5.7 percent higher impmarison to the first
simulation. Predicting the right temperature aftex turbine is very crucial in

the simulation for after treatment optimization.

Figure 5.4 Mass averaged temperature after turbin@s. case No. with and without heat

transfer consideration in the simulation and measued temperature.

5.4. Simulated versus analyzed heat flows

Of great importance is that to show the simulatetifi@al heat flows are
logically defined from the turbine and to the coegwmor (based on the
turbocharged engine simulation), and they are uost haphazard heat flows.
Therefore, these artificial heat flows should clate with the analytically
calculated heat flows based on the heat transfelehwf the turbocharger. The

analyzed heat flows on the turbine and the comprese

rase & 0 T 4y (64)
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Corwse & o4y - T 0. (65)

Fig. 5.5 and 5.6 show the turbine and the compreksat flows from the
simulation against the heat transfer analysis,tlier cases listed in Table 5.1.
The results indicate the logical connections ofahtdicial heat flows from the
simulation with heat flows from the analysis; howewvthe heat transfer model
of the turbocharger gives higher turbine and cosgoe heat flows than the
simulation. This is a consequence of using turbadrgperformance map in the
simulation and unknown heat transfers on the exhaasifold and pipes in the
simulation. In addition to the simulation, the urtagty in the heat transfer
model contributes significantly to the differendesonulated and analyzed heat
flows. As was discussed, in order to calculateNisselt number on each part
of turbocharger, an ideal geometry was assume@doh part. This leads to a
great unreliability in the heat transfer calculatitn addition, the assumption of
the thermal properties of each material of thedadharger is a major cause of
the difference between the simulated and analyzad flows. However, their
correlations show that the simulated heat flowd@geal.

Figure 5.5 Simulated vs. analyzed turbine heat flow
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Figure 5.6 Simulated vs. analyzed compressor hedbiv
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6. Cold and hot-measured turbocharger performance
maps

6.1. Turbocharger performance maps

The cold and hot-measured compressor speed mapm@@ned in Fig. 6.1.

The input data window is the region of the perfono® maps in which the

measured data are situated. Measured data are inght data window and the
map is interpolated in this window, but the restred map is extrapolated. Due
to this fact, the input data windows of the colddahot maps are not
superimposed in Fig. 6.1. As can be seen, the ngia window of the hot map
covers higher rotational speeds and higher comentass flow. However, it

does not include the low rotational speeds. In st the cold-measured input
data window can cover lower rotational speeds amd dorrected mass flow.

This is due to the fact that the turbine drives toenpressor; the range of
available energy into the turbine is different e tcold and hot conditions.
When the turbine inlet temperature is 600°C, highebocharger speed and
pressure ratio are reachable in comparison to uHazne inlet temperature of
100°C. In addition, the minimum achievable turbaglea speed in hot condition
is higher than that of the cold condition, becatisere is a limitation of

controllability of the minimum flow into the turbé&on the test rig; with the cold
flow, lower volume flow can more easily be conteoll Hence, the input data
window of the cold map can cover lower rotationpéeds and consequently

lower pressure ratio and corrected mass flow.

Four different speed lines are shown in differenels from the cold and the hot
maps. They are very close to each other. Howerndow corrected mass flow,

the pressure ratio of the cold map is slightly keigland in higher corrected mass
flow, the pressure ratio of the cold map is lowert the hot map. In addition, in

low rotational speeds, the constant-speed linevemeclose to each other, but
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in higher speeds, they separate from each otheitrendold one gives higher
pressure ratio. Therefore, it may be assumed thedspnes of the two maps
coincide. This is due to the fact that the heaidier has no large influence on
the compressor pressure ratio in steady state. \Hawthe apparent compressor
efficiency is changed. Sirakov and Casey [11] hap®rted the same result and
explained that the heat transfer is falsely atteduas an additional work input
and is not a thermodynamic effect.

The differences in the highest corrected mass #od low pressure ratio region
are not of great significance, since the cold mestkgpeed lines are based on

extrapolation in this region.

Figure 6.1 Comparing constant-speed lines in the #apolated compressor performance
maps based on the cold and hot measurements, inclad the cycle average values) of
the load points listed in Table 5.1 (some cases amambered) and the input data

windows
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Fig. 6.2 presents extrapolated turbine efficiertoya{ to static) versus pressure
ratio (total to static) based on the cold and heasurements. It shows only
three corrected speed lines to be able to compema twith each other. The
middle part of the hot curves has lower efficiesa@mpared to the cold ones.
However, the lower and higher pressure ratio partee hot curves have higher
efficiencies than the cold ones. This can be erpthiby considering Table 1.2.
As was described on the cold test-rig, the turbaprabearing housing is heated
up by the oil flow, which can influence the apparenmpressor efficiency.

According to Sirakov and Casey [11], the main drthe heat transfer travels
through the bearing housing and appears to bedtlmatroy the oil temperature.

Thus, this heat addition in the cold test-rig letml$ower apparent compressor
efficiency and higher apparent turbine efficienityhas to be mentioned that the
measurement points are placed around the maximiioieaty point of each

curve and the rest are extrapolated.

Figure 6.2 Combination of extrapolated turbine effciency maps based on the cold and

hot measurements
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6.2. Turbocharged engine

The amount of simulated heat flow to the compressshown in Fig. 6.3, for
all load points listed in Table 5.1. The simulatioas been performed by cold
and hot-measured turbine and compressor performamggs. The results
indicate that the compressor heat flow is not guinction of engine load point;
thus, other parameters affecting the heat trarsfaation of the compressor
have to be considered, such as turbine inlet temtyper, oil heat flow, water

heat flow and compressor operating point.

Not surprisingly, some cases have negative comprds=at flow or very little

heat flow, and some of them have ten times morgipe$ieat flow.

In order to understand Fig. 6.3 deeply, it is exm@d step by step. In the first
step, one load point is compared in two conditiovi) (odd cases) and without
(even cases) water into the turbocharger bearingihg. It is clear that the

cases without water have higher amount of heat ftmwhe compressor, for all

load points and for both cold and hot maps. Theaeas that there is higher
heat transfer to the compressor in the absenceatdrun the bearing housing.
Both cold and hot-measured turbocharger performamages used the water and
the water is blocked in half of the cases of thbduharged engine.

In the next step, we consider cases 1 to 4 ana 114 tin which the simulated
compressor heat flow with hot map shows higher e/dhan that of the cold
map. These are cases in low load point of engirtk camsequently low load
point of the turbocharger. The important point ihet cold-measured
turbocharger performance map is that the inlettenhperature is higher than
outlet oil temperature. This means there is a heatsfer from hot oil to the
turbocharger, presumably mostly to the compresdus is because in low load

points the average air temperature across the @sspr has low temperature
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(lower than 80 °C); however, the oil inlet temperatis around 95 °C and water

temperature is around 80 °C, as listed in Table 2.2

By considering the turbine inlet temperature of thentioned cases, listed in
Table 5.1, it seems the heat transfer situatiorie@bn-engine turbocharger are
closer to the heat transfer situation of the co&hsured turbocharger rather
than the hot-measured one. This is due to the tlaat the average oil
temperature of the turbocharger in the engine dalower, and that of the hot-
measured one is highest. Consequently, the simolati turbocharged engine
needs more heat flow to the compressor when hosumed compressor
performance map is used. Case 3 shows negativeressqy heat flow. That is
because of high amount of cooling water, whichlasvéd into the on-engine
turbocharger with low temperature, 19 °C. Theref@eme heat must be
extracted from the compressor to follow the mapswever, the compressor in

the cold map is still cooled more than the hot-rmeas one.

Figure 6.3 Simulated compressor heat flows for 24ases, 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 ichwtime cold map requires
more compressor heat flow than the hot map. Thessesc are normal
operational points which are more reliable, becatsy sit in input data
window and the errors from the extrapolation isslemnd measurement
uncertainty is also lower. They have relativelytigtational speeds and high
turbine inlet temperature. The turbine inlet tenapere of these cases is between
770 to 855 °C, which means higher than the hot-oredsmap.

In these cases, it is clear that the heat trarsfeation of the hot-measured
compressor map is much closer to the heat tras#igation of the on-engine
turbocharger than that of the cold-measured maps,Tiie required amount of
compressor heat flow is lower for the simulatiorirmthe hot-measured maps.
The simulation with the cold-measured maps has rdekgation from the on-

engine turbocharger’s heat transfer situation.

The last cases in Fig. 6.3 are the only cases doatnot follow these
explanations. Cases 23 and 24 are explained bydssimgy air-fuel ratio. They
are run very over-rich €0.7) to decrease the turbine inlet temperature. By
changing this ratio very much, the deviation of blieé-measured map is higher

than the cold-measured one, and it needs more essgrheat flow.

Fig. 6.4 illustrates the simulated turbine heawflimr 24 cases, listed in Table
5.1, based on the cold and hot-measured turboahpegormance maps. It is
obvious that the turbine heat flow is mostly aféettby the turbocharger load
point, rather than oil or water heat flow.

The turbine heat flow is increased by steppingfup lbad of the engine, or
turbocharger, which leads to the higher amount \&lable energy into the
turbine. The cases without water have slightly lowanulated turbine heat
flow, as is expected. This is because of the faat the heat transfer from the
turbine to the bearing housing is less in the atesenh the water. Using the cold
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and hot-measured maps does not make a big differerthe simulated amount
of heat flow on the turbine, which works on theieeg In order to understand
the reason behind that, the required turbine efficy multiplier must be
examined, as shown in Fig. 6.5.

The difference of efficiency multipliers in eachseads clear. In all cases the hot
map requires higher turbine efficiency multipliexcept for cases 11 and 12
which are the low load points. The difference bemehe expected and the
obtained results may be due to the map extrapalaind the measurement
uncertainties, at low turbocharger speeds.

A higher turbine efficiency multiplier means higheificiency is required to

achieve the engine test conditions. As was showfign6.2, the cold-measured
turbine efficiency was higher than the hot-measure€, around the maximum
efficiency point of the efficiency curve. This wascause of the heat transfer
from the hot oil flow to the compressor in the col@asurement. Now, this is
reflected in the required turbine efficiency muigp. The hot map needs higher

turbine efficiency and the cold map demands lowdsihe efficiency.

Figure 6.4 Simulated turbine heat flows for 24 casg 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 multipliersfor 24 cases, listed in Table 5.1, based

on the cold and hot-measured turbocharger performane maps

Fig. 6.6 illustrates the measured and simulatedlates pressures after the
compressor with the cold and hot-measured turbgehngrerformance maps in
which no multiplier was used for the compressor rmag the turbine was tuned
for the speed. Most of the cases are very closeath other, as is expected,;
however, for high engine load points like cased®,21, 22, 23 and 24, there
are some differences. These can be explained byiexay Fig. 6.1. The higher
the turbocharger speed, the greater the distandbeotonstant turbocharger
speed lines of the cold and hot-measured compressps. In lower mass flow,
like these engine operational points, the cold-messconstant speed lines give
slightly higher pressure ratio. Thus, this discrepacan contribute to the
differences in cases 23 and 24 from the expecttioraddition to the very low

air-fuel ratio, which changes the flow charactérsst
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Figure 6.6 Comparison of measured absolute statia@ssure after compressor with
simulated ones based on the cold and hot-measuradthocharger 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 turbomadchirs a function of the
turbomachine performance and inlet temperature hef working fluid, the
turbomachine walls temperature can significantlyeaf the working fluid
temperature. Changing the heat transfer situatiorthe turbocharger for the
same load point gives different air temperaturesrathe compressor and
different exhaust gases temperature after therterfihis impact is greater in a

transient load condition.

Attempts have been made to find the best functodrise turbocharger working
fluids temperature base on the present study’'s inmea®nts. The measurements
were performed for different engine load points atfferent heat transfer
conditions on the turbocharger.

Three average walls’ temperatures were made feethrain components of the
turbocharger, the compressor scroll and back,uti®rte housing and back, and
the turbocharger bearing housing. These were forpasetd on the measured
walls’ temperatures on accessible surfaces ofutmtharger.

The working fluid temperature can be a functionthe#f pressure ratio across the
turbine or the compressor, the walls’ temperatuties, speed of the working
fluid, and inlet temperature of the working fluidll parameters should be

normalized.

It was found that the speed of the working fluidsé relations to the pressure
ratios of the compressor and the turbine. The spéd#ue working fluids can be
presented by the ratio of the blade tip speed & dpeed of sound at the

compressor inlet temperature.
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Figs. 7.1 and 7.2 show the relation between pressiio and normalized blade

tip speed for the compressor and the turbine, otispdy. The results indicate
that including both turbomachine performance andkimg fluid speed can be

done just by considering the pressure ratio.

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

Figure 7.2 The turbine pressure ratio vs. normalizd blade tip speed for the load points
listed in Table 2.1
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An intensive investigation was performed to fin@ ttorrelations between the
introduced parameters of the turbocharger. The ¢eatpres are normalized to
the compressor inlet temperature, which is the antbiemperature. The best
trend line for the normalized compressor outlet gerature was found in
relation to the product of the compressor pressat® and average walls

temperature of the compressor. Fig. 7.3 showgdtasion.

The normalized turbine outlet temperature was &tfon of the product of the
turbine pressure ratio, normalized average turbivedls temperature and
normalized turbine inlet temperature (see Fig.)7.4.

There are just four operating points out of thedréne that all are cases with
the fan where the uncertainty of the temperaturasmement is very high due

to the heat transfer of the thermocouples.

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

walls temperature for the load points listed in Talte 2.1

7.2. Predictability of the walls’ temperatures

According to the previous section, in order to jprethe outlet temperatures of
the turbocharger working fluids, the walls’ temgeras are required. The
measurements of the turbocharger walls’ temperaturenany different engine
load points and heat transfer conditions show that turbocharger walls’
temperatures are predictable. Fig. 7.5 illustratee normalized average
compressor walls temperature as a function of cesgmr pressure ratio
(compressor performance), average turbine wallspéeature (which is
significantly influenced by changing the convectanthe turbocharger) and the
bearing housing walls temperature (which is govérbg the oil and water

cooling temperature).

Therefore, the external compressor surfaces teriyserean be calculated by
/—'& 012 3/—45 67/—89: 5; (66)

where a and b are constants.
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Figure 7.5 Normalized average temperature of extemad compressor walls against the
product of the compressor pressure ratio, normalize average turbine walls temperature
and normalized average bearing housing walls tempature for the load points listed in
Table 2.1

Fig. 7.6 shows the linear relationship between mbizad average temperature
of the turbine external surfaces and its heat bamndonditions. These
conditions are normalized turbine inlet tempergta@malized average bearing
housing temperature and convective heat transféneturbine. The convection
heat transfer is a function the air velocity arouhé turbocharger. The air
velocity was measured downstream the outlet pipdeffan when the fan was
on. This has been done by measuring the mass flathecair in the pipe by a
hot-film meter. The air velocity was 18 m/s. Théme air velocity around the
turbine was estimated by making smoke around itviar different conditions,

when the turbine was red and hot and when the enges off and just the
forced ventilation of the test cell was working. eThesult was that the air
velocity can differ by load points due to the tenapere gradient around it. Its

range is from 0.5 m/s to 5 m/s when the coolingdianot work.

According to Fig. 7.6, the effect of convection dne turbine housing

temperature is high when the cooling fan is on.e@tise, the turbine housing
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temperature is governed by the turbine inlet teampee and bearing housing
temperature. Therefore, a parameter for fan i®a@dd this function. F in this
graph can be 0 when the fan is off or 1 when threisaon. The maximum
velocity around the turbine normalizes the veloafythe air. Therefore, the

external turbine surfaces temperature can be eaémiby

< I< BCBD G$!
&>73629 *E3F3 | 57 (67)
I= I= I= H(G$!
L>M NOfLL
F& KQ L>M NO PM

where a, b and c are constants.

Figure 7.6 Normalized average temperature of extem turbine walls as a function of
turbine inlet temperature, Bearing housing temperatire and the velocity of the air

around the turbocharger for the load points listedin Table 2.1

Now, it is required to predict the bearing housexgernal walls temperature.
The measurements show that it is mainly governedhbywater temperature;
however, when the water to the bearing housinddskied, it is influenced by
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the oil temperature and convection around the bgdrbusing. Fig. 7.7 shows
this relation, which is linear. Therefore, the er&d turbocharger bearing

housing surfaces temperature can be calculated by

%*& >?2Q*S 36TyywirE3F3 H(G;! 95S 3T yx)gy 1 ZTy. 5J (68)
L>M NOgLL
F& KQ L>M NO PM
A .
S& | S>\] I\/I\O E_PJlp
Q S>\|* NO b>00]a

where a, b and ¢ are constants.

Figure 7.7 Normalized average temperature of extemd bearing housing walls as a
function of cooling water, cooling oil and the veloity 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 remanually equal to the

previous stationary temperatures during the loag:sthe critical question is;
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how much the turbocharger walls’ temperatures cdllngnce the efficiencies
and the outlet temperatures of the turbochargetransient conditions and
during engine load-steps.

Fig. 7.8 shows a load-step of an engine. If werassine engine load is changed
at constant engine speed, the turbocharger spdiedhange from point 1 to 2.

However, it is assumed that turbocharger walls’ geratures remains at
previous load point temperatures for a while amhthegins to change slowly to
achieve the same temperature as the stationary poin is assumed that the
point 2' (virtual) have approximately the same twtarger speed as point 2 but

the same turbocharger walls’ temperatures as time po

2]~
2' (virtual) /

\1

Figure 7.8 Transient load-step operation of an enge

As was discussed the turbocharged walls’ tempesitare predictable just by
knowing the temperatures of inlet compressor, mlgtine, inlet water and inlet
oil, also the compressor pressure ratio, the terpmessure ratio and the velocity
of the air around the turbocharger, as well. Theeefthe temperatures of outlet
compressor and outlet turbine will be defined basedhe turbocharger walls’

temperatures and the mentioned parameters.

For instance, cases 14 and 13 in Table 2.1 araedsord. The load step is from

50 Nm (case 14) to 200 Nm (case 13) at constanhergpeed of 2000 rpm. In
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both cases the cooling fan is off and there is mdw®ugh 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 tiwértual 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) 159 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) 419Q16.8 419.3
Bearing housing wall temperature (°C) 258 35.2 25.8
External wall temperature of the compressor (°G0D.5 72.5 30.5

Figs. 7.9 and 7.10 compare the predicted compresstbet temperature and
turbine outlet to the measurements and shows theal/iemperatures when the
turbocharger walls’ temperatures remain at the iptesvload condition. The
results indicate that the predicted temperaturee laagood agreement with the
measurements. The maximum differences of the pestliand measured
temperatures are 0.25% for compressor outlet adélo ffor turbine outlet.

Interestingly, the virtual temperatures have qgreat deviation from the second
stationary load points, which shows the importaoteinderstanding the heat
transfer in the turbocharger. The virtual compressotlet temperature and
turbine outlet temperature have 4.3 and 6.1% diffee with the second
stationary load point, respectively.
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Figure 7.9 Prediction of compressor outlet temperaire during the load-step

Figure 7.10 Prediction of turbine outlet temperatue during the load-step
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8. Summary and conclusions

The long-term objective for this project is to irape turbocharged engine
simulation precision and predictability for tramgi@peration by including heat
transfer of the turbocharger in the simulation. Tiaivation for this is the need
for better understanding of the turbocharger perforce on the engine-like
condition and a wish to minimize the usage of rplirs in one-dimensional

gas dynamics codes.

Analytical and experimental investigation of theab&ansfer in an on-engine
turbocharger was examined and combined with thdotirarged engine
simulation. This has been performed in order toswer heat transfer in the
turbocharger, and reduce shifting and correctirggttirbocharger performance

maps in one-dimensional gas dynamics codes.

The experimental investigation was conducted orDé éhgine equipped with
VVT and water-oil-cooled turbocharger. This hasrbdene for different load
points of the engine and different heat transfeddmns on the turbocharger by
using insulators, an extra cooling fan, radiatidnelsls and water-cooling
settings. In addition, several thermocouples hagenbused on accessible
surfaces of the turbocharger in this investigatorcalculate the external heat

transfers

A heat transfer model of the turbocharger has loeseloped and compared to
the experiment. Different methods for heat trangfalculations have been
compared and a formula has been suggested for INumgaber calculation
which is valid for the turbine housing, turbine kadbearing housing,
compressor back and compressor housing in diffeR&ynolds number and

engine operating conditions.
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Based on this heat transfer analysis of the turdasr, the internal heat transfer
from the turbine to the bearing housing.{ = ) and from the bearing housing
to the compressor ( . ) are significant. Furthermore, the external heat
transfers of the compressor housing and the be&onging, and the frictional
power do not play an important role in the heandfar analysis of the

turbocharger.

The effect of using the extra cooling fan on thesrgy balance of the

turbocharger is significant. However, the effectltd water is more significant
on the external heat transfer of the bearing hguaid the internal heat transfer
from the bearing housing to the compressor. It sed¢ne radiation shield

between the turbine and the compressor has ndisagtti effect on the energy
balance of the turbocharger.

In order to include heat transfer of the turbockarg the engine model of the
one-dimensional gas dynamics code, a heat sinkaahelat source were built
upstream the turbine rotor and downstream the cesspr impeller,
respectively. The heat flows can be compensatdtdogfficiency multipliers on
the turbine and compressor, but these multipliees laad dependent and
deteriorate the predictability of the simulationoiover, the gas temperature

after the turbine is not achievable by using aitieficy multiplier, exclusively.

The present study has shown that heat transf@eiturbocharger is very crucial
to take into account in engine simulations, andiniproves simulation

predictability in terms of getting the compressiéiceency multiplier equal to

one and turbine efficiency multiplier closer to paed achieving turbine outlet
temperature close to the measurement. Moreover, cthrapressor outlet
temperature becomes equal to the measurement Wwitbowecting the map. In
fact, simulated heat flows are the differential thBaws between two heat

situations; on the engine and on the gas-standh{&maps).
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The simulated artificial heat flows correlated witle analytically calculated
heat flows from the turbine and to the compressmeld on the heat transfer
model. The simulated heat flows had logical conpastwith the turbocharger
heat transfer modeling; however, the heat transfedel of the turbocharger
gave higher turbine and compressor heat flows thansimulation. This is
because the heat transfer model of the turbochaeggires many assumptions
for the calculations of the heat transfer coeffitsesuch as an ideal geometry for
each part, thermal properties of the materialsasarestimations etc. These
assumptions increase the uncertainty of the alesalomount of heat transfer of
the turbocharger based on the heat transfer magdimwever, the quantity of

the heat transfer on the turbocharger is predietabl

Furthermore, the use of two different turbochargerformance maps was
assessed concerning the heat transfer situatitheisimulation of the measured
turbocharged engine. The turbocharger performarmesrnave been measured
under two different heat transfer situations, wiité turbine inlet temperatures of
100 and 600°C.

The results indicate that the heat transfer simatiuring the measurement of
the turbocharger performance influences the amotistimulated heat flow to

the compressor. The heat transfer situation magei@ed by the turbine inlet

temperature, oil heat flux and water heat flux. ldger, the heat transfer
situation on the turbine makes a difference onrdwuired turbine efficiency

multiplier, rather than the amount of turbine hiéat. It seems the turbine heat
flow is a stronger function of available energypittte turbine.

Of great interest is the fact that different haatagions on the turbocharger do
not considerably influence the pressure ratio efdbmpressor. The turbine and
compressor efficiencies are the most importantrpatars, which are affected
by that.
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The bearing housing temperature can significamifuénce the compressor
efficiency. This temperature is governed by theaod water temperatures. This
impact is greater at the low rotational speedshefturbocharger. Due to this
fact, the turbine efficiency, which was calculabased on the compressor work,
was affected by the oil heat flux and it gave higk#iciency in the cold

measurement in contrast to the expectation.

The component temperatures of the turbochargemnentie the working fluid
temperatures. Additionally, the turbocharger walhperatures are predictable
from the experiment. This prediction enables insegaprecision in engine

simulations for future works in transient operasion

It is presumably critical to include the heat tf@nsof the turbocharger in
transient simulations of turbocharged engines. Thisecause the heat transfer
to the fluid through the turbocharger depends enhéhat transfer situation from
previous load conditions. To this end, understagdire effect of heat transfer
situation on the turbocharger performance wouldchecial in the transient

simulation of turbocharged engines.
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9. Future work

The main aim of the future work should be the satiah of turbocharged
engine in the transient operation when the heaistea of the turbocharger is
considered. In order to include the heat transféh® turbocharger in transient
simulation of the turbocharged engine, we have de the same method for
artificially differential heat flows of the turbirend the compressor, presented in
chapter 3. At a fast load-step, we can achievaliffierential heat flows for two
stationary points by the implemented controlletha simulation. Then, we can
remove the heat flow controllers, put the constalties for them, and make
different interpolations between these two pointiggét the same result as the
measured one in transient operation. By using teéhod presented in chapter 7,
it is possible to simulate the turbocharged engiae the virtual outlet
temperatures of the compressor and the turbinereldre, the interpolation
could be between three points that would improve pinedictability of the
simulation. In addition, the heat transfer modelaighe turbocharger would be
completed in transient condition by considering thermal inertias of the

turbocharger components.

Another field, which could be interesting, is begrifrictional power of the
turbocharger. Turbocharger shaft friction is noignahcluded in the turbine
efficiency maps. At low turbine power, the frictipart can be considerable. The
low power situation is very important for the outw® of transients. The last
focus of this project is to extract the frictioroifin the map into a separate
friction calculation to be included in the simutati An assumption is that high
axial forces during transient have an importané@fbn the friction power. The
author has made numerous measurements on backimlassure of the
compressor impeller, axial force on turbochargeftsand displacement of the
turbocharger shaft. However, they are not includdthis thesis. It is of value to

be able to use the data and make an analyticaktige#ion on the pressure
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distribution on the blades to calculate the axmicés and friction on the
turbocharger shaft. Also, study the effect of chiag®il temperature (viscosity)
on the friction and discussing turbocharger frictaharacteristics are desirable,
in order to separate these losses from aerodynasses.
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Appendix 1: Nusselt numbers of the turbocharger cpoments from different
sources
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