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Abstract

tvansfe
This thesis work deals with the simulation of heathg;g‘cess‘::s in a turbocharger using SIMULINK. A

simplified model is designed which takes the turbine inlet conditions and the mechanical power
absorbed by the compressor as input from the experimental data and gives the transient variation of the
turbine exhaust temperature as the output. Subsequently an advanced model is designed which takes
the turbine pressure ratio and inlet temperature and the compressor inlet conditions as input from the
experimental data and gives the transient variation of the turbine exhaust temperature, turbine casing
temperature, bearing housing temperature and the compressor outlet temperature as the output.

The correlations for the turbine total efficiency and the effective turbine throat areas as a function of
thé turbine pressure ratio are developed by performing dynamic experiments on the turbocharger test
cell. The models are then validated b? conducting experiments on the turbocharger test cell under
forced and natural convection conditions with three different VTG positions (100%, 50%and 0%).
The simplified model gives a very close approximation of the turbine exhaust temperature under
natural convection. The advanced model gives a close approximation of the transient variation of the
bearing housing temperature and the compressor outlet temperature. The model works well with
different VTG positions but the accuracy is decreased with 0% VTG position. The results show an over

prediction of the turbine total efficiency and under prediction of the outside heat transfer coefficient

under forced convection.



CHAPTER 1

Introduction
1.1 Problem description

Concemn over air pollution is growing steadily. Vehicle emissions contribute between one third and
“one half of the total atmospheric burden of carbon monoxide (CO), nitrogen oxides (NOx), and
hydrocarbon compounds (HC). The impact is even greater in urban areas. To solve these problems,
cities, states and federal governments have created emission regulations (EU 4 and US 2007) to
restrict the amount of pollution that vehicles can produce. To keep up with these laws, car
manufacturers have developed a number of emission control techniques [3].
Emissions from a vehicle can be grouped into three categories. Those that are emitted from the
crankcase, those that evaporate from the fuel system, rubber and plastic part s of the vehicle, and those
that comes from the tail pipe. ' .
Crankcase emissions have been reduced 100% since positive crankcase ventilation systems were
introduced on passenger cars. This simple system used a hose from the crankcase to the engine intake
manifold to pull fumes into the manifold. There the fumes could be reburned. A small check valve
called the PCV valve (Positive Crankcase Ventilation) was placed in the hose to control the flow of
fumes. A |
Evaporative emissions come from the fuels, oils, rubber, and plastic parts used on the automobiles.
Most of the emissions come from the fuel and this has been controlled usihg a charcoal canister
connected to the vent line from the fuel tank. The charcoal canister is filled with activated charcoal
(carbon) that attracts the hydrocarbon fumes evaporating from the fuel. Each gram of activated
charcoal can hold up to 1000 times its weight in hydrocarbon fumes. The canister can release the
fumes when fresh air is pulled through the charcoal, so the canister can be used over and over again.
Air is pulled through the canister by engine intake manifold vacuum and the hydrocarbon fumes are
burned inside the engine instead of being released to the atmosphere.
Exhaust emissions are controlled using many different devices and designs. The shape of the
combustion chamber inside the engine where the fuel and air ignite plays an important part in reducing
the exhaust emissions. Better technology and research techniques have enabled the car manufacturets
to change their engines to meet tougher emissions regulations. Fuel injection has played a major part
in reducing emissions. The accurate computer control of fuel and ignition timing has also given better
fuel economy and pérformance. The exhaust gas recirculation (EGR) system has been used to reduce
the amount of nitrogen oxides (NOx) created by the engine during operating periods that usually‘ result
in high combustion temperatures. The system reduces NOx production by recirculating small amounts
of exhaust gases into the intake manifold where it mixes with the incoming air/fuel charge. By diluting
the air/fuel mixture under these conditions, peak combustion temperatures and pressures are reduced,

resulting in an overall reduction of NOx output. Furthermore, the catalytic converters have also been



developed which treat the exhaust before it leaves ‘the vehicle and reduces a lot of atmospheric
pollution [5].

Today's converters eliminate up to 97% of CO and HC emissions. Unfortunately the effectiveness of a
catalyst is greatly limited for the time that it takes to reach its operating temperature (also called light
off temperature) of about 300°C. Between 60% to 80% of the toxic air emissions from automobiles
occur during this cold-start period. The concern over cold-start emissions has lead to significant
activity by car manufacturers and suppliers to develop new emissions treatment techniques. Leading
approaches include heating the converter electrically or with a catalyzed fuel burner. This approach
requires 10 to 20 Wh of electric energy, to be supplied by the alternator or battery. Furthermore, the
fuel burner systems are fairly complex and may expose the converter to severe thermal gradients
which may lead to a reduction in system durability. Another approach that has been used is to move
the converter closer to the engine manifold to reach the operating temperature more quickly. However,
in many cars thié introduces additional unwanted heat into the engine compartment and also the
catalyst is more susceptible to exhaust temperature excursions.

A recent approach that is being used is to use insulated converters located well downstream of the
engine. Sufficient insulation around the converter can help the converter to maintain its temperature
above the operating temperature for several hours after the engine is shut off. Unfortunately, to
provide sufficient thermal insulation for holding heat for more than 3 hours, conventional refractory
insulation must be extremely bulky and heavy. Also, during steady state operation of the engine, this
insulation may- allow the catalyst temperature to exceed the safe limits (approximately 1000°C),
resulting in thermal degradation and loss of emission conversion efficiency. A better approach for the
thermal management of the converter, that is being developed, is to use a compact insulation that
could be continuously varied in thermal conductance, providing the very low conductivity needed to
retain heat when engine is shut off but providing much higher conductivity for heat rejection from the
converter during engine operation [3].

For the further improvement of the above mentioned emission treatment techniques it is desirable to
have a clear understanding about the transient variation of the temperature of the exhaust gases from
the engines. In the case of turbocharged engines the understanding about the transient variation of the
temperature of the exhaust gases from the turbocharger turbine is desirable. Particularly variation of
the exhaust gas temperature during cold-start period is of greater importance.

Secondly, simulation models, which simulate the complete engine cycle, are being used for the last
few decades to assist in understanding the observed behaviour of engines and to predict engine
performance and efficiency as a function of engine désign parameters. Today engine systems are
becoming more complicated to meet the increasing demands on fuel efficiency and emission -
legislation. Therefore it is desirable to have accurate engine system simulation models. In most of the
enginé system simulation models being used, it is a common practise to consider the compressor of the

turbocharger as an adiabatic unit. This assumption gives an incorrect approximation of the temperature



rise across the compressor. For a better approximation of the temperature at the outlet of the
cdmpressor it is necessary to consider the heat transfer that takes place by conduction through the shaft
and bearing housing, to the compressor of the turbocharger. Moreover, for the thermal management of
the engine compartment it is desirable to have a clear understanding about the variation of the casing
temperature of the turbine and the compressor of the turbocharger. The full analysis fequires the
modelling of various heats and power fluxes which occur within a turbocharger.

1.2 Objectives of the Thesis

~ The present thesis deals with mathematical modelling, simulation and validation of various heat and
power fluxes, which occur within a turbocharger. The objectives of this thesis include the
determination of transient variation of the exhaust gas temperature and the casing temperature of the
turbine of a turbocharger under forced and natural convection conditions. The thesis also aims at
providing an insight into the transient variation of compressor outlet temperature, impeller casin g

temperature and the pressure ratio across the compressor for a given range of turbine inlet temperature

and pressure ratio.

The thesis consist of following parts
* Designing of a simplified and an improved MATLAB/SIMULINK heat transfer models.
* Conducting experiments with different convection conditions.

* Comparison and validation of the models with experimental data.



CHAPTER 2

State of the Art
2.1 Fundamentals of Heat Transfer

Heat transfer (or heat) is energy being transmifted due to a temperature difference. Whenever there
exists a temperature difference in a2 medium or between media, heat transfer will occur. The different
types of heat transfer processes or modes are conduction, convection and thermal radiation (shown in
Fig 2.1 to 2.3). The term conduction refers to the heat transfer that occurs when a temperature gradient
exists in a stationary medium, which may be a solid or a ﬂﬁid. The term convection refers to the heat
transfer that occurs between a surface and a moving fluid when they are .at different temperatures. All
surfaces of finite temperature emit energy in the form of electromagnetic waves. So-in the absence of

an intervening medium there is net heat transfer between two surfaces at different temperatures, this is
referred to as heat transfer by thermal radiation [1].

I,>T,

S i N

__—-’—m

Figure 2.1 Conduction through a solid or a stationary fluid.
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Figure 2.2 Convection from a surface to a moving fluid.
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Figure 2.3 Net radiation heat exchange between two surfaces.

2.1.1 Conduction:

Conduction is heat transfer by means of molecular agitation within a material without any motion of
the material as a whole. Heat energy in a substance is associated with random translational motion, as
well as with the internal rotational and vibrational motions of the molecules making up the substance.
Consider a gas in which there exists a temperature gradient and assuming that there is no bulk motion.
As higher temperatures are associated with higher molecular energies so when the neighbouring
molecules collide there occurs a transfer of energy from more energetic to less energetic molecules. In
the presence of a temperature gradient, energy transfer occurs in the direction of decreasing
temperature. In liquids, since the molecules are closely spaced the molecular interactions are stronger
and more frequent. In solids the molecules themselves are bound and contribute to conduction of heat
mainly by vibrating against neighbouring molecules. A more important mechanism, however, islthe
migration of energetic free electrons through the solid. Metals which have a high free -electron density
are good conductors of heat, while non-metals, such as wood or glass, have few free electrons and are
poor conductors of heat [6]. .
Appropriate rate equations are used to quantify heat transfer processes in the terms of amount of
energy transferred per unit time. For heat conduction, the rate equation is known as Fourier's law. For
a one dimensional plane wall shown in Fig 2.4, having a temperature distribution T(x) , the rate
equation

is expressed as

° ar

L . @.1)
L=

The heat flux g is the heat transfer rate in the x direction per unit area perpendicular to the direction

)

. . . dr .. -
of transfer and it is proportional to the temperature gradient, Zx_ in this direction. The proportionality

constant k is a transport property known as thermal conductivity and is a characteristic of the wall

\ . . .
material. The minus sign is a consequence of the fact that heat is transferred in the direction of

S



decreasing temperature. Under steady state conditions, where the temperature distribution is linear, the

temperature gradient may be expressed as

T 4
4
P — :
CJe—  —» "
X
Figure 2.4 One-dimensional heat transfer by conduction.
a _T,-T, (2.2)
dx L : ' .
Substituting equation 2.1 in equation 2.2 gives heat flux as
- T, -T,
=-k2—1. 2.3
9. I 23)
Or
. T, -T AT
=k——2%=k. 2.4
9x 7 7 | (24)

This equation provides a heat flux, that is, the rate of heat transfer per unit area. The heat rate by

conduction, Q  through a plane wall of area A is then the product of the flux and the area,

Q,=9q.A. 2.5)
2.1.2 Convection: _

The convection heat transfer mode is comprised of two mechanisms. In addition to energy transfer due
to random molecular motion, there is also energy being transferred by the bulk, or macroscopic,
motion of the fluid. This fluid motion is associated with the fact that, at any instant, large number of
molecules are moving colleétively or as aggregates. Such motion, in the presence of a temperature
gradient, will give rise to heat transfer. Because the molecules in the aggregate retain their random
motion, the total heat transfer is then due to a superimposition of energy transport by the random
motion of the molecules and by the bulk motion of the fluid. The term convection is used to refer this
cumulative transport and the term advection is used to refer transport due to bulk fluid motion [10).
Convective heat transfér is categorized into forced convection and natural convection according to the
nature of flow. In forced convection flow is caused by some external means, such as by a fan, a pump,

or atmospheric winds. In natural or free convection flow is induced by buoyancy forces in the fluid.
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These forces arise from density variations caused by temperature variations in the fluid. An example is
the free convection heat transfer that occurs from a hot pavement to the atmosphere on a still day. Air
that is in contact with the hot pavement has a lower dénsity than that of the cooler air above the
pavement. Hence, a circular pattern exists in which the warm air moves up from the pavement and the

cooler air moves downward [13].

The appropriate rate equation for the convection heat transfer mode is given by Newton's law of
cooling that is of the form

g=h{T, -T.). (2.6)

Here, g the heat flux per unit surface area is proportional to the difference between surface and fluid
temperatures, T, and T, respectively. The proportionality constant £ is referred to as heat transfer

coefficient. It encompasses all the effects that influence the convection mode. It depends on the

conditions in the boundary layer which are influenced by surface geometry, nature of fluid motion,
and number of fluid thermodynamic and transport properties [1].

2.1.2.1 Convection boundary layers:

Boundary layer effects are an integral part of convection heat transfer. Consider fluid flow over a

heated surface as shown in Fig 2.5. A consequence of the fluid-surface interaction is the development
of a region in the fluid through which the velocity varies from zero at the surface to a finite value u,,

associated with.the main flow. This region of the fluid is known as the hydrodynamic or velocity

boundary layer. Moreover, if the surface and flow temperature differs, there will be a region of the

fluid through which the temperature varies from T, at y =0 to T, in the outer flow. This region,

called the thermal boundary layer, may be smaller, larger, or the same size as that through which the

velocity varies.
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Fig 2.5 Boundary layer development in convection heat transfer



The convection heat transfer mode s sustained by both random molecular motion and the bulk motion
"of the fluid within the boundafy layer. The contributic;n due to random molecular motion generally
dominates near the surface where the fluid velocity is low. At the interface between the surface and the
fluid, heat is transferred by this mechanism only. The contribution due to bulk fluid motion originates

from the fact that boundary layers grow as the flow progresses in x direction [9].

2.1.2.2 Laminar and turbulent flows:

In the treatment of any convection problem it is essential to determine whether the boundary layer is
* laminar or turbulent. Surface friction and the convection heat transfer rates depend stfongly on which
of these conditions exists. As shown in Fig 2.6 there are sharp differences between laminar and
turbulent flow conditions. In the laminar boundary layer, fluid motion is highly ordered and it is
possible to identify streamlines along which particles move. In contrast, fluid motion in the turbulent
boundary layer is highly irregular and is characterised by velocity fluctuations. These fluctuations
enhance the transfer of momentum, energy, and species and hence increase surface friction as well as
convection heat transfer rates. Fluid mixing resulting from fluctuations makes turbulent boﬁndary

layer thickness larger and boundary layer profiles flatter than in laminar flow [9].
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Figure 2.6 Velocity boundary layer development on a flat plate.

The boundary layer is initially laminar, but at some distance from the leading edge, transition to
turbulent flow begins to occur. Fluid fluctuations begin to develop in the transition region and the

boundary layer eventually becomes completely turbulent. In calculating boundary layér behaviour it is

frequently reasonable to assume that transition begins at some location x, . This location is determined
by a dimensionless grouping of variables called the Reynolds number,

Re Pl

. . . @)

u



Here the characteristic length x is the distance from the leading edge. The critical Reynolds number is

the value of Re, for which transition begins, and for external flow it is known to vary from 10°to

3x10°, depending on surface roughness, the turbulence level of the free stream and the nature of

pressure variation along the surface.

2.1.3 Radiation:

Thermal radiation is energy emitted by matter that is at a finite temperature. Although in this thesis the
focus is primarily on radiation from solid surfaces, emission may also occur from liquids and gases.
Regardless of the form of matter, the emission may be attributed to changes in the electron
configuration of the constituent atoms or molecules. The energy of radiation field is transported by
electromagnetic waves (or alternatively, photons). The transfer of energy by radiation does not require

the presence of any material medium. In fact it occurs most efficiently in vacuum.

There are two features which describe the nature of thermal radiation from a surface. One is.spectral
distribution and other is the directionality. Thermal radiation emitted by a surface encompasses a range
of wavelengths and the magnitude of the radiation varies with wavelength, the term spectral is used to
refer to the nature of this dependence. The second feature relates to ite directionality, as a surface may
emit preferentially in certain directions, creating a directional distribution of the emitted radi ation [14].
The blackbody is an ideal surface which absorbs all incident radiation, regardless of wave length and
direction, For a given temperature and wavelength, no surface can emit more energy than a blackbody
and radiation emitted is independent of direction. The flux at which radiation is emitted by a

blackbody is given by Stefan-Boltzmann law that is

q=oT}. : _ (2.8)
Here T is the absolute temperature of the surface and o is the Stefan-Boltzmann constant.

The heat flux emitted by a real surface is less than that of the ideal radiator and is given by

g =0T} | “ 29)
Here ¢ is a radiative property of the surface called the emissivity. This property indicates how
efficiently the surface emits compared to an ideal radiator. The emissivity for a blackbody is 1 and for
a real surface emiésivity is always less than 1. Equation 2.8 determines the rate at which energy is
emitted by a surface. Determination of the net rate at which radiation is exchanged between surfaces is.
more complicated. However, a special case that is considered in this thesis is the net exchange
between a small surface and a much larger surface that completely surrounds the smaller one (Fig 2.6).
The air which separates the surface and the surroundings has no effect on the radiation transfer and the
surrounding is assurﬁed to be a black body. The net rate of radiation heat exchange between the

surface and its surroundings, expressed per unit area of the surface is given by

21=-f;=ea(T;‘ ~TE). (2.10)



Here A is the surface area and ¢ is its emissivity, while 7, and T,,, ‘are the temperatures of the

surface and the surrounding respectively. With the above assumption, the area and the emissivity of

the surroundings do not influence the net heat exchange rate [14].
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Figure 2.7 Radiation exchange between a surface and its surroundings.

2.1.4 Transient Conduction
2.1.4.1 The lumped capacitance method:
The lumped capacitance method is a model, which deals with transient conduction problems in which

a solid experiences a sudden change in its thermal environment. Consider a hot metal forging that is

initially at a uniform temperature I; and is quenched by placing it in a free air stream of lower
temperature T,, <T; (Fig 2.7). If the quenching is said to begin at time ¢ = 0, the temperature of the

solid will decrease for time ¢ >0 until it eventually reaches T, . This reduction is due to convection

heat transfer occurring at the solid/air interface. The essence of the lumped capacitance method is the
assumption that the temperature of the solid is spatially uniform at any instant during the transient
processes. This implies that temperature gradients within the solid are negligible [8]. |

Transient temperature response of the solid is determined by formulating an energy balance over the

solid which relates the rate of heat loss at the surface to the rate of change of the i nternal energy. This
~ is of the form '



Hot metal

halntididdia et e it UG I R R
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-------------------
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Figure 2.8 Cooling of a hot metal.

- Eout = Es{ . (2.11)
Or ' l

- hAs(T—Tw)=ch%. (2.12)

Here Eou is the rate at which energy is transferred by convection and negative sign shows that heat is

lost from the solid. E, is the rate of change of internal energy of the solid.

Ihtroducing the temperature difference _

6=T-T, (213)
And recognizing that | | |

dg dT

=— ‘ : 2.14
dt dt @19

Substituting equations 2.12and 2.13 in equation 2.11 gives

@ _ . (2.15)
KA, dt ,

Separating variables and integrating from the initial condition that at? =0 the temperature is
T(0)=T, gives

11



p Ve

- pdo '
o o= | (2.16)

Heref, =T; -T,. 2.17)
Evaluating the integrals it follows that

pve, 8 _, | (2.18)
hA, 6

o T-T. Ve | |
— = = - tl. 2.19
9:’ Tu -T. exp[ ( hAs ) } ( )

The above equation gives the transient temperature response of the solid.
2.1.4.2 Validity of Lumped Capacitance Method:
This analysis is valid if the resistance to conduction within the solid is much less than the resistance to

convection across the fluid boundary layer. Thus the assumption of a uniform temperature distribution

is reasonable if the following condition is satisfied

Bi= hi =0.1. (2.20)

Here Bi is a dimension less parameter termed as Biot number, k is the thermal conductivity of the
solid, A is the heat transfer coefficient of the surrounding air and L, is the characteristic length given
by

L =Y A (2.21)
Here V is the volume of the solid and A, is the surface area of the solid exposed to the fluid [8].

2.2 Literature survey

“A Study of Rotor Cavities and Heat Transfer in a Cooling Processes in a Gas Turbine”’

In this paper Prof R.S. Amano has presented a numerical study of thermal flow analysis in a two stage
turbine in order to understand better the detailed flow and heat transfer mechanisms through the cavity
and the rotating rotor disks. The numerical computations were performed to predict thermal fields
through the rotating disks. |
“Heat Transfer and Flow Phenomena in a Swirl Chamber Simulating Turbine Blade Internal Cooling”
In this paper Prof P.M.Ligrani has given heat transfer and fluid mechanics results for a swirl chamber
whose geometry models an internal passage used to cool the leading edge of a turbine blade. The
Reynolds number, based on inlet duct characteristics is investigated.

“Experimental and Theoretical Investigations of Heat Transfer in Closed Gas Filled Rotating Annuli”
In this paper Prof D. Bohn had made the experimental investigations to ahalyze the convective heat
transfer in closed, gas filled annuli to rotating around their horizontal axes. The experimental setup is

designed to establish a pure centripetal heat flux inside these annular cavities.’A computer programme
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to simulz_{te flow and heat transfer in closed rotating cavities has been developed and tested
successfully for annuli with isothermal side walls with different temperatures giving an axial heat flux.
“Effect of Velocity and Temperature Distribution at the hole exit on Film Cooling of Turbine Blades”

In this paper Prof V.K Garg has used-an existing three—dimensional Navier-Stokes code, modified to
include film cooling considerations, to study the effect of coolant velocity and temperature distribution
at the hole exit on the heat transfer coefficiént on three film cooled turbine blades, namely, the C3X

vane, the VKI rotor, and the ACE rotor. Results are also compared with the experimental data for all
the blades. '

“The Influence of Film Cooling on the efficiency of an Annular Nozzle Guid;a Vane Cascade”

In this paper Prof C.R.B Day examines the effect of aerofoil surface film cooling on the aerodynamic
efficiency of an annular cascade of transonic nozzle guide vane. A dense foreign gas (SF6/Ar mixture)
is used to simulate engine representative coolant to mainstream density ratios under ambient
conditions. * ' |

“Heat Transfer in a Rotating Cavity with a Peripheral Inflow and Outflow of Cooling air”

In this paper Prof I Mirzaee describes a combined computational and experimental of the heat transfer
in a rotating cavity with a peripheral inflow and outflow of cooling air for a range of rotational speeds
and flow rates. '

“Heat Transferin a Rotating Cavity with a Stationary Stepped Casing”

In this paper Prof I Mirzaee has considered a system in which co rotating turbine disks are cooled by
the air supplied at the periphery of the systerri. The system comprises two co rotating disks, connected
by a rotating cylindrical hub and shrouded by a stepped ,stationary cylindrical outer casing .Cooling
air enters the system through holes in the periphery of one disk, and leaves through the clearances

between the outer casing and the disks. The paper describes a combined computational and

experimental study of heat transfer in the above described system.
“Simulation of Heat Transfer from Flow with High Free-Stream Turbulence to Turbine Blades”
In this paper Prof E.Fridman has applied the relaxation model to simulate the momentum and thermal

boundary layers for laminar, transitional, and turbulent flows when turbulent fluctuations are present -

in the free stream.

“Local Heat Transfer in a Rotating Two Pass Triangular Duct with Smooth Walls”

In this paper Prof S.Dutta has conducted heat transfer studies on a triangular duct with orthogonal
rotation, This paper presents turbulent heat transfer characteristics of a two pass smooth walled
triangular duct. One pass is for radial outward flow and the other pass is for radial inward flow, With
rotation radial outward and inward flow directions show different surface heat transfer characteristics.
“The Inﬂuénce of Endwall Contouring on the Performance of a Turbine Nozzle Guide Vane”

In this paper Prof V.Dossena has presented the results of a detailed investigation of the flow field in a

gas turbine linear cascade. A comparison between a contoured and a planar configuration of the same
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cascade has been performéd, and differences in the three dimensional flow field were analyzed an

discussed.

“Experimental and Theoretical Investigations of Heat Transfer in Closed Gas Filled Rotating Annu
G

In this paper Prof D. Bohn had made the experimental investigations to analyze the convective he:
transfer in closed, gas filled annuli to rotating around their horizontal axes. The experimental setup
designed to setup is designed to establish a pure axially directed heat flux inside these annular cavitie

Parallel to the experiments, numerical calculations have been conducted.
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CHAPTER 3

Modelling the Heat Transfer in a Turbdcharger

3.1 Description of Heat and Power Transfer in a Turbocharger

.
Pour i

Turbine casing

Turbine

Q convT

Pl'nT

Q inoil

Bearing housing

e o e o e s e o o o 3 - - —

=——> . St 0,
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Q radB Q convB Q ioutoil

Figure 3.1 Heat and power fluxes in a turbocharger

I.J outC

Q rad

Compressor
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The schematic figure 3.1 shows a turbocharger comprising of turbine, turbine casing, shaft, bearing

housing, compressor and compressor casing. The figure shows the various heat and power fluxes
which occur within a turbocharger. The fluxes are listed below

1. The transfer of heat by convection from the hot gases to the turbine casing.

2. The transfer of heat by convection from the turbine casing to the surroundings ( Q.1 )-

3. The transfer of heat by radiation from the turbine casing to the surroundings ( Q, ..+ )-

4. The storage of heat in the turbine casing,

5. The transfer of heat by conduction from the turbine casing to the shaft and bearing

housing assembly (@ .. ).
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10.

11.
12.

13.
14.
15.

16.

17.
18.

19.
20.

21.

The transfer of heat by convection from the bearing housing to the surroundings (Q ..z )-

The transfer of heat by radiation from the bearing housing to the surroundings ( Q.5 )-

The storage of heat in the shaft and bearing housing assembly.

The transfer of heat to the lubricating oil.

The transfer of heat by conduction from the shaft and bearing housing assembly to the
compressor casing,.

The storage of heat in the compressor casing.

The transfer of heat by convection from the compressor casing to the surroundings

(Q convC )

The transfer of heat by radiation from the compressor casing to the surroundings (3, ,c)-

The transfer of heat by convection from the compressor casing to the air passing through
it

Power entering the turbine with hot gases (P, ; ).

The mechanical power developed by expansion of the gases through the turbine.

Power leaving the turbine with the exhaust gases (P our ).

The mechanical power lost in transmission from turbine to compressor.

Power entering the compressor with the air to be compressed ( Pinc).

The mechanical power absorbed by the compressor for compression of the air.

Power leaving the compressor with the compressed air ( Pouc ).

3.2 Design of a simplified MATLAB model
3.2.1 Introduction

This model is designed to determine the transient variation of turbine casing temperature and the

temperature of the exhaust gases leaving the turbine. The model will calculate these temperatures for

given turbine inlet conditions and the power absorbed by the compreSsor under forced and natural

convection conditions. The reason for designing this simplified model is that it can be easily

parameterized and can be easily plugged into the complete engine cycle simulation model.

The following list contains the heat and power transfer effects considered in this model

1.

2
3.
4,
5
6

Energy transferred by convection from the hot gases to the turbine casing.

. Energy stored in the turbine casing

Energy lost due to convection to the atmosphere.
Energy lost due to radiation to the atmosphere.
Power entering the turbine with the hot gases.

The mechanical power absorbed by the compressor for compression of the air.
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7. Power leaving the turbine with the exhaust gases.

The effects are described in detail below

3.2.2 Energy transferred by convection from the hot gases to the turbine casing

The transfer of heat by convection is governed by Newton’s Law of Cooling which states that
convective heat flux is proportional to the difference between the surface and the fluid temperatures

(explained in detail in section 2.1.2)[10]. The heat transferred by convection from the hot gases to the
turbine casing is given by

Qur = hpAg, (T - T,) (3.1)
_ Here éinT is the heat transferred by convection from the hot gases to the turbine casing, T is the
temperature of the hot gases entering the turbine and 7, is the temperature of the turbine casing. To
calculate the heat trar;sfer coefficient A, the turbine casing is assumed to be a channel with a circular

cross-section. The length of the channel is taken equal to the length of the spiral. In equation 3.1 Ag,

is the inside surface area of the channel exposed to the hot gases and is given by
Agy =D, L. A (3.2)
Here L is the length of the channel and D,, is the inner diameter. The inner diameter of the channel

is taken as the mean of turbine casing inner inlet and exit diameter as shown in the figure 3.2 below.
The inner diameter at the inlet of the turbine casing is taken as the mean of horizontal and vertical

diameters at the inlet section of the turbine casing.

Inlet section of turbine casing Outlet section of turbine casing
Figure 3.2 Inlet and outlet section of turbine casing

_Da* Dy , ‘33
D, === 6y
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D.+D
D;,.=—‘m_+—c-
. 2

The outer diameter of the circular channel is calculated by adding twice the thickness of the turbine

(.4)

casing to the inner diameter. The Chilton—Colburn analogy[11] is used for computing the average
Nusselt number for fully developed turbulent flow in a circular tube which is then used to calculate the

heat transfer coefficient &, . The analogy is of the form

f Nu,, _
J o _b 3.5
8 Re, pr!/3 o 3:5)

Here Nu,, is the average Nusselt number, Re , is the Reynolds number and Pr is the Prandlt number

and are given by

NMD =hinDin /kf . : . - : (3.6)

Re, =4D, m/mu . (3.7
‘Here p is the dynamic viscosity, Pr is the Prandtl number and & ,‘ is the thermal conductivity of the

hot gases entering the turbine. These properties are méasured at the temperature I;. The corelations
used are given in the appendix Al.

Subsituting equations 3.6 and 3.7 in equation 3.5 gives

f h,D, Ik,

8 - ) s | 8
(4D m/ T1u)(Pr) : :

Here f refers to friction factor. Its value is taken as .038 for cast iron within the Reynolds number
ranging from 20000 to 70000.

The equation 3.9 gives ihe heat transfer coefficient /1, .

3.2.2 Energy stored in casing of turbine:

This effect is accounted by using the Lumped Capacitance Analysis as it deals with the transient
conduction problem in which a solid experiences a sudden change in its thermal environment

(explained in detail in section 2.1.4)[1]. The rate at which energy is stored in the casing is equal to the

rate of change of internal energy of the casing and is given by

= pVc—=. 3.9
QJIT p ¢ dt ( )

Here Q- is the heat stored in the casing, T,, is the temperature of the casing and V' is the volume of

the casing given by

v-20L-D} ). | (3.10)
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Here D, isthe outside diameter of the channel modelled as turbine éasing.

3.2.3 Energy lost due to convection to the atmosphere:

The heat transfer by convection is governed by the Newton ’5 Law of Cooling explained in detail in
section (2.1.2)[10]. The heat transferred by convection from the turbine casing to the surroundings is
given by

The appropriate rate equation is of the form

Qcoan = hahnASou: (Tm _T .rurr) ¢ ’ . (311)

Here Q,,.,r is the heat transferred by convection, T',,, is the temperature of the surroundings, 4, is

surr

the surrounding heat transfer coefficient assumed to be SW/(m?K) for natural convection condition and

A, is the outside surface area of the turbine casing exposed to the surroundings given by
Agors =D, L . (3.12)
3.2.4Energy lost due to radiation:

The heat transferred by radiation is governed by the Stefan-Boltzmann law explained in detail in

section (2.1.3)[14]: The radiation heat transfer from the turbine casing to the surroundings is given by

Q radl = EUASour (Tr: - T.:lrr) * . . (313)

Here Q. is the radiation heat transfer, & is the emmisivity of the turbine casing metal that is cast
iron and its value is taken as 0.85.
3.2.5Energy balance over the turbine casing:

Initially the energy balance applied was only the Lumped capacitance method(explained in section -
2.1.4), that was ‘

dT, |
hoAs, (T3 = T,,) = pVe—". B CA L))
dt '

Now considering the three factors illustrated above the corrected energy balance over the casing of the
turbine is formulated as

Ql‘n?‘ =QJtT+Qcoan+émzﬂ" ' (315)

Substituting equations 3.1, 3.9, 3.11, and 3.13 in equation 3.15 gives

dT L
hinASin (T3 - Tm) = pVC -—.d_t"l_ + harmAsaul (Tm —T surr) + EmSoul (TI: - TS:"‘ ) ¢ (3'16)
The above equation is modelled in SIMULINK. The processes of modelling is shown in figure below

dT 1
= =[( hinASin (1; —Tm) - harmAsaul (Tm =T surr) - SOASaut (Tr: - Ts:rr ) ) ]‘ (317)
dt pVc
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The above equation is then integrated over time with initial condition at time ¢ =0 temperature

T, =298°K

T ant P

s AsIn®(T3-Tm)

] Tm QroeeT

¥
1
X
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NObTY ABGUR 1) e T64eT) | et DR
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™ QrasT P
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" Fig 3.3 Simulink model.
The solution of the equation gives the transient variation of turbine casing temp erature.
3.2.6 Power entering the turbine: |

The power absorbed by the turbine is
P=mAh, =mcAT =mc(T, -T,). (3.18)

Splitting the power with the enthalpy at absolute Zero as reference the power entering the turbine with

the hot gases is given by

Pir =mc T, ' (3.19)

Here the mass flow rate m and temperature T of the hot gases entering the turbine are given as input
to the system model £rom the experimental data.
3.2.7 Power absorbed by the compressor:

“The power absorbed by the compressor in compressing air through it is given by

P comp = Mair C paiYATwmp' . (3.20)

Here, mairis the mass flow rate of air through the compressor and AT, is the temperature rise

comp

across the compressor. Both the values are given as input to the system model from the experimental
data. |

3.2.8 Power leaving the turbine:

The power leaving the turbine along with the exhaust gases is given by
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Pour=m CPT4 . . (3.21)

Here T, is the temperature of the exhaust gases leaving the turbine.

3.2.90verall energy balance over the turbocharger turbine:

The over all energy balance applied over the turbine is

Pur = Qi + Peomp+ Pour . ' (3.22)
Substituting equation 3.1, 3.19, 3.20 and 3.21 in equation 3.22 yields

me,Ty=h, Ag, (T; =T,,) + Mair €, AT, +me, T,. - (3.23)

This equation is then modelled in SIMULINK (in a similar manner as explained in section 3.2;5) and
the variation of turbine exhaust gas temperature with time is determined as the system output.
3.3 Design of an improved MATLAB/SIMULINK model:
3.3.1 Introduction
The improved model is designed to determine the transient variation of the bearing housing
temperature and the compressor outlet temperature in addition to the parameters determined in the
simplified model for different convection conditions. In this model the inlet temperature and pressure
of the hot gases and the pressure ratio across the turbine are taken as input from the experimental data.
The model increases the overall accuracy of the system by considering the following heat and power
transfer effects in addition to the effects considered in the simplified model

1. The transfer of heat by conduction from the turbine casing to the shaft and bearing housing
assembly.
The transfer of heat by convection from the bearing housing to the surroundings.
The transfer of heat by radiation from the bearing housing to the surroundings.
The storage of heat in the shaft and bearing housing assembly.

The transfer of heat to the lubricating oil.

R T

The transfer of heat by conduction from the shaft and bearing housing assénibly to the
COmpressor casing.

7. The storage of heat in the compressor casing,

8. The transfer of heat by convection from the compressor casing to the surroundings.

9. The transfer of heat by radiation from the compressor casing to the surroundings.

10. The transfer of heat by convection from the compressor casing to the air passing through it.
11. The mechanical power developed by the expansion of gases through the turbine.

12. The mechanical power lost in transmission from the turbine to the compressor.

13. Power entering the compressor with the air to be compressed.

14. Power leaving the compressor with the compressed air.

3.3.2 Energy balance over turbine casing:
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In this model the energy balance applied over the turbine casing, considering the transfer of heat by '

conduction from turbine casing to the shaft and the bearing housing assembly is given by -

QinT = erT + Qcoan + deT + Qinl 8 (3'24)

Here Q,, is the heat transferred by conduction from turbine casing to the shaft and bearing housing

assembly (explained in detail in section below) and is given by[1]

. k Ac . } .
Qi = bl b'(Tm ~Ty)- 3.25)
b
Substituting equations 3.1, 3.9, 3.11, 3.13 'and 3.25 in equation 3.24 gives
dTm 4 4 kbAcb
hinASin (13 = Tm) = pVC 7 + harmASoul (Tm _T surr) + GUASoul (Tm - Tsurr) + _7_ (Tm = Tbl) (326)
b

The above given equation is modelled in SIMULINK. The solution of the equation gives transient

variation of the turbine casing temperature.
3.3.3 Energy balance over the turbocharger turbine:

In this model the energy balance applied over the turbine, considering the mechanical power
developed by it is

‘PinT = QinT + Pur + Pour. ' . (327)

Here Pu is the mechanical power developed by the expansiori of hot gases through the turbine and is
given by

Pur=m Ahnnsr . ) (3-28)

Here m is the mass flow rate of the hot gas through the turbine and is given by

2 1+

‘ 2 1 Dy v D, ’
m=A J - s . 3.29
: Effp:"f 1_31:RT3 (piu ) (p3¢ ) ( )

Here P, is the total pressure of the gases entering the turbine, P, is the static pressure of the gases
leaving the turbine and A is the effective turbine cross -section area and is correlated to the pressure

ratio across the turbine. The derivation of equation 3,27 is given in appendix section AS,

Ah,, is the isentropic enthalpy drop across the turbine and is given by
-l .
B\’
Ahy =c,T; {1~ (—“i) . (3.30)

D3

7, is the isentropic efficiency of the turbocharger turbine and is given by
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T
nTm

Na =

Here 1,, is the total turbine efficiency and ), is the transmission efficiency.

Substituting equation 3.1, 3.19, 3.21 and 3.28 in equation 3.27 yields

m c,Li=h,Ag, (T, -T,)+mAhy, +me,T,. (3.31)
This equation is then modelled in SIMULINK and the transient variation of turbine exhaust gas
temperature is determined.

3.3.4 Modelling of the shaft and bearing housing assembly:

The shaft and bearing housing assembly is modelled together as a solid cylindrical lump. Here for the
purpose of simplification and easy parameterization transient one-dimensional partial differential
equations are not used as it is practically difficult to model these equations on SIMULINK. The lump
is again modelled in three parts as shown in figure below. Th e length of each part is equal to one third

of the length of the assembly and diameter equal to the outside diameter of the bearing housing. The

various heat transfer effects involved are shown below
Q oil

Q radl . conl rad 2 ﬂ Q con2 rad3 Q con3 .

IR
T -----ffzt%.: ................ e

Q inl ::> Q in2 ::> Q /1% Jpum—

Figure 3.4 Heat fluxes through shaft and bearing housing assembly

3.3.4.1Energy balance applied over partl1: _
The energy balance applied over the first part of the cylindrical lump is given by

Qin =Qm+Qunt Loont Cina- - , : (333)

Here Q,, is the heat transferred by conduction from turbine casing to the first part shaft and bearing

housing assembly and is given by
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kA ' ‘ _
Qin f_beb_(Tm ~T,)- (3.34)

b
Here T, is the temperature of the first part of the lump, k, is the thermal conductivity of the lump, I,

is half the length and A, is fhe cross-sectional area of a part of the lump and is given by

A, = %D,}. . (339
In equation 3.30 Qm is the heat stored in the first part of the lump and is given by

Qi = pV,c M, | | | (3.36) |

Here V, is the volume of a part of the lump and is given by

JT
V, = z1),,2.21,,.

(3.37)
Q.4 is the heat transferred by radiation from first part to surroundings and is given by
Q.41 = €04, Tb‘: - Is:rr)' ' (3.38)
Here A,, is the surface area of a part of the lump exposed to surroundings and is given by
A, =nD,2l,. ' (3.39)
Q o is the heat transferred by convection from first part to surroundings and is given by
Qconl = harmASb T, b1 -T surr) ‘ : (340)

Q... is the heat transferred by conduction from the first part to the second part of the lump and is
given by
kbAcb

b

Qia?. = Ty = T) - . (3.41)

" Here T, is the temperature of the second part of the lump.
Substituting equation 3.34, 3.36, 3.38, 3.40 and 3.41 in equation 3.33 yields

dT, kA, ‘
k_bl'@’_ (Tm - Tbl) = p V'bc d;ﬂ + EOASb (Tb‘: - Ts:rr) + hathSb (Tbl —T surr) + _LI-L (Tbl - TbZ) (3'42)
b b

The equation 3.39 gives the transient variation of T .

3.3.4.2Energy balance applied over part2:

The energy balance applied over the second part of the cylindrical lump is given by

Qin2 = QstZ+ Qrad2+ Qcon2+ Qoil + Ql‘nS . . (343)
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Here Q ,, is the heat stored in the second part of the lump and is given by

: dT, |
Q= PV,C d:z < (3.44)

Q aa i the heat transferred by radiation from second part to surroundings and is given by

Qa2 = €0, (Tyy =Ty ) - (3.45)
Qo 1s the heat transferred by convection from second part to surroundings and is given by

Qcon2 = haunASb (sz -T .m'rr) . (3.46)
Q.. is the heat transferred to the lubricating oil and is co-related with_the pressure ratio across the

turbine. The co-relation is given in the appendix.A2.

Q.5 is the heat transferred by conduction from the second part to the third part of the lump and is
given by |
k AC l
Qin3 l : (Tb2 b3) * . (347)
b

Here T, is the temperature of the third part of the lump.

Substituting equations 3.41, 3.44, 3.42, 3.46 and 3.47 in equation 3.43 yields

kA dT .
bl : (T —Typ)=pV,c T;Z +E0Ag, (Tb42 = TJ:rr) + R Agy Ty =T ) +Q o+
b
kA,
bl "Iy, - T,3) ' (3.48)
b : . :

The equation 3.45 gives the transient variation of T}, .

3.3.4.3Energy balance applied over part3:'
The energy balance applied over the third part of the cylindrical lump is given by

Qin3 =Q.rt3+ de'3+ Qco'i3+ Qccl' (3-49) )
Here @, is the heat stored in the third part of the lump and is given by

. dT ) .
Qs = pV,C d:”. (3.50)

Q.4 is the heat transferred by radiation from third part to surroundings and is given by

Qrad3 = EUASb T;S T strr) (351)
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Q... is the heat transferred by convection from third part to surroundings and is given by
Qcon3 halmASb Tb3 -T.mrr) . ’ (3-52)

Q ., is the heat transferred by conduction from the third part of the lump to the compressor casing

(explained in detail in section below) and is given by[1]
. 27k,
3.53
ch h'l(Dm /D )( b cl) , ( )

Here T, is the temperature of the third part of the Jump.

' Substituting equation 3.47,3.50, 3.51, 3.52 and 3.53 in equation 3.49 yields

kbAcb
A

27kl
o (Dm/D )( b~ 1)

(3.54)

dT,,
——2 (T, = Ty3)=pV,c—— ot 4 E0Ag, (T b3 .rurr) + hathSb Ty -T,,)+

The equation 3.45 gives the transient variation of T,

33.5 Modelling of the compressor casing:

To consider the heat transfer by conduction from shaft and bearing housing assembly to the
compressor casing it is modelled as a hollow cylindrical lump with inside diame ter equal to the
diameter of the bearing housing and outside diameter equal to the outer diameter of the compressor
casing The length of the cylindrical lump is taken equal to the width of the compressor casing. The
hollow cylindrical lump is again modelled in two parts as shown in figure below. The transfer of heat
from the third part of tﬁe shaft and bearing housing to the first part of the hollow cylindrical lump is

simulated as radial conduction of heat through concentric cylinders.

Part2

th

Partl
lcl

Figure 3.5 Heat transfer model of compressor casing, -
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3.3.5.1Energy balance applied over first part of compressor casing:

The energy balance applied over the first part of the hollow cylindrical lump is given by
ch = erc1+ Qradcl+ Qconc1+ Qc2 * ' (355)

Here (), is the heat transferred by conduction from third part of the shaft and bearing housing

assembly to first part of the hollow cylindrical casing and is given by
: 2kl
=——2 (T, -T,). 3.56
ch In (D /D )( b3 cl) ( )

Here D,, is the mean diameter and is given by

_.Db +Dour

D =——2 3.57
m 2 ( )

l,, is the length of first part and is calculated by equating the area of contact for conduction heat

transfer

%Dg =mD,L,.

(3.58)

In equation 3.52 @, is the heat stored in the first part of the lump and is given by

. dT . - N
Qo = PVyc—=. ' , (3.59)

dt

Here V_, is the volume of the first part and is given by
Vo = —(Dm,r =D)L (3.60)
Q.41 1s the heat transferred by radiation to surroundings and is given by
Qradcl EUAScl T, c: T . ) (3 61)
Here A_, is the surface area of the part exposed to surrouhdings and is given by
Ascl =nD out cl + (‘Dout ‘DE) A (3'62)
Q cone: is the heat transferred by convection to the surroundings and is given by
Qcanc] hathS 1 TCI -T .s'urr) * (3 ‘63)

0., is the heat transferred by conduction from the first part to the second part of the hollow

cylindrical lump and is given by
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Here T, is the temperature and A is the cross-sectional area of the second part of the hollow

cylindrical lump for conduction heat transfer and is given by -
T, 2 :
Acc=-Z(Dout-Db)' (3'65)

Substituting equations 3.56, 3.59, 3.61, 3.63and 3.64 in equation 3.55 yields

2kl dT,
ln(D /11) )(Tb3 -T,)= ,OV'c,C—_—dt1 +E0A, Tc‘} - T;") t oy Agy Ty =T ) +
m b
kA,
s (Tcl - TcZ) . : : (366)
1.2
c2

The equation 3.64 gives the transient variation of T, .
3.3.5.2 Energy balance applied over second part of compressor casing:
The energy balance applied over the second part of the hollow cylindrical lump is given by.

Qc?. = ercZ + deZ + Qcanc2 + Qinair * » (3'67)

‘Here Q , is the heat stored in the second part of the lump and is given by

- dT : '
= pV 2 : 3.68
Qsch p czc dt ( )

Here V,, is the volume of the second part and is given by

Va =7 Qo =Dyl | (3.69)

Q ,uac2 is the heat transferred by radiation from the part to surroundings and is given by

Q radc2 = EUAScl (Tc42 - Tszrr ) . - (370)

Here A_, is the surface area of the part exposed to surroundings and is given by

out

Asc2 =JrDoullc2 +-J4£ D2 _D:) . (371) '

Q ,onc2 I8 the heat transferred by convection to the surroundings and is given by

Qcancz = halmASCZ (Tcz =T .\'urr) . ‘ (372)

Q jnair is the heat transferred by convection from the compressor casing to the air passing through it

and is given by

Q;’nair = hinC ASinC (Tc2 - Tl) . ‘ ' (373)
Here h, . is the heat transfer coefficient of the air passing through the compressor casing. To calculate

this heat transfer coefficient a similar procedure, as used for turbine casing (explained in section 3.2.2)
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is used considering compressor casing as a channel of circular cross-section of inside surface area
Ag,c. T, is the temperature of the air entering the compressor casing.

Substituting equations 3.64, 3.68, 3.70, 3.72 and 3.73 in equation 3.67 yields
k A,

dr,
( - TcZ ) = pV::ZC — + gaAScZ (Tc‘; surr) + atm Sc2 (TCZ Tsurr) + hinC ASinC (TCZ - Tl ) :
l,/2 , dt
(3.74)
3.3.6 Energy balance over the turbocharger compressor:
The energy balance applied over the turbocharger compressor is
PinC + Qinair+ P comp = Pouc . (3.75)
Here P, . power entering the compressor with the air to be compressed and is given by
Pinc =mar cpaer ' (3'76)

Here mair.is the mass flow rate of the air entering the turbine and is taken as equal to the mass flow

rate of the hot gases entering the turbine. ¢, is the specific heat of air.

Peomp is the power absorbed by the compressor in compressing the air through it and is taken as

Pcomp =Nn Pur. (377)
Here 77, .is the transmission efficiency for power transmission from turbine to the compressor

and is taken as .9.

Substituting equation 3.26 in equation 3.74 gives
Pcomp =1n,m AhslT]ﬂ . R (3.78)

Pouc is the power leaving the compressor with the hot gases and is given by

PoutC matr c T (379)

pair
Here T2 is the temperature of the compressed air leaving the compressor.

Subsfituting equations 3.73, 3.76, 3.77, 3.78 in equation 3.75 gives

paer + thASmC Tcl T)+77m m Ahstnst ma:r c T | (380)

[ ]
Mair pair

This equation gives the transient variation of temperature 7}, .
-3.3.5 Forced convection heat transfer coefficient
To calculate the heat transfer coefficient for forced convection over the turbocharger the flow is

modelled as a cross flow over a circular cylinder[16]. The Zhukauskas correlation is used which is of

the form



Nu,. = CRe".Pr,"(Pr, [Pr)"*. (3.81)
And is valid in the following range

1< Pr, <500

1<Re,. <10°

Here Nu,. is the average Nusselt number and Re . is the Reynolds number for the cross flow and
are given by ,

Nupe =h,;, De 1 kg, . (.82)
Re . = VpeDp v, . | (3.83)
Here D is the diameter of the cylinder and V.. is the velocity of the cross flow. In the abo§e

correlation all the properties are evaluated at upstream temperature of the air and Pr, the Prandtl

number of air at cylinder surface temperature is taken as 0.686. The value of n = 0.37 for Pr, <10

and the values of C and m used in above correlation are given in appendix section A4.
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CHAPTER 4
Heat Transfer Experiment on a TC Test Cell

4.1 Description of the test cell
4.1 1 Test cell introduction:

The purpose of the test cell is to perform measurements required for generating the operational
characteristic maps of the turbine and the compressor of the turbocharger. For this pressure and
temperature at the inlet and exit of the turbine and the compressor is measured. The mass flow rate of
hot gases through the turbine and the mass flow rate of air through the compressor is also measured.

These measurements are then used to generate the operational characteristics maps for the turbine and
the compressor.

4.1.2 Operating methods

There are two different methods to operate the test cell, one is the characteristic map operating mode

and the other is the gas turbine operating mode, depending on the external compressors, valves, sliders
and tabs used.

4.1.2.1 Characteristic map operating mode
Fig 4.1 and 4.2 shows the gas flow diagram in this mode with the combustion air being supplied

through compressor 1 and 2 respectively. This method is most'commonly used for measuring the

operating characteristic maps of the turbine and compressor of the turbocharger.
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Figure 4.1: Gas flow diagram of test cell operating through compressor 1
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The air is sucked in and compressed by the external compressor. The compressed air from the

compressor passes through the charge air cooler. The cooler reduces the temperature of the
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compressed air. The hot film anemometer (SENSYFLOW P) measures the mass flow rate of the air
through the external compressor. The air then passes through the shut-off valve SSK1 to the
combustion chamber through a three way valve (slider). The slider distributes the air to the primary

and the secondary zone of the combustion chamber .Consequently it allows to control the required
turbine inlet temperature T,. The slider has to be operated carefully as the flame should not be
extinguished and at the same time the temperature of the primary zone of the combustion chamber
should not exceed Ty, . = 1450° C; The fuel is then injected in the primary zone which on mixing

with the compressed air results in combustion .The hot gases from the combustion chamber then

expands through the turbine of the turbocharger and passes to the chimney.
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Figure 4.2 Gus flow diagram of test cell operating through compressor 2

The turbine drives the compressor of the turbocharger. The pressure difference across the inlet valve is
used to compute the compressor mass flow rate. There are two motor driven valv.es MS1 and MS2, for
regulating the air flow rate through the turbocharger compressor. MS1 is for coarse control and MS2 is
for fine control. The operating state of the turbocharger is varied, by closing these valves, from

maximum compressor mass flow rate to surge limit (minimum possible mass flow rate). The air then

pzisses through the chimney.

4.1.2.2 Open cycle gas turbine operating mode _

Fig 4.3 shows the gas flow diagram of the test cell in this mode. To run the turbocharger, in this mode
of operation, the externai compressors are not necessary. After being compressed the air from the
turbocharger compressor is fed through the valve MS3 to the combustion chamber. There the air is

heated by the combustion of the fuel and then expanded through the turbine of the turbocharger and
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finally goes to the chimney. In this mode additional power for the external compressors is not
required, as the power developed by the turbine itself is sufficient to drive the compressor of the
turbocharger. This mode is less flexible than the characteristic map operating mode. As for example

the only way to control the speed of the turbocharger is to increase or decrease the amount of fuel

injected into the combustion chamber.
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Fig 4.3 Gas flow diagram in the open cycle gas turbine opereation mode.

To start the operaﬁon by this mode first the air is supplied by ‘an external compressor to the
combustion chamber until the pressure at the outlet of the turbocharger compressor becomes equal to
the pressure before the combustion Chamber. Then the motor opérating valve MS3 is opened and the
valves MS1 and MS2 are completely closed, at the same time the shut-off valve SSK1 is closed.

4.1.3 Components description

4.1.3.1 The External compressors

The external compressors 1 and 2 supply the air for the turbine of the turbocharger. The back pressure
of the turbine determines that which -compressor is to be used. compressor 1 is used for lower and

compressor 2 is for higher back pressure of the turbine. The following gives the details of the external
compressors used in the test cell.
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Table 4.1

COMPRESSOR1 | COMPRESSOR 2 | COMPRESSOR 3

TYPE - AERZENER

MOTOR SPEED 2950 min™
COMPRESSOR 6200 to 14400 min™

SPEED
VOLUME FLOW 20.2m°/min 20.8 m°/min 20.8m’/min
RATE
PRESSURE 2.0 bar 3.0 bar 2.0 bar
DIFFERENCE

COMPRESSOR 64kw 85 kw 64 kw
POWER .
ACTUATION 90kw 110kw 90 kw
POWER

INLET PRESSURE 1.0 bar(abs)

OUTLET 2.0 bar(rel) 3.0 bar (rel)

" | PRESSURE

4.1.3.2 Combustion chamber

The Combustion chamber provides the turbine with hot gas .It consist of three parts primary zone,
dilution zone, and secondary zone. In order to achieve a quasi variable geometry combustor, the
design comprises a single can type combustion chamber with variable air distribution between primary
and dilution zone by introducing a pneumatic three way valve into the main compressed air supply
pipe.

This concept “allows an optimum combustion at all operating conditions since the combustion
temperature in the primary zone can be set to a fixed value that is favourable for a stable combustion
and additionally due to quasi variable geometry concept independent from the desired turbine inlet
temperature. The turbine inlet temperature is exclusively controlled by the amount of secondary air
added into the dilution zone. Furthermore an extremely wide operating range with respect to turbine
inlet temperature can be achieved. The lower limit for a stable combustion is a turbine inlet
temperature of about 400°C and the upper limit is given by maximum use temperature (1400°C) of the
fibrous ceramic.

The ceramic liner segments serve as a thermal barrier for the metal housing which, for safety reasons,
is additionally water cooled. The secondary air is added to the dilution zone through eight dilution
holes. In order to achieve a uniform temperature pattern at:the exit of the combustion chamber, the
flow through each dilution hole can be adjusted by separate valves .Moreover, a ceramic straightening
plate (bushing) right behind the dilution zone is used to increase the turbulence intensity, which

improves the mixing quality and holds down the variance in turbine inlet temperature profile.
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Fig 4.4 Combustion chamber slider
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Fig 4.5 Combustion chamber

4.1.3.3 Injection system

. Diesel fuel is injected by a gear pﬁmp used for fuel injection in domestic heating systems. An air blast
fuel nozziz is used to atomize the fuel. The advantage of air blast nozzles is the broad operating range
with respect to fuel flow rate. Therefore, stable combustion chamber over a wide air flow rate and
turbiﬂe inlet temperature range can be realized, which would be quite difficult to achieve using
standard simplex pressure swirl atomizers.

For the test cell a variety of fuel atomizers are available. The ones which are used are designed for the
mass flow rate ranging from 4.0 to 10 kg/h. A1l the atomizers are having a servo ratio of 1:10, it

means that the one which is designed for 5kg/h can deliver from 0.5 to 5 kg/h.
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Fig 4.6 Injection system.

4.1.3.4 Exhaust gas turbocharger
The exhaust gas turbocharger is the component under investigation. It consists of a compressor and a

turbine mounted on a shaft. The turbine receives the hot gases from the combustion chamber which on

expansion develops power which is used to run the compressor. The compressor then compresses air

through it.

Fig 4.7 Sectioned model
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Fig 4.8 Functioning of exhaust gas 'turbochar:ger..

4.1.3.5 Valves, sliders and piping

The motor sliders MS1 and MS2 are operated during the test run to vary the mass flow rate of air
through the compressor of the turbocharger. The motor slider MS3 is provided in the circuit between
pressure side of the turbocharger compressor and combustion chamber so that during open cycle gas
turbine oeeration of the test cell, the air from turbocharger compressor can pass to the combustion
chamber. The blow off valves AV1, AV2 and A V3 are operated to vary the mass flow rate of air
through the combustion chamber .As the blow off valves are opened some of the compressed air from
the ekternal compressor pasées through the hand operated valve HS1 to the exhaust .gas stack. The
hand-operated sliders from HS 1 to HS7 are adjusted according to the gas flow scheme of various
operating methods. The position of these sliders are such that either they are fuily opened- or fully
closed. The shut-off valves SSK1 and SSK2 are operated in case of a fault occur in operation and the
air supply is to.be cut off suddenly. The valve SSK1 is normally opened in characteristic map operating
mode and is used to reduce the air mass flow rate below the minimum value that can be supplied by
the external compressor. In free wheel operating method the valve SSKI is closed so that the
compressed air from the pressure side of the turbocharger compressor can move to the combustion

chamber slider. The valve SSK2 is normally closed.
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Fig 4.9 SSK1

4.1.4 Measurement techniques ‘

The measurement systems includes the measurement of temf;erature, pressure, E-Gas, position of the
combustion chamber slider, mass flow rate, volumetric flow rate and the air flow.

4.1.4.1 Pressure measurement system

The pressures at the inlet and the exit of the turbocharger turbine and compressor are measured using
piezoresistive transducers. These transducers measure static and dynamic absolute pressures. The
important features of piezoresistive transducers are high output voltage, good linearity and stability as
well as small dimensions. The pressure acts through a thin steel diaphragm, welded to form a tight seal
with the transducer housing, onto a silicon-measuring cell. The measuring cell contains diffused
piezoresistive resistors connected into a Wheatstone bridge. Through the effect of pressure the bridge
is unbalanced which results in an output signal amounting to 500 mV at full measuring range. Any
thermal effects on the resistors arellargely compensated by connecting further resistors. These sensors
measure absolute pressure i.e. the pressure referred to vacuum and not to the prevailing atmospheric
'presshre. The sensors can measure a pressure upto 5 bars with an accuracy of .1%. |
4.1.4.2 Temperature measurement system

The temperatures on the turbine side of the turbocharger are meaéured by NiCrNi thermocouples.
These thermocouples can withstand high temperatures and hence are suited for high temperature
measurement. They can withstand high temperatures and hence are suited for high temperature
measurement. They can measure temperatures up to 1300K with an accuracy of 2K. .

The working principle of a tﬁermocouple is based on the T. J. Seebeck effect also known as

thermoelectric effect. It states that when two lengths of dissimilar metal wires (such as iron and



Cohstantan) are connected at both ends tb form a complete electric circuit and one junction of two
wires is at a different temperature than the other then emf is generated.

The voltage is a function primarily of the temperature difference between the two junctions and the
kinds of materials used. If the temperature of the cold junction is maintained constant, or variations in
that temperature are compensated for, then the voltage is the function of hot junction temperature

The tefnperatures on the compressor side of the turbocharger are measured by Platinum resistance
‘thermometers (Pt100). The principle of operation is to measure the change in resistance of Platinum
with temperature. The electrical conductivity of a metal depends on the movement of electrons
through its crystal lattice. Due to thermal excitation, the electrical resistance of a conductor varies
according to its temperature. The effect is most commonly exhibited as an increase in resistance with
increasing temperature, a positive temperature coefficient of resistance. Pt100 sensors have a
resistance of 100 €2 at 0°C and 138.4 Q at 100°C. These sensors have linear characteristics (resistance
with temperature) over a temperature range from 273 K to 400 K and have an accuracy of
approximately 0.5 K. Its advantages include chemical stability, relative ease of manufacture,
availability of wire in a highly pure form and excellent reproducibility of its electrical characteristic.
4.1.4.3 Speed measurement system .

The turbocharger speed is measured by a non-contact eddy current displacement sensor. The sensor
uses the eddy current loss principle to measure the turbocharger speed. A coil is housed in a sensor
case and is energised by a high frequency alternating current. The electromagnetic field from the coil
generates eddy currents in the turbocharger blades. Every blade generates a pulse. ‘The controller

identifies the speed by considering the number of blades. The sensor has a speed range of 0-400,000

rpm and has an accuracy of .2% of the measured value.

4.1.4.4 Air flow measurement system

The air flow is measured with the help of a hot film anemometer. The anemometer has a thin probe
made of quartz rod with platinum film on the surface. The probe is heated to a higher temperature than
. the average temperature of the air, Since the air flowing past the probe has a lower temperature than
that of the probe, the probe is continuously cooled by the air flow. The rate of cooling depends on the
velocity of the air stream flowing past the probe. To keep the probe at a constant temperature level, the
voltage across the probe is increased. Thus the air velocity is translated into a continuously changing
voltage which has a non linear relationship with the flowing air velocity. The voltage then undergoes
signal conditioning to filter out noise and improve signal/noise ratio. The anemometer available in the
test cell can measure an air mass flow rate up to 2000 Kg/h with an accuracy of 1%.

The schematic diagram of a hot film anemometer is shown in the figure below
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Fig 4.10 Schematic diagram of a hot film anemometer.
4.1.4.5 Location of the measuring sensors
For the experimental investigation of the turbocharger as well as for validating the numerical model,
pressure and temperature sensors are located at key positions on the test cell. The locations are as
follows
1. Turbine inlet (temperature and static pressure)
-2. Turbine outlet (temperature and static pressure)
3. Compressor suction (temperature and static pressure)
4. Compressor outlet (temperature and static pressure)
In addition to the above mentioned measurements, the following parameters are also measured
1. Mass flow rate of the fuel and air through the turbocharger turbine.
2. Mass flow rate of the air through the turbocharger compressor.
3. Turbocharger speed.
4. Temperature and volumetric flow rate of the lubricating oil.
4.1.5 Limits of the test cell
Maximum turbine mass flow rate:
1440kg/h .
Minimum air mass flow rate under operating conditions:
80 kg/h.
Minimum combustion chamber tefnperature under operating conditions:
400 to 500°C depending on Air mass flow rate and the Atomizer used.,
Maximum combustion chamber temperature:
1200°C (momentary 1400°C)
Maximum overpressure at the turbine while using compressor 1:
1,7-1.8bar

Maximum overpressure at the turbine while using compressor 2:
2.6-2.7 bar.
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4.1.6 Activation of the test cell

'4.1.6.1 General arrangements: .

The acti\;;:ition of the test cell begins with actuating the main supply to the computer cabinet (Fig
4.12), the compressor computer, the test cell computer, the monitor, the key switch BK(Fig 4.13) on

the desktop and the external control system shown in the working place below (Fig 4.11).

“ o -
.

|

Fig 4.12 Computer cabinet Fig 4.13 BK Switch
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4.1.6.2 Arrangements at external compressor:

The decision which external compressor will be used is based upon the mode of operation. In the
characteristic map operating method, for low speeds of the exhaust gas turbocharger compressor 1 is
used while compressor 2 is used for high speeds. For the start of free wheel operating method both

compressor 1 as well as compressor 2 can be used.

Table 4.2

Characteristic map operating mode | Open cycle gas turbine operating mode
Compressor 1 Compressor 2 Compressor 1. Compréssor 2

SSK1 ON OFF

SSK2 OFF OFF

MS1 Variable OFF

MS2 Variable . OFF

MS3 OFF ' ON

HS1 ‘ ON ON

HS 2 _ ON : ON

HS3 OFF _ ' OFF

HS 4 OFF OFF

HSS _ ON : ON

HS 6 ON OFF ON OFF

HS7 OFF : ON OFF ON

4.16.3 Arrangements on the test cell computer:

The control programrne is started with the command "mlx_ins"and “msPS2".Then the operation is
started by clicking on the respective buttons for measurement actuation A3, for compressed air
activation A5, for selecting the mode of operation A2 , for acti\}ating the corresponding compressor
Al, and for heating oil A4. The oil'pressure T has to be regulated carefully between 2 and 2.5 bar. The
shut-off valve SSK! (F) must be opéned completely before starting the external compressor. The
throttle valves MS] and MS2 (D+E) are used for fine and coarse control respectively in characteristic
and open cycle gas turbine operating method. If the measurements are not to be saved under the .name
DATA, the new name can be given in the block C3 and then the data can be saved by pressing C. The
oil temperature should reach at least 56°C before starting the external compressor .In actual conditions
the turbocharger in vehicles is provided with cold oil only during the initiation phase but for
measurements characteristic the oil should have a constant temperature to prevent the bearing of the

turbocharger from damage.
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Fig 4.14 Test cell control programme
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Fig 4.17 Test cell control (saving data)
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4.1.6.4 Arrangements on the compressor computer:
The required external compressor must be actuated in the test cell control programme before it is

requested in compressor control programme .The programme initially shows for the blow-off valve

100% and for the speed 6200min™ of the requested compressor. The valve position and the speed are

then controlled manually (these are reset to their initial values as the compressor is again stared).

erdichtersteuerung

Fig 4.18 Compressor programme
4.1.7 Operating the test cell
4.1.7.1Characterstic map operating mode:
The speed of the exhaust gas turbocharger is regulated with the help of compressor speed and the
position of the blow-off valve in the compressor programme. The speed of the turbocharger increases
with the -c.;losing of the valve and also by increasing the compressor spéed. As the desired speed is
achieved, the data can be saved by pressing the button (C2).
First the gross ATL throttle (MS 1) is completely closed and the speed of the turbocharger is
regulated, then the data is saved by pressing C2.For the next points the fine ATL throttle (MS2) is

gradually closed by uniforni intervals of mass flow rate m,, The operation is continued until the

surging limit is reached. As the surging begins, the fine throttle MSI (D) must be immediately opened
1In case the speed of external compressér cannot be further lowered, the shut-off valve SSKI (F) can be
gradually. closed to reduce the speed of the turbocharger. After completing one characteristic the
throttle valves (MS 1 and MS2)(D+E) and the valve SSK1(F) must be completely o'pened and then the

new speed should be adjusted to obtain more characteristic curves.



4.1.7.2 Co'ntrols during operation:

1. Increase in the fuel supply (B5) raises the temperature 7, (O) before the turbine and the

turbocharger speed 72 .

2. Opening of the combustion chamber slider (B1) reduces the primary zone temperafure Tp”.m

).

3. Increase in the compressor speed 7 reduces the temperature before the turbine 73 (O) and

comp

raises the turbocharger speed 71 .

4. Closing of the throttle valve (D+E) increases the turbocharger speed 7, and reduces the air

mass flow rate mar through the compressor of the turbocharger.

5. Increase in the external compressor speed n,,,, increases the speed of the turbocharger 7,

comp
and vice versa.’

6. Iicrease in the fuel injection pressure raises the temperature T, (O) before the turbine.

7. Increase in the air injection pressure reduces the temperature T, (O) before the turbine.

4.1.7.3 Other arrangements

A variety of fuel species are available for use in the test cell. The fuel species is regulated by opening
the respective ball valve (Fig 4.19) and by selecting the corresponding control on the fuel switch (Fig
4.20). Generally diesel fuel is used in the combustion chamber. The fuel mass flow rate is indicated by
the fuel balance on the computer cabinet. The mass flow rate of air through turbine is indicated either
on test czll programme block K or on the digital display of the SENSYFLOW P (hot film
anemometer) at the computer cabinet (Fig 4.10). The combustion chamber arrangements are done by
selecﬁng the option “ja" (BB) in the block “Brennkammerbetrieb”. The fuel pump is actuated by
pressing B2 .The combu-stion chamber slider and E-Gas are set to reasonable values and then the
ignition button (B4) is pressed. It takes approximately 5-10 seconds for ignition. An abrupt rise in the
turbocharger speed can be noticed. Immediately after the ignition effect the combustion chamber slider
(B 1) must be raised slowly and uniformly up to 850, this can be done most suitably by using the
arrow key of the key board. In case ignition does not take place. “Feuer aus" must be presséd
immediatg:ly on the test cell computer this discor_mects the. fuel pump, thereby avoiding the overflow of

the fuel in the combustion’ chamber.
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Fig 4.21 Fuel balance

4.1.7. 4 Open cycle gas turbine operatmg method:
The measurements of characteristic maps are not feasible in free wheel operating method and it also
requires an external compressor to actuate the process. As the pressure on the compressor side of the
turbocharger equals the pressure at the exit of the external compressor, the free wheel slider (MS3)(G)
is opened and then the throttle Valves MS1 and MS2(D+E) as well as the fast closmg valve SSK1(F)
are completely closed.
4.1.7.5 Surging
Sﬁrging i}s} an unsteady and unstable process. Surging over a longer period can lead to the destruction
of 'turbocharger Therefore, it is important that the surging limit should not be crossed. The surging can
be noticed by |
1) - Exhaust sounds from the test box.

2) Strong fluctuations at D, (R)

3) Discontinuity in mass flow rate signalling (Q) or

&80



Jump in the temperature 7, (P) before the compressor because near surging limit there is a back flow

of air from high pressure side of the compressor to the low pressure side

4.1.7.5. Shutting down the test cell:

To shut down the test cell first the throttle valves (MS 1 and MS2) (D+E) and the shut-off valve SSKI
(F) are completely opened. The fuel supply (BS) is slowly and uniformly reduced to zero. The fuel
pump is disconnected by pressing the button "Feuer aus" (H). Subsequently the speed of the external
compressor 1s gradually reduced, the bleeder VaIQe is opened, the compressor is pressed off and the
programme is terminated. At the test cell computer the oil (A4) and the compressed air (A5) is pressed
off and the programme is terminated. The data files containing the measured data are saved on the disk
with thé command "mcopy<datei> a: " After shutting down both the computers together with the
monitor the test operation is switched off. |

3.6 Points to be considered carefully:

1) The oil pressure must be regularly controlled.

2) While operating with compressor 1 the pressure P, (L) should not exceed 2 bar.

3) While operating with compressor 2 the pressure 7, ., (L) should not exceed 3 bar.

4) The temperature 7, (N) should not exceed 90°C

5) The primary zone temperature 7', (M) should not exceed 1100°C .the optimum temperature

range is between 980 to 1030°C.

6) The temperature T, before the turbine should lie within the specified range of the required

measuring temperature (for example 600+5°C).

4.2 Start-,u p experiments .

The experiments are conducted with the turbocharger test cell on a GT-1749 turbocharger from Garrett
The experiments are conducted to measure the turbine and the compressor characteristic maps with
turbocharger speeds of 120000 and 16000 rpm. The temperature of the turbine exhaust gas is
maintained at 600°C during the test run. The procedure for plotting the characteristic maps is
explained in section 4.1.7. The turbine characteristic map gives the variation of the turbine total
efficiency with the turbine pressure ratio under hot conditions. These variations are then compared
with variations given by the dynamic measurements (explained in section 4.3) under cold conditions.

The following graphs show the turbine and the compressor characteristic maps.
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4.3 Dynamic measurements. _

The dynamic'measurements are done to obtain some of the inputs required in the model. These
measurements are conducted on the turbocharger with different VTG positions to generate the data
points required for plotting the variation of the turbine throat effective cross -sectional area and the
turbin‘e total efficiency as a function of turbine pressure ratio. These data points are then used to obtain
the correlations for the turbine effective cross-sectional area and the turbine total efficiency with the
turbine pressure ratio as required in the advanced model. The experiments are conducted with cold
conditions (without ignition on the combustion chamber) by the dynamic variation of the speed of the
external compressor and the position of the bleed-off valve. The data points are recorded with the
frequency of 2 Hz. The following graphs show the variation of the above mentioned parameters with
three different VTG positions 100%, 50% and 0%. The variation of the turbine total efficiency in
100% VTG case on comparison with the turbine characteristic map shows a reasonable approximation.
In both the cases at a pressure ratio of 2 the turbine total efficiency is approximately 0.6. In the 100%
VTG case the data points for the pressure ratio below 2 has not been used for plotting the total

efficiency as due to some experimental flaws the trend shows an abnormal rise in the efficiency below
this value.
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The graphs for the turbine effective cross-sectional area show that for the turbine pressure ratio of 2
the effective cross-section is 275 mm? for the 100%VTG case, whereas. it reduces to 150 mm? for 50%
VTG and to 35 mm? for 0% VTG. The turbine total efficiency for a pressure ratio of 1.5 is 0.55 for the
50% VTG case wheteas it reduces to 0.25 for the 0%VTG case. The figure (4.30) shows that there isa
sharp decrease in the turbine total efficiency at low pressure ratios (1.3 to 1.5) in the 0% VTG case.”
4.4 Experiments for validation .
The expériments are conducted on the turbocharger test cell to validate the transient variation of the
turbine exhaust temperature, bearing housing temperature and the compressor outlet temperature under
natural and forced convection conditions. The experiments are conducted with a sharp jump in the
turbine inlet temperature from cold state for the three different VTG positions of the turbocharger
turbine. The turbine inlet temperature is increased from 30°C to 600°C and then maintained constant
by regulating the pressure of the fuel and air injected in the combustion chamber. For the forced
convection experiments the turbocharger is covered by a duct of circular cross-section (diameter 315
mm) and air at a mass flow rate of 1440kg/h is made to pass through it.

Fig 4.31 Experimental set-up with natural convection.
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with forced convection

rimental set-up

Fig 4.32 Expe:
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CHAPTER §

Comparison Of Model And Experimental Data
5 1 Validation of the simplified model.
In the simplified model the turbine inlet conditions and the mechanical power absorbed by the
compressor is taken as input from the experimental data and the model gives the turbine exhaust
temperature as the output. The model has been validated under natural and forced convection
conditions.
5.1.1 Natural convection
The following graph shows the experimental and the model values of the turbine exhaust gas
temperature under natural convection condition. '
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Fig 5.1 Validation of the simplified model under natural convection.

The figure shows that the model values closely matches with the experimental values. Both the model
and the experimental results show that the exhaust gases takes approximately 250 seconds to reach the
maximum temperature. The following figure is the zoomed view of the above figure and it shows that
the model turbine exhaust temperature is 4-5°C lower than the experimental values after 550 seconds
from the start. |
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velocity of 4.7m/s is made to flow across the turbocharger. The following graph shows the
experimental and the model values of the turbine exhaust gas temperature for the forced convection

The model has been validated under natural and forced convection éonditions. In natural convection
the surrounding atmosphere of the turbocharger is having still air whereas in forced convection air at a

Fig 6.1(a) Zoomed view of fig 5.1
5.1.2 Forced convection

case.

Fig 5.2 Validatioh of the simplied model under forced convection.



experimental values. This is because of -the under prediction of the heat transfer coefficient under
forced convection condition. The correlation by Zhukauskas [16] used for calculating the average heat
transfer coefficient for a circular cylinder in a cross flow works with an accuracy of +25%.The

The figure shows that the model turbine exhaust temperature is 5-10°C higher as compared to the
following figure shows the results with a 20% increase in the heat transfer coefficient.
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The figure 5.3 (a) shows that on increasing the heat transfer coefficient by 20% the results come closer
to the experimental values and the deviation between the two is now 3-5°C.

5.2 Validation of the advanced model

This model gives the transient variation of the turbine exhaust temperature, the bearing housing
temperature and the compressor outlet temperature. The model can use the experimental data for the
mass flow rate of the hot gases and can also use the correlations giving the turbine effective throat
cross-sectional areas developed by conducting dynamic measurements (explained in section 4.3) for
different VTG positions to calculate the mass flow rate.

5.2.1 Casel

In this case the model is validated under the natural convection condition and with the hot gas mass
flow rate taken as input from the experimental data.

600

v ] ' H i
: : : e ]
T e
o ; : i : 5
= ; § i i é
@ 400 f5---------- e e beommmmanna- e FRREEEEEEEL femmmmenann -
= ' : : : :
E [ ] 1 [ 1
@ : : : : :
3 ; ; : : — Experimental
o] | R prommeee . H [ — Model
3 : : : : .
s h ' . ] .
& : : : SR S S _
2 Ao e T A T e
=2 . : ‘ ' ‘
=3 1 l 1 1 1
= : : : : :
] froseeeaees oo froseenaes froseeeaees e .
ol i | j j j |
0 250 500 750 1000 1250 1500
' Time (sec)
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approximately 3°C higher than the experimental values. This is because of the. over prediction of the
turbine total efficiency used in the advanced model to calculate the mechanical power developed by
the turbine. The correlation used for calculating the turbine total efficiency was developed by using
experimental data collected by conducting the dynamic measurements on the turbocharger test cell.
The hot film anemometer used in the test cell to measure the turbine air mass flow rate, give the
readings approximately 10% lower than the actual mass flow rate. The‘ combined effect of the
approximation by the correlation and the experimental flaw results in an over prediction of the turbine
total efficiency. The over prediction of 'the turbine total efficiency leads to lower turbine exhaust
temperature (T4) and higher compressor outlet temperature (T2). This is because of the fact that higher
turbine efficiency gives a higher mechanical power developed by the turbine and this power is
subtracted from the enthalpy entering the turbine to get the exhaust enthalpy which leads to a lower
turbine -exhaust temperature (T4). The mechanical power absorbed by the compressor is the
transmission efficiency multiplied by the turbine mechanical power which is then added to the
compressor inlet enthalpy to get the compressor':'outlet enthalpy and this leads to a higher compressor
outlet temperature.

The deviation in the bearing housing temperature and the compressor outlet temperature is also due to
the fact that the model does not consider the spatial effects in the analysis. The compressor casmg is
modelled as a hollow cylindrical lump without considering one-dimensional heat transfer effects.

Figure 5.5 shows that the transient variation of the model bearing housing temperature closely matches
with the experimental vanatlon The dev1a110n of temperature is approxlmately 20°C. The reason for
this deviation is the location of the temperature sensor used. The sensor was positioned on a projected
portion of the turbine casing. Moreover, the model does not consider the spatial affects of conduction.
The ﬁgﬁ’re shows a temperature difference of 30°C at the initial state (time is zero secondls) This is
because the model uses an initial condition of 25°C to solve the differential equations involved
whereas ih the experiment the lubricating oil used for the bearings is initially heated to 90°C before
starting the experiment. This effect of conduction heat transfer during the initial period from the
heated lubricating to the bearing casing is not considered in_the model.

The following graphs show the results with a 10% decrease in the turbine total efficiency. Fig 5.7
shows that by decreasing the turbine total efficiency by 10% the turbine exhanst temperature increases
by approximately 5-8°C and fig 5.8 shows that the compressor outlet temperature decreases by
approximately 2°C hence coming closer to the experimental data.
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5.2.2 CaseII

In this case the model is validated under the matural convection condition and with a correlation for
100% VTG position for estimating the effective turbine cross-sectional area and hence the hot gas

mass flow rate.
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The difference between cases I and II is that the latter uses the correlation developed in section 4.3 for
estimating the tuibine effective cross-sectional area which is then used to calculate the mass flow rate
of the hot gases entering the turbine instead of using the value from the experiméntal data as done in
case 1. The figures 5.9 -5.11 show that the carrelation used works with reasonably high accuracy and
the temperature difference betwéen the model and the experimental values is mostly due to over
prediction of the total turbine efficiency. |

5.2.3 Case III In this case the model is validated under the natural convection condition and with a
correlation for 50% VTG position for estimating the effective turbine cross-sectional area and hence
the hot gas mass flow rate. The test run is conducted for 500 seconds. The turbine inlet temperature is
given a jump form‘cold sfart to 600°C and the maintained at this temperature.
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The figures above from 5.12 to 5.14 show almost the same trend as in the 100% VTG case but during
the early start period the temperature variation trends differs as in the 50% VTG case the model
turbine exhaust temperature is slightly higher than the experimental (shown in fig 5.12) upto 125
seconds and than it remains lower than the experimental as in 100% VTG case. The similar deviations
are observed with the bearing housing temperature and the compressor outlet temperature (shown in
fig 5.13 and 5.14 respectively). The probable reason for the deviations is the variations in the flow
patterns with change in turbine effective cross-sectional area which' further affects the thermal
conductions. The model does not account these effects. Moreover, the model does not consider one-
dimensional heat transfer effects.

5.2.4 Case IV . :

In this case the model is validated under the natural convection condition and with 0% VTG position
for estimating the effective turbine cross-sectional area. The figure 5.15 below shows that the model
accuracy further reduces with 0% VTG position. This reconfirms the above mentioned effect. The
model cannot be validated for the bearing housing temperature and the compressor outlet temperature
as at 0% VTG the mass flow rate of the air through the compressor is too low to be measured correctly
by the nozzle used in the test cell. This also influences the power balance on the turbine side thereby
reducing the accuracy.
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5.2.1 CaseV

In this case the model is validated under the forced convection condition with the air velocity of

4.7m/s and the hot gas mass flow rate is taken as input from the experimental data.
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Figure 5.16 shows that the model turbine exhaust temperature is approximately 10°C lower than the
experimental values. There are two reasons for the deviation. The first one is the under prediction of
the surrounding heat transfer coefficient as mentioned earlier in validation of the simplified model and
the second is the over prediction of the turbine total efficiency as mentioned in the case I. The figure
shows that the over prediction of the turbine total efficiency has a more prominent affect compared to
the under prediction of the heat transfer coefficient on the turbine exhaust temperature . This results in
“lower model turbine exhaust temperature.

The figure 5.17 shows that the model bearing housing temperature is apprdxim ately 25°C higher than
the experimental. The under prediction of the heat transfer coefficient and the location of the
temperature sensor used for measuring the bearing housing temperature (as mentioned in case I) are
the probable reasons for the deviation. The figure shows a close approximation regarding the transient
variation of the temperature. '
The figure 5.18 shows that model the compressdr outlet temperature is approximately 1.5 °C higher
than the experimental values. The reasons for the deviation are same as for the turbine exhaust
temperature along with the fact that the model does not considers the spatial effects of heat transfer.
The simplified model works with high accuracy as in the model the Ihechanical power absorbed by the
compressor is taken as input from the experimental data thus does not requires correlations for the

turbine total efficiency.



CHAPTER 6

Conclusion and Suggestions for Further work
6.1 Conclusion

This work deals with mathematical modelling of the heat transfer processes in a turbocharger using the -
simulation tool SIMULINK and validating the model with experiments conducted under different
convection conditions. The model is designed keeping in mind the suitability to be plugged into a
complete engine cycle simulation model and to be used for fast orﬂinc simulation.

At the first stage a simplified model is designed which takes the turbine inlet conditions and the
mechanical power absorbed by the compressor as input from the experimental data and gives the
transient variation of the turbine exhaust temperature as the output. In the next stage an advanced
model is designed which is independent of the mass flow rate of the hot gases entering the turbine.
This model takes the turbine pressure ratio and inlet temperature as input from the experimental data
and calculates the transient variation of the turbine exhaust temperature, turbine casing temperature,
bearing housing temperature and the compressor outlet temperature as the output. To increase the
accuracy of the model the compressor inlet conditions are also given as input from the experimental
data.

The-models are then validated by conducting experiments on the turbocharger test cell at the
TU.Berlin. First some start-up experiments are conducted to plot the characteristic maps of the turbine
and the compressor at the turbocharger speed of 120000 and 160000 rpm maintaining the turbin ¢ inlet
temperature at 600°C. The maps are then are then compared with the data obtained by performing
dynamic experiments on the test cell under cold conditions (without ignition of the combustion
chamber) The data obtained by the dynamic measurements with different VTG positions are then used
to develop the correlations for the turbine total efficiency and the effective cross-sectional area as
functions of the turbine pressure ratio required in the advanced model. The simplified model is then
validated by conducting experiments under forced and natural convection conditions. A cross flow of
. air with a velocity of 4.7 m/s is made to pass over the turbocharger to obtain the forced convection
condition. To validate the advanced model the experiments are conducted with three different VTG
positions (100%, 50% and 0%) of the turbocharger turbine

The results show that the simplified model works with a relatively higher accuracy under natural
convection condition and the model turbine exhaust temperature is 4-5°C lower than the ekperimental
data. In the forced convection condition the model turbine exhaust temperature is 5-10 °C higher
compared to the experimental data. This is due to the under prediction of the outside heat transfer
coefficient calculated by using Zhukauskas correlation which works with an accuracy of 25%. The
results show that on increasing the heat transfer coefficient by 20% the difference between the model
and the experimental data reduces to 3-5°C.

The results show that with the 100% VTG position the advanced model turbine exhaust temperature is

- 20°C lower and the compressor outlet temperature is 3°C higher as compared to the experimental
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values. This is due to over prediction of the turbine total efficiency calculated by using the dynamic
measurements conducted on the test cell and due to lack of detail in modelling the compressor. Similar
trends are observed with the 50% VTG position also. The correlations developed for the turbine
effective cross-sectional area works with a reasonably high accuracy. The affect of over prediction of
the total turbine efficiency is more dominant than the under prediction of the heat transfer coefficient.

The results show that by decreasing the turbine total efficiency by 10% the turbine exhaust

temperature increases by approximately 8°C and the compressor outlet temperature decreases by

approximately 2°C hence come closer to the experimental data
The model closely approximates the transient variation of the bearing housing temperature in both the
cases (100 and 50%VTG). The deviation in the temperature is due to improper location of the
temperature sensor used and due to fact that the model does not considers the spatial effects. The
advanced model works well with the 100% and 50% VTG positions but the accuracy of the model
reduces with 0% VTG position. This is due to the non existence of the compressor air-mass flow rate
and also due to the variations in the flow patterns with the change in effective turbine cross-sectional
area which affects the thermal éond.uction.- This effect is not accounted in the model.
The simulation model is observed to predict the turbocharger behaviour with relatively good accuracy.
The models suit perfectly for fast online simulation and can be easily purged into the complete engine
cycle simulation model. The model is also proved to be helpful in solving the problem of limited
effectiveness of catalytic converters during the light-off period.
6.2 Suggestions for further work
The following list contains the suggestions for further work
1. In the present model the shaft and the bearing housing assembly is*considered as a solid
cylindrical lump divided in three parts. The model could be further improved by considering
the shaft and the bearing housing as separate units.
2. In the present model the energy balance applied over the shaft and bearing housing assembly
does not consider the spatial effects and determines the temperature variation wifh time only.
The model could be further improved to determine the temperature variation with both time
and one spatial coordinate by using a one dimensional solver for the temperature distribution.
3. The model could be further improved by using a one dimensional solver for the determination
of the temperature distribution through the compressor casing.
4. The present model uses Zhukauskas correlation for predicting the heat transfer coefficient for
a cross flow over a circular cylinder which works with an accuracy of 25%. The accuracy of
the model could be further improved by developing a more appropriate correlation.
5. The present model does not accounts the effect of conduction heat transfer from the heated

lubricating oil to the turbine casing during initial periods The model could be further improved

by considering this effect.
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Al Thermophysical properties

Appéndix

Property Correlation/value Units
Density of CI 7854 Kg/m?
Dynamic viscosity of gas (.034232xT+20.501)10° N s/m?
Dynamic viscosity of air (-2.3x10”%T*+.049xT+17)10° N s/m?
Emissivity .85
Prandtl No of gas 263x107xT+.727
Prandtl No of air J1
Specific heat of gas 1116 J/KgK
Specific heat of air 1050 J/Kg.K
Specific heat of CI (.0019xT,>-1.4918xT\+767.67) J/KgK
Thermal conductivity of gas " (.0593xT+25.1903)10” W/mK
Thermal conductivity of air (-2.7x10°XT*+.074xT+24)10° W/m K
Thermal conductivity of CI (-4.9x10°xT,*-.037xTy+72) W/mK

In the above given table T is the temperature in' degree Celsius and T) is the temperature in degree

Kelvin.
A2 Model parametefs
Parameter Correlation/value Units
Friction factor 038

Heat to the lubricating oil © 7.9x10°(P3/P4s)-680 Js .
Surrounding heat transfer coefficient 5 W/m? K
under natural con'vection.

Transmission efficiency 9

A3 Values of the constants used in Zhukauskas correlation

Rep C m
1-40 75 4
40-1000 51 5
103-2x10° 26 6
2x10°-10° 076 7
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Ad4 Dimensional measurements of the turbocharger

Turbine casing inlet section horizontal diameter .037m
Turbine casing inlet section vertical diameter 0284m
- Turbine casing outlet section diameter .038m
Length of the spiral of the turbine casing .365m
Thickness of the spiral casing 012m
Width of the turbine spiral casing 068m
Outside diameter of the turbine casing "118m
Outside diameter of the bearing housing .05Sm
Length of the bearing housing .03m
Compressor casing inlet section horizontal diameter .0285m
Compressor casing inlet section vertical diameter .0238m
Compressor casing outlet section diameter .0337m
Length of the spirai of the compressor casing .325m
Width of the compressor spiral casing .035m
Outside diameter of the compressor casing 111m
AS Data available from the experiments
Entity Symbol Units
Turbocharger speed Spged RPM
Atmospheric temperature TO °C
Compressor inlet temperature T1 °C
Compressor outlet temperature T2 °C
Turbine inlet temperature T3 °C
Turbine outlet temperature T4 °C
Bearing housing temperature TGehause °C
Atmospheric pressure absolute PO mbar
Compressor inlet pressure absolute P1 mbar
Compressor outlet pressure relative P2 mbar
Turbine inlet pressure relative P3 mbar
Turbine outlet pressure relative P4 mbar
Nozzle pressure difference Dp mbar
Turbine air mass flow rate Luft(Mair) Kg/h
Fuel mass flow rate Krafstoff(Mf) Kg/h

A6 Data processed for characteristic maps, model inputs and validation, -
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Entity Symbol Equations used Units
Compressor inlet thol P1*100/287*(T3+273) Kg/m?
density
Cdmpressor rho2 (P2+P0)*100/287*(T2+273) Kg/m?
outlet density |
Turbine inlet rtho3 (P3+P0)*100/287*(T3+273) Kg/m3
density
tauE E PO-Dp/p0
EpsilonE a SQRT((1.4*E"(2/1.4))/(1.4-1)*((1-E"((l.4-1)/1.4))/(1~E)))
Compressor Mcom - 1.0309*a*.00159*WURZEL((2*P0*100*‘Dp*100)/(287‘?(273. Kgfs
mass flow rate | 15+T0))) .
Normalised Mnor Mcom*981/P1*SQRT((273.15+T1)/293) Kgfs
massflow rate
Compressor Qcom Mnor*287/(P1*100)*SQRT((T1+273.15)*293) m?/sec
volumetric flow '
Compressorinlet | - V1 Mcom/(rho1*.00196) m/s
velocity
Compressor \'/ Mcom/(rho2*.00057) m/s.
outlet velocity _ :
Turbine inlet V3 (Mair+Mf+2)/3600/(rho3*.00419) m/s’
velocity ‘
Compressor inlet P1t P1*100+rho1*V1"2/2 N/m? -
total pressure
Comp outlet P2 (PO+P2)*100+tho2*V2"2/2 N/m?
total pressure '
Turbine inlet P3t (P3+P0)*100+(rho3*V32)/2 N/m?
total pressure .
Turbine outlet P4s (P4+P0)*100° N/m?2
static pressure
Hot gas mass Mtur (Mair+Mf+2)/3600 Kg/s‘ec
flow rate
Compressor Pi P2t/P1t
pressure ratio
Comp T2 T2isen (273.15+C6) Pir((L4-1y14) K
isentropic
Comp isentropic Effc

(T2isen-(T1+273.15))(T2-T1)
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efficiency
Turbine pressure Pit P3t/P4s
ratio
Reduced mass Mred (Mair+Mf£+2)*SQRT(T36+273.15)/(P3t*3600/100000) kg*S
flow rate QRT(
K)/bar
*s
Comp isentropic hcom 1012*(T1+273.15)*(BAT*((1.4-1)/1.4)-1) J/kg
enthalpy rise ’
Turbine isen htur + 1160*(T3+273.15)*(1-(P4s/P3t)~((1.33-1)/1.33)) J/kg
enthalpy drop | |
Turbine total eff Efftt - hcom*Mcom/(htur*Mtur*Effc

A7 Derivation of the equation used for calculating the mass flow rate of the hot gases through
turbocharger turbine.
Equating the total enthalpy per unit mass across an open system

hlr = h2t . | A1)

Here b, and h,, are the total enthalpies per unit mass flow at state points 1 and 2 respectively
w .
hy =hys + 72 . (A2)

Here A, is the static enthalpy and w, is the flow velocity at the state point 2

Substituting equation 1.2 in equation 1.1 gives

w2

hy =hy + 72 ' . (A3)

W, = w] 2(hn —h,, ) (Ad)

Subsituting & = c,T and p = pRT in equation 1.4 gives

N

w, =2, T, —¢, Ty, )- | | | (A5)
' Py _ D
w, = |2¢c | ———-—=-1. ' (A.6)
’ \/—p(an pzsR) ,
2
W, = Lo Py 1_&@ . (A7)
R p, Py Py
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c
p
Here y = and R=c,(1-1)

v

w, = __21_@_ 1_32;‘_!1 .
1-7 oy Py Pay

For an isentropic processes

n_P_c
Py Py

Y _P_c.
P 3

Subsituting equation 1.10 in equation 1.8 yields

Wy = |2 P 1-&(&) ’

' 1"'%)01:L Py \ Py
- o
W. = 2 b 1-{ P2
y =
1'—_:7 Py Dy

-2

1+4

2
W = 2&_p2sr p2s7_p2.v '
, =
1= py\ Py Py Py

For mass flow rate
m=w,Ap,.
Here A is the effective turbine cross-section area.

Subsituting equation 1.13 in equation 1.14 yields

=2 2

2 Pu(Pas ) | P2 s\
m=Ap, |—=-Luf Pas | T\ Pos | Pos ) )
1_';plt D Dy Dy

141

2
2 1 [Py )t (P
m=Ap - .
' n 1-4 RT, (plr) (Pl:)

(A.8)

(A9)

(A.10)

(A.11)

(A.12)

(A.13)

(A.14)

(A.15)

(A.16)

The equation 1.16 is used for calculating the mass flow rate of the gas through the turbocharger

turbine.
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