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Sammanfattning

Malet med detta examensarbete &ar att utoka matomradet for verkningsgrads maétningar pa
turbinen i en avgasturbo. Det gjordes som en del av kompetenscentrat CICERO. For att mata
turbinen med luft har en speciell flodesrigg anvénts. Istéllet for att belasta turbinen enbart genom
att strypa kompressorflodet konstrueras ett anslutningssystem for en elektrisk dynamometer for
att anvanda dynamometern som en tillaggsbelastning. Genom att anvdnda en elektrisk
dynamometer for att belasta turbinen & matningarna oberoende av kompressorns prestanda.

En stor del av arbetet har bestatt i att konstruera kringutrustning till dynamometern. For att
kunna belasta turbinen modifieras turbinaxeln ndgot i ena dnden. En annan separat axel kopplar i
sin tur ihop turbinaxeln med dynamometern. Langs denna axel sitter det fyra lager for att
undvika kritiska varvtal for axeln. Dynamometern bestdr av en elmotor upphangd i en
pendelupphédngning for att mata det uppkomna momentet. Momentet mats med
tradtojningsgivare som sitter pa en tunn stalplatta infast i pendelupphéngningen. Belastningen pa
turbinaxeln kontrolleras genom att &ndra en palagd resistans pa elmotorn. Olika test genomfors
for att validera testanordningen och for att jamfora métningar dd belastningen sker fran
kompressorn mot den da belastningen sker fran dynamometern.

Fokus i rapporten ligger pa lagre turbinhastigheter och dynamometern ar konstruerad for att
koras i en maximal hastighet av 50000 varv/min. Verkningsgraden &r illustrerad i grafer vid olika
blade speed ratio for olika turbinvarvtal. Det finns ocksa grafer som visar tryckforhallandet som
funktion av reducerat massfléde vid olika turbinvarvtal.

Flera kalibreringar av matutrustningen har genomforts och framférallt dynamometern visade
sig svar att kalibrera med ett bra resultat.
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Abstract

The Goal with this Master of Science thesis is to expand the possible turbine efficiency
measurements on an exhaust turbocharger. It was done as a part of the CICERO competence
centre. To feed the turbine with air a special flow rig has been used. Instead of loading the
turbine by just restricting the compressor flow a docking system for an electrical dynamometer is
designed to use the dynamometer as an additional loading source. By using an electrical
dynamometer as loading device for the turbine, measurements are not depending on compressor
performance.

A large part of the work consists in designing accessories for the dynamometer. In order to
load the turbine, the turbine shaft is slightly modified in one end. Another separate shaft then
connects the turbine shaft with the dynamometer. Along this shaft there are 4 bearings to avoid
critical speeds of the shaft. The dynamometer consists in an electrical motor mounted in a
pendulum suspension in order to measure the induced torque. The Torque is measured by strain
gages applied to a thin steel plate which is attached to the pendulum suspension. The load on the
turbine shaft is controlled by altering an applied resistance to the electrical motor. Different tests
are made to validate the test-setup and to compare measurements when loading with the
compressor to those when loading by dynamometer.

The focus in this report lies on lower rotational speeds of the turbine and the dynamometer is
designed to run at a maximum design speed of 50000 rpm’s. The efficiency is illustrated at
different blade speed ratios for different turbine speeds. There are also results describing
pressure ratio as a function of reduced mass flow at different turbine speeds.

Several calibrations of the measuring equipment are made and above all the dynamometer
proved hard to calibrate with good accuracy.
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Chapter 1

Index

1.1 Measured data

T,k = Inlet temperature of the compressor

T>x = Outlet temperature of the compressor

T,r = Inlet temperature of the turbine

T>r = Outlet temperature of the turbine

Ty . — Oil temperature

Tr1x = Inlet temperature of flow meter on the compressor side
Troix = Outlet temperature of flow meter on the compressor side
Trir = Inlet temperature of flow meter on the turbine side
Tror = Outlet temperature of flow meter on the turbine side
P, = Inlet pressure of the compressor

Py = Outlet pressure of the compressor

P;7 = Inlet pressure of the turbine

P, = Outlet pressure of the turbine

P,;, = Oil pressure



CHAPTER 1. INDEX

dPr = Differential static pressure, for measuring flow on the compressor side
dPrr = Differential static pressure, for measuring flow on the turbine side
P,;,, = Surrounding pressure

N, = Analogue revoluting speed

Np = Digital revoluting speed

M, = Torque from electrical motor

R; = Turbine tip radius

cp = Specific heat at constant pressure, values interpolated from table 6.3

7 = Ratio of specific heats

1.2 Calculated Data

Ty = Total inlet temperature of the compressor
Ty = Total outlet temperature of the compressor
To1r = Total inlet temperature of the turbine
Toor = Total outlet temperature of the turbine
Py, = Stagnation pressure at compressor inlet
Pyyic = Stagnation pressure at compressor outlet
Py = Stagnation pressure at turbine inlet

Pyyr = Stagnation pressure at turbine outlet

p = Density

W, = Critical speed

Nrsr = Efficiency Total to Static for the turbine

Cir = Gas velocity at turbine inlet
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Wtitizea = Utilized power (power used by compressor and friction power)
W/isentropic = Isentropic power (over the turbine)

Wcommession = Power used by compressor

Nmeen = Mechanical efficiency

myp = Turbine massflow

my = Compressor massflow

U = Blade tip speed

C, = Gas velocity if the gas was expanded isentropically over an ideal nozzle

W, = Power absorbed by the dynamometer






Chapter 2

Introduction

2.1 Background

When Matching a turbocharger to an engine there are several things to consider in order
to optimize the system. A powerful tool to save time and money is to use a simulation
program, for instance GT-power which is frequently used at KTH for 1D simulations.
When developing a new engine, computer simulation and engine testing are important
parts in the development process. It is far more convenient to try different concepts in
the computer first and then select a few for testing than to try them all in a test bed.
But for the computer programs to work properly they must have correct data. If the
data fed into the program is corrupt the result is most likely also corrupt. It is therefore
very important to have enough data on all components that are used in the simulation.
Testing is therefore required both before and after simulations.

In order to know how an exhaust turbocharger will affect the engine performance
and efficiency it is desirable to establish the behavior of the charger at different speed
and load. This is normally done by the manufacturer in a flow rig. In a flow rig the
measuring parameters can be better controlled than if the charger was mounted on an
engine. For the manufacturer it is important to show a high efficiency for the turbine
to sell their product. The operating points when the efficiency is lower are therefore
not as interesting for the manufacturer to test. When using the efficiency maps for
simulation programs it is important to have as many data as possible in order to get
an accurate result. The simulation programs interpolate or extrapolate the efficiencies
from the operating points that are fed into the program. FExtensive testing at other
operating points is therefore desired, this is further discussed by Fredrik Westin in

[1]. When loading the turbine this can be done by a compressor on the joint shaft
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or by a dynamometer. Loading the turbine with a compressor limits the load to the
performance of the compressor. If the mass flow is reduced but the pressure ratio is held
constant over the compressor it will eventually go into surge. If the mass flow instead
is increased enough the flow will choke as it reach sonic velocity at the throat. These
limitations are avoided when loading by a dynamometer. To increase the understanding
of turbochargers and to aid the simulations done at the Royal Institute of Technology a
test bed for turbochargers that overcomes those limitations is desired by the department

for Internal Combustion Engines and the CICERO competence center.

2.2 The Flow-rig

In order to get correct performance data from testing it is important to have a good
control over the flow passing through the exhaust turbocharger. When measuring what
effect a parameter setting have in a test it is crucial that other conditions are held as
constant as possible so that the variations are solely an effect of the desired parameter.
This of course becomes a lot easier if you don’t have as many parameters. In an engine
there is a lot of different parts that effect each other. Both internally and outside
the engine the balance of components is very important to optimize the engine for
desired performance. However when you only want to study one part it is easier to
do it in a separate environment. After the component is fully tested it is easier to
understand and predict what effect it will have on the whole engine. For instance in the
case of an exhaust turbocharger it is important for accurate measurements to have a
minimum of flow turbulence to get an even and more accurate pressure and temperature
distribution. When the exhaust turbocharger is mounted on an engine there are several
things that disrupts the flow and makes measuring more difficult. To make things easier,
the measurements can instead be made in a flow rig. The flow rig described and used in
the measurements for this report was developed by Jonas Hedbom, see figure 2.1. It was
done as a part of his Master of Science thesis at the department for Internal Combustion
Engines.

The flow rig is fed with pressurized air. The system used to pressurize the air consist
of two screw type compressors that feed large tanks. the air is then led from the tanks to
a controlling valve that keeps a constant pressure. The air is cooled to room temperature,
filtered and dried. When the air enters the flow rig it first pass through an electronically
controlled inlet valve. The mass flow is measured both on the flow rig upstream the

turbine and on the pressurized system feeding the rig. The flow is then led through pipes
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Massflow meter
Turbine side
Massflow meter
Compressor side
Restricting Valve

Turbine Outfet <Z

Pressurised Air :> <: Compressor Inlet

Figure 2.1: The Flow rig
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to feed the turbine with compressed air. Both pressure and temperature are measured
before and after the turbine. After the turbine the pressure is led to ambient conditions.
On the compressor side the flow is led from ambient conditions to the impeller. After
the compressor the flow is restricted by an electronically controlled valve. The load on
the system is controlled by varying the restriction. Downstream of the restriction the
air is led back to ambient conditions. Pressure and temperature are measured both on
the inlet and the outlet of the compressor. The compressor mass flow is measured on

the outlet. Further information on the flow-rig can be found in [2].

2.2.1 Extending measurements

The possible tests in the flow rig is limited to the surge and choke margins of the
compressor. There are several ways to increase the possible measurements. Switching
to another compressor will change the loading area. Another way to increase the loading
area of the compressor is to create an encircled flow of the compressor air and thereby
vary the compressor inlet pressure. This concept is not further investigated within the
limits of this thesis but can be subject for further investigations within another project.
Instead this project strives to make more accurately efficiency measurements by using
an electrical motor acting as a dynamometer. This thesis consists in constructing,

measuring and evaluating the concept of loading the turbine with an electrical motor.
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The Turbine Dyno-rig

Figure 3.1: The Turbine Dyno-rig

3.1 Concept of braking with an electrical motor

When testing a normal engine on a test bed you need to add a load of some kind to
be able to test the engine performance. There are several ways to do this, for instance

a hydraulic brake or a generator. When testing turbochargers the load is normally
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controlled by restricting the airflow out of the compressor. This is an easy way since the
turbine and compressor is mounted on the same shaft and the compressor is designed
for the very high speeds required for testing. However the load from the compressor is
limited to the choke and surge margins. This makes for instance the range of the blade
speed ratio rather small. At low turbine speeds accurate restriction of the compressor
air would require a valve with very fine adjustment for a low mass flow. To extend the
measurements to other Blade speed ratios and make more accurate measurements in
the lower speed region other means of loading the turbine is needed. Braking with an
electric motor, see figure 3.1, is favorable since the load is easily adjusted by controlling
the resistance and the load comes instantly at low speeds. The turbocharger is however of
a very compact design and to apply an external load without disturbing the flow through
the compressor or turbine is difficult. One way is to test the turbine separately from the
compressor and thereby have a lot of room for a braking devise, this is for instance done
in [3|. Ideal from a flow point of view would be to install the electric brake between
the turbine and compressor and thus integrate it with the lubricant system. There have
been such attempts for instance Mitsuibishi heavy industries have tested what they call
a "hybrid turbo" [4]. But they use it for accelerating the turbocharger at lower speeds
and thus reducing the transient response delay as well as generating electric energy when
the turbine is producing an excess of energy. To place the electrical motor between the
compressor and turbine would mean a major redesign of the lubricant system for the
charger. Instead the possibility to connect an external electrical motor to the charger
trough a shaft is considered favorable see figure 3.2.

A big problem when it comes to loading a turbine with an electical motor is the very
high rotational speed of the turbine. Desirable would be a dynamometer with a possible
rotational speed of up to 200 000rpm. Unfortunately no such motor was found. Small
size electrical motors that are used for instance in radio controlled cars have a maximum
speed of roughly 50 000 rpm. Such a motor with permanent magnet direct current was

chosen for dynamometer testing. Direct current is suitable mainly for its simplicity.
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Figure 3.2: Connecting the electrical motor to the charger through a shaft
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3.2 Construction and development

To apply braking force on the turbine from the dynamometer several details has to be
constructed. Details are made with the goal of testing turbo chargers with a minimum
of reconstructions to the charger. The turbocharger is connected to an electrical motor
through a external shaft. The easiest way to connect the shaft to the turbocharger is
through the compressor inlet. To apply load on the compressor side the compressor tap

is modified.

Figure 3.3: Modification of the end compressor shaft end and connection to external

shaft

Before the modification the shaft end looks like on the far left in figure 3.3. A slit is
cut out of the material creating the look to the right of the original shaft end. The shaft
end can then be connected to the external shaft which is cut to fit into the slit on the
compressor shaft end, shown on the right in figure 3.3. A cylindrical casing is also force
fitted onto the external shaft, this will help centering the two shafts when connecting
the dynamometer. If other chargers are to be tested with the dynamometer they must
also be modified as in figure 3.3. The other end of the external shaft connects to the
electrical motor. The shaft (4mm in diameter) is suspended on roller bearings mounted
in a housing. The bearings used are sealed deep groove single row ball bearings with
a limiting speed of 60 000 rpm. To avoid critical speeds of the shaft the bearings are
mounted closely together. Critical speeds are derived from equation 3.1, where d is the

shaft diameter and L is the length between bearings.

, [[E®

wer - ~h T4
"\ 16pLt

(3.1)
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With the bearings mounted as they are (74mm from bearing center to bearing center)
the lowest critical speed for the shaft would be reached at approximately 85 000 rpm’s.
The housing for the 4 bearings used is made from 5 parts which enables assembling
and disassembling the housing along with the bearings. The bearing housing is tightly
fastened in the coordinate table on one side and suspended on wires on the other see
figure 3.4. Wires are used in order to occupy as little space in the compressor inlet as

possible. The wires are tread through holes in the inlet pipe and fastened on a metal

plate which can be height adjusted by turning a hexagon nut and thereby tensioning

%\

the wires.

Figure 3.4: Top: Tensioning system for the suspension wires. Bottom: Suspension for

the bearing housing on both sides
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To be able to measure inlet pressure and temperature of the compressor a new more
suitable compressor inlet pipe must be constructed for the Flow-rig. The inlet pipe
should be as short as possible to make the external shaft short. But at the same time
not too short in order to avoid unnecessary turbulence and there must be enough room
for temperature and pressure measurements. There must also be room to fasten the

pipe to the flow-rig and the compressor inlet.

A

e -é,

Figure 3.5: Connetion between the external shaft and the electrical motor

The other end of the external shaft connects to the electrical motor by a sleeve
coupling, see figure 3.5. The motor in turn is mounted on 2 bearings in a pendulum
suspension, see Left: in figure 3.6. The bearings used are single row ball bearings. The
pendulum suspension allows for measuring torque, which in this case is done by strain
gages attached to a lever. The pendulum suspension and the bearing housing are fas-
tened on a coordinate table. the coordinate table in turn is mounted on a lab jack. The
coordinate table along with the lab jack allow adjustments on the dynamometer assem-
bly in 3 dimensions, see figure 3.7. If the alignment is off it is also possible to infinitely
variable turn the lab jack within 90 degrees. For stability and portability reasons the

lab jack is mounted on a table separate to the flow-rig, see Right: in figure 3.6.
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Figure 3.6: Left: Dynamometer mounted in pendulum suspension Right: Table on which

the dynamometer assembly is mounted

The table is suspended on 4 wheels for easy moving when it’s not used, But when
the dynamometer is used the table is locked to the flow-rig in order to further stabilize
the table.

Figure 3.7: Coordinate table
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The resistance loading the electrical motor was first meant to come from an infinitely
variable resistance controlled electronically. But as a temporary first solution before
such a device is developed, to be able to run some tests, halogen light bulbs that are
normally used in car applications serve as variable resistance. There are two filaments
with different resistance in each bulb and there are three bulbs. The resistance is varied
by changing which filaments and which bulbs that are connected. This is controlled by

three switches. The settings are shown in figure 3.8.

Figure 3.8: Loading of the generator with light bulbs is controlled by three switches
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Measurements and calculations

The measuring equipment used for all calculations is tabulated in table 4.1. The place-

ment of the pressure transducers and temperature gages are shown in figure 4.1. For

obtaining data from gages the program Cell4 is used.

Table 4.1: Gages used for measuring

Label Quantity Unit Measuring range Make and Type
Pix Pressure bar +-1bar from ambient Gems 2200
Py Pressure bar +-4bar from ambient Gems 2200
Poija Pressure bar 0 - 10 bar Gems 2200
Pir Pressure bar + -4 bar from ambient Gems 2200
Por Pressure bar +-1bar from ambient Gems 2200
dPrg | Differential pressure Pa 0 - 1245Pa Setra
dPpr | Differential pressure | Pa 0 - 5000 Pa (adjustable) SMAR
Paim Pressure bar 0 - 1313 mbar MFMG-44
Tk Temperature Celsius | +-100°C (adjustable) Pentronic Pt100
Tox Temperature Celsius | 0 - 600°C (adjustable) Pentronic Pt100
Toija Temperature Celsius 0 1000°C Pentronic Type K
Tyr Temperature Celsius | +-100°C (adjustable) Pentronic Pt100
Tor Temperature Celsius | +-100°C (adjustable) Pentronic Pt100
M, Torque mNm | 0 - 90mNm (adjustable) In house design
Na Revoluting speed rpm 0 - 200000 rpm Micro-Epsilon DZ130
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Figure 4.1: Measuring points on the flow-rig
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4.1 Temperature

The temperature gages measure the static temperature. The stagnation temperatures
are obtained through equation 4.1, compressor inlet is used for illustrating the equation.
Cix

Toix =T —= 4.1
01K 1K+26p (4.1)

4.2 Pressure

The pressures transducers before and after the turbine and compressor measure overpres-
sure and does not include the atmospheric pressure. The atmospheric pressure therefore
has to be added to all measurements, the compressor inlet is used as an example for
illustrating equations, Pix = Pk transducer + Patm- The measured pressure (together
with the atmospheric) is the static pressure. To obtain the total pressure the dynamic
pressure has to be added, Piotai = Pstatic + Paynamic, the dynamic pressure is obtained
through Pyynamic = % pC?. The total or stagnation pressures can also be calculated us-
ing equation 4.2, this is the way used for calculating stagnation pressure in this report,

the dynamic pressure is however also used for some comparison reasons.

T Jie
Pox = Pik( ,_Z(,HK)W‘1 (4.2)
1K

4.3 Torque

The braking torque is measured by means of strain gages. Strain gages work in the way
that when they elongate the resistance through the gage grow and when they contract
the resistance will decrease. The change in resistance due to strain is very small and
the output needs to be amplified. To amplify the output the change in resistance is
converted to a change in voltage by forming a Wheatstone bridge see picture 4.2. The
bridge, which consists of four gages, is fed with a constant voltage FE and the output
voltage eg is measured. The strain gages are bonded to a thin steel plate 2 on each side,
see picture 4.3. One side of the steel plate is fastened to the electrical motor and the
other side is hanging freely. on both front and back of the free side there are screws
mounted very close to the steel plate. The screws have a spherical surface and when the
electrical motor tries to move in the pendulum suspension due to loading of the turbine

the steel plate will come in contact with one of the screws and create a force between
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the screw and the steel plate. This will make the steel plate bend slightly. With one
screw on each side it is also possible to measure the torque if the electrical motor is used
for accelerating the turbine.

Figure 4.2: Strain gages forming a Wheatstone bridge [5]

When the steel plate bends the gages on one side will elongate and the gages on the
other contract. When using four gages in a bridge the output voltage ey ,equation 4.3,
will be at its maximum value and thus improve reliability of the measurements. It
also improves temperature compensation and eliminates other strains than the target
strain [5]. K is the gage factor of the strain gage (here Ky = 2) and € is the strain
measured by the gages. The induced Torque can then be calculated using equation 4.4,
where b is the width and h is the thickness of the thin steel plate. L. is the distance
from the load point to the center of rotation, and L, is the distance from the load point
to the strain gage center. These formulas are only a way to explain how the strain gages
together with the steel plate work. For calibration they are not used, calibrations are
based on applying a known torque to the system and recording the output from the
gages. The strain gages are calibrated together with the whole dynamometer assembly
and thereby including friction of the system in the calibration, see Appendiz Calibrations

Torque.
€y = KSG()E (4?))

_ Ebh?L,
6

(4.4)

=
=)

s
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Figure 4.3: Torque measurements by strain gages
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4.4 Power

With torque and revolutional speed the braking power can be calculated using 4.5. This
is under the assumption that there is no friction losses in the bearings. To extract the
power the induced current is led to a resistance, in this case light bulbs. N, is favored

over the digital signal since it had much less variations.

Wy = M.N,4 (4.5)

4.5 Turbine efficiency

The turbine efficiency can be defined in different ways. One often used expression for
exhaust turbochargers is the total to static isentropic efficiency. The total to static

efficiency is defined in equation 4.6.

_ hoir — hoar
TST —

4.6
hovr — hars (46)

The change in enthalpy can however be difficult to measure due to thermal radiation
in the turbine [6]. The efficiency can instead be calculated as a ratio between utilized and
isentropic power, see equation 4.7. This is also suitable for transient measurements since
the pressure is easier to measure fast than the temperature. In this case however the
flow-rig is fed with a steady flow of cold air, the inlet temperature of the turbine is not
higher than the inlet temperature of the compressor and the thermal radiation should
not be considerably high. The efficiency should therefore be possible to calculate from
the turbine power as well. The difference between turbine and compressor power would
then be due to friction metwn and other losses. If there is an error in the temperature
measurements the relative error would be larger if the temperature difference between
inlet and outlet conditions is small. Meaning that if the compressor side has a bigger
temperature difference, the compressor power is likely calculated more accurate than

the turbine power and vice versa.

Wutilized
n = (4.7)
et I/Visent‘ro;rn'c
The utilized power is the load on the turbine. The load consists of the power needed
to compress the air through the compressor, the friction losses in the bearings and the

acceleration/deceleration of the rotor. In these measurements the flow is considered to
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be constant and therefore the rotor speed is also constant. The utilized power can then

be calculated according to equation 4.8

Wutilized - Wcompression + Wfriction (48)

Equation 4.8 is also favorable because it is easily modified when adding an external
load. When adding an extra external load, in this case an electrical dynamometer the

expression will become 4.9.

Wutilized = Wcomp'ression + Wfriction + We + Wbearingfriction (49>

The power needed to compress the flow is calculated from the mass flow, specific
heat capacity at constant pressure and the rise in temperature over the compressor, see

equation 4.10. The turbine power is derived in the same way.

Woeompression = 1k o (Toox — Torx) (4.10)

The isentropic power is the difference between power flowing into and out from the

turbine see equation 4.11. This is the maximum power that can be extracted from the
flow through the turbine.

P2T
POlT

)5) (4.11)

Wisentropic = mT cpr TOlT (]- - (

4.6 Blade Speed Ratio

The turbine efficiency is illustrated in different ways, often it is shown as a function of
reduced mass flow. Another common way is as a function of the Blade Speed Ratio
(BSR). Blade speed ratio is in the case of radial turbines the relation between blade
tip speed U and the gas velocity if the gas was expanded isentropically over an ideal
nozzle C, equation 4.12. The blade tip speed is calculated using equation 4.13 and the

gas velocity using equation 4.14.

BSR = — (4.12)

U= xR, (4.13)

Pyr

PMT)%) (4.14)

CS = \/2CpTT01T (1 —(
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4.7 Reduced Entities

When comparing performance characteristics for different turbines as well as different
compressors, it is common to use a non-dimensional representation. The efficiency, the
blade speed ratio and the pressure ratio are all non-dimensional but the mass flow and
rotational speed usually are normalized. The mass flow (112) is normally reduced by inlet
temperature and pressure while the rotational speed (V) is reduced by inlet temperature

see 4.15. This is also the reduction used for representation in this report.

my/ 1o N
FPor ’ VI

The representation is however not dimensionless but the one normally used. For a

Reducedmass flow = Reduced speed = (4.15)

completely non-dimensional representation the diameter (D) and the gas constant (R)
needs to be included. The reduced entities would then look as in 4.16. This is further
described in [7]

my/ R Ty Reduced J ND
— educed speed =
PyD? b VRTy

(4.16)

Reduced mass flow =
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Results

Table 5.1: Test plan for the testbed

Tests | Speed range [rpm/] | Loading device Changed settings

1 10000 to 50000 compressor free inlet
2 10000 to 50000 compressor bearing housing in the inlet
3 10000 to 20000 dynamometer loading by dynamometer
4 10000 to 30000 dynamometer | cooling of the dynamometer

5.1 Validation

To validate the testbed two sets of test was run using the compressor as loading device,
one test (Test 1) was performed without any disturbances at the compressor inlet and
another (T'est2) with everything mounted as when using the dynamometer. All tests
made are shown in table 5.1. The bearing housing occupies quite a bit of space at the
compressor inlet reducing the inlet area. The flow is also cut by the wires on which the
housing is suspended. Together the housing and the wires occupy 18 % of the total cross
section area. Test 1 and 2 should give an idea to what effect this will have on the results.

The tests are performed at lower turbine speeds due to limitations of the dynamometer.
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5.1.1 Test 1 and 2

At Test 1 the compressor inlet is free of flow disturbing extras and the turbine is loaded
by restricting the compressor flow. The temperature after the turbine was rising with
time during T'est 1. This is partly explained by the way the test was conducted starting
at a low restriction and increasing stepwise. The test was made starting with the higher
speed 50000rpm and then reducing 10000rpm’s per speed step. However at the lowest
speed the temperature after the turbine was recorded at a higher value than the inlet
temperature. This would mean a negative work by the turbine. But since the flow
is constant and a pressure increase is found over the compressor a negative work is
impossible. A large amount of oil leaking from bearings to the turbine was encountered
during Test 1. Since Ty, is read at 55°C while Typ is 21.76°C, one cause to the heat
increase could be that the oil has heated the bearing housing and through conduction
heated the turbine housing and outlet air of the turbine. Calculations are therefore

based on the compressor work, see equation 4.10.

1,3 4
’ Test 1 C
N/VT01T = 2913 ~
—Test 2 Vel
1,25 -
NATor = 2338
= 1,2 -
N )
o NATyer = 1750 -
=
81,15 8 N/NTger = 1169 s
“ ~
11 N/NTg7 = 582
1,05
0 0,2 0,4 0,6 0,8 1

Reduced mass flow

Figure 5.1: Comparing pressure ratio vs reduced mass flow between Test 1 and 2 for five

different speeds, reduced speeds are represented from Test 1
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At Test2 everything was mounted in the inlet except the dynamometer was not
connected to the turbo shaft. Again restricting the compressor flow is used for loading
the turbine. The test was conducted in the same manor as T'est 1 but prior to T'est 2 the
oil return from the bearings was modified resulting in a lot less visible oil leakage. The
lowest rotational speed still resulted in negative work over the turbine, the conclusion is
that the error in measurements is too large for such small temperature differences ( Toor
- Torr < 0.2K at Test1 and 2 ). Again the compressor work is used for calculations.
When comparing the result from T'est 1 to those in Test 2, see figure 5.1, it seems as the
test have quite similar results. Some differences come from speed variations during the
two tests. For all data points at one speed an average speed or design speed is calculated.
The maximum deviation from the design speeds, ie 10 to 50 thousand rpm’s, is 2% for
Test1 and 2 but small temperature differences render slightly different reductions for
speed and mass flow. Figure 5.2 shows the speedvariations in test 2 for two different
design speeds, 10 and 50 thousand rpm’s.

596 . — N/NTO1T (average) = 582 2034
594 | = NANTO1T (average) = 2926 ~ 2932
592 - - 2930
o 590 - - 2928
3 588 - - 2926
‘f 586 - - 2924
S 584 - - 2922
§ 582 - - 2920
580 - ' 2918
578 - - 2916
576 - + 2914
574 ‘ ‘ ‘ ‘ 2912
0 20 40 60 80 100

Compressor restriction [%] 100% fully open, 0% closed

Figure 5.2: Speed variations at the lowest and highest design speed in Test 2
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For the lower speeds (up to 40 thousand rpm’s) it is clear that the same speed as
in Test 1 was achieved during Test 2 with a lower mass flow and a lower pressure ratio.
Since the tests are run with the same restrictions on the compressor a probable cause is
that the new oil return has reduced the friction in the bearings. Comparing efficiency’s
as a function of blade speed ratio, see figure 5.3, further supports this explanation. The
first test have a lower blade speed ratio because a higher C is needed to sustain the
same tip speed. The efficiency is higher for the second test, especially for lower speeds.
If the readings where incorrect for the second attempt due to turbulence around the
bearing housing this would occur on the compressor side. However memessim does
not differentiate much between the two tests at the same speed. What differentiate is

Wisentropic, and the probable cause is different friction.

04 - — NATy; = 2926
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o
N

o
—_—
1

o

o

o O
|

0,1 0,2 0,3 0,4 0,5 0,6 0,7
u/C,

o

Figure 5.3: Comparing blade speed ratio between Test 1 and 2 for five different speeds,

reduced speeds are represented from Test 2

Since the bearing housing and wires are occupying up to 18% of the inlet cross section
an increase in the dynamic pressure would be logical, ie the flow speed and/or the gas

density. If there is no dynamic pressure increase the mass flow will be reduced. Figure 5.4
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shows the dynamic pressure at two different design speeds, 40 and 50 thousand rpm’s
for Test1 and 2. At 40 thousand rpm’s the massflow is higher for T'est 2, probably due
to the bearing friction as mentioned earlier, and the dynamic pressure differentiate very
little between T'est 1 and 2 at this speed. At 50 thousand rpm’s however the massflow is
almost the same for both tests, this means the inlet area reduction is compensated for.
When there is no restriction on the compressor and the turbine speed is 50 thousand
rpm’s the dynamic pressure in Test 2 is 5% higher than in Test 1. But the dynamic
pressure is only a small part of the total pressure. When looking at the pressure ratio
over the compressor at 50000 rpm without restriction (this is where the largest difference
in dynamic pressure has been recorded at the tests made) a change in dynamic pressure

of 5 percent will change the total to total pressure ratio by 0.01%

250 N [ ] N/\Toﬂ' = 2926
- Test 1 o NATyr=2913
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©
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o
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o
o
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g, o NATyr = 2338
50 +
O I I I I 1
0 20 40 60 80 100

Compressor restriction [%] 100% fully open, 0% closed

Figure 5.4: Comparing the dynamic pressure in the compressor inlet at different restric-

tions and two different speeds for Test 1 and 2
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5.1.2 Test 3

At the first attempt to use the dynamometer the electrical motor got very hot at 30000
rpm’s and the test was terminated. There were however several data collected at ten and
twenty thousand rpm’s. To see if the dynamometer worked and what differences it has
from loading solely by the compressor Test 3 was compared to Test2. From figure 5.5
it is evident that there is a large difference in pressure ratio as well as in reduced mass
flow between the two tests. One explanation is that the friction is a lot greater so more
flow is needed to keep the turbo at the same speed and then it builds a higher pressure

ratio over the turbine.
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Figure 5.5: Comparing pressure ratio vs reduced mass flow between Test 2 and 3 for two

different speeds
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When looking at the blade speed ratio, figure 5.6, the ratio is lower for the dyno-test
meaning Cj is higher since U is the same. With the same reasoning as for Test 1 and
2 this also supports the idea of a higher friction. It is safe to assume the friction has

increased since a shaft with 4 bearings and an electrical motor has been added to the

system.
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Figure 5.6: Comparing blade speed ratio between Test 2 and 3 for two different speeds
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5.1.3 Test 4

For the second attempt to load the turbine by the dynamometer, two fans where used
for cooling the electrical motor. The test had to be terminated at 30000 rpm’s due to
very large speed variations. One cause for this could be unstable resistance in the light
bulbs. Only one data point could be collected at this speed. To verify and validate
the dynamometer T'est 3 and 4 were compared. When comparing the pressure ratio as
a function of reduced mass flow the correlation seems quite good see figure 5.7. The

friction can be assumed to be roughly the same for both tests.

1,17 7 —=— Test 3
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0,4 0,45 0,5 0,55 0,6 0,65
Reduced mass flow

Figure 5.7: Comparing pressure ratio vs reduced mass flow between Test 3 and 4 for two

different speeds
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The blade speed ratio was the same for both tests but the efficiency seemed to be
better at the first dynorun, see figure 5.8. The bladespeed is also almost constant at
same speed and different load. The curves do not at all look like a typical blade speed
ratio curve. The reason for this is that the gas velocity is changed very moderately since
the span in pressure ratio at the same turbine speed is small. However the tests are
very successful at accomplishing a different pressure ratio and another mass flow at the
same speed than when loading solely by the compressor. Thereby efficiency points is
obtained at other operating conditions of the turbine. However the friction losses must

be measured in order to get quality data on turbine efficiency.
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Figure 5.8: Comparing blade speed ratio between Test 3 and 4 for two different speeds
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When loading with the dynamometer the oil temperature was considerably lower
then when loading with the compressor, This is because the dynamometer was run at a
shorter time to avoid wear and overheating the motor. When loading by the compressor
the test was also started at higher speeds and the oil had time to heat up before the
lower speeds while the dyno-tests started at the lower speeds. the oil temperature for
Test1,2and3 are shown in figure 5.9. A lower oil temperature further increase the

bearing friction.
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Figure 5.9: Comparing oil temperature for Test 1, 2 and 3 for different speeds
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5.2 FErrors and problems

5.2.1 Measurements

The accuracy of the measurements is key to get quality data. When the temperature
and pressure differences are as low as in these cases, even small errors have a big impact
on the results. Flow variations and inaccurate calibrations can corrupt data. Electrical
interference between gages and power supply should be kept low. Vibrations on the
system is unwanted and must be fought against by mechanical improvements. It is
important to have a good repeatability of the measurements for validating results, this

should always be verified.

5.2.2 Torque

One problem with the dynamometer tests is that the dynamometer have been calibrated
for a much larger torque range than was used at the tests. this was made since the
dynamometer was also meant to operate at higher rpm’s where the torque would have

been grater.

5.2.3 Temperatures

Since the flow rig is only fed with cold air the temperatures are far below normal
operating conditions. At some low speed points the temperature was recorded to be
lower at the turbine inlet (77) than at the outlet (75r) resulting in negative work.
It seems that different Nudam channels have different output when changing the gages

between channels. This was compensated for when calibrating the gages together.

5.2.4 Revoluting speed

One difficulty that was apparent during all tests was to keep the revoluting speed con-
stant. When changing the load the flow needs to be adjusted so that the speed can be
held constant. The valve regulating the flow into the turbine is ill tuned for regulating
turbine speeds. Variations in the flow was evident at some tests while other tests showed
a better consistency in the flow. There were also a small difference between analogue
(N4) and digital (Np) speed. N4 was used while it proved more reliant since the digital

speed stopped working at some tests.
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5.2.5 Heat transfer

When mounted on an engine the inlet temperature of the turbine can be very high, up to
about 1200K. The inlet temperature of the compressor however is at room temperature.
With compressor and turbine mounted closely together heat transfer between the two
is inevitable. A lot of heat is either lost to the housings and bearing oil or transferred
between the turbine and the compressor. To assume adiabatic conditions in calculations
under these circumstances creates an error. The standard when testing turbochargers |8|
is therefore to insulate the compressor housing. In a paper written about heat transfer [9]
the authors consider there to be no heat transfer to the compressor at a turbine inlet
temperature of 50°C. In the measurements done on the flow-rig the inlet temperature of
the turbine and compressor are almost the same (Temperature difference <10K). The
largest temperature difference is between turbine and compressor outlet. If there is any
heat transfer it should thus radiate from the compressor to the turbine. Considering the
low temperatures heat transfer between turbine and compressor has not been further
investigated.

When loading the turbine with the dynamometer the temperature of the electrical
motor will rise but it is not situated very closely to the turbine and heat transfer this

way can be ignored.

5.3 Future work

e Examining the friction of the system. This could be investigated using the elec-

trical motor not for loading but accelerating the turbine.

e The tests have only been conducted at 10 to 30 thousand rpm’s. Testing the
system at higher speeds would be desirable.

e Constructing and testing a more permanent cooling system for the electrical motor.
e Increase the turbine inlet temperature by preheating the gas.

e Test how different oil- temperature and pressure effect the bearing friction and

overall performance.

e Run test without the compressor wheel to see how this effects the measurements.
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Appendix

6.1 Calibrations

As mentioned before, key to get good results are accurate measurements. Therefore
calibrations are a vital part to get quality results. Another thesis has also been initiated

to improve accuracy of data from measurements and to further develop the flow-rig.

6.1.1 Mass flow

If the flow is assumed to be laminar, the pressure drop over a catalyst is proportional to
the volume flow through the catalyst. By measuring the pressure drop together with a
reference mass flow the catalyst can be calibrated. Since pressure drop is proportional to
the volume flow the mass flow is obtained by multiplying with the density. Equation 6.1
is used to compensate for the dynamic viscosity between different temperatures. The
catalyst has been calibrated at the CICERO laboratory. The reference flow at CICERO
is measured by a gage from ABB called FMT500-IG. The reference flow has also been
used in the actual tests for measuring turbine mass flow. A separate calibration see
figure 6.1 has been made for lower mass flows due to the limit in pressure capacity
of the Setra gage. This calibration together with the reference flow is the base for

measurement calculations.

o Der(Iy" 6.1)

%_T—FT Ty
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Figure 6.1: Mass flow calibration of compressor catalyst

0,1



CHAPTER 6. APPENDIX 45

6.1.2 Temperature

The temperature gages used in calculations are of type Pt100 and has been calibrated
at two temperatures (0 and 150 °C) at the calibration department at Scania CV AB.
To make sure the temperature is read correctly the gages are all put together in a
bath at room temperature and the Nudam channels for reading the result is switched
between gages. It is found that the readings for the same gage differs between Nudam
channels and thus must be compensated for. The gages are tested at their normal
channel position together with a reference gage that is not connected to the measuring
system, see table 6.1. The channels that shows a large deviation from the reference gage
are compensated for and the gages are thereafter tested at another temperature to make
sure the correction is valid for other temperatures see column Reading 2 in table 6.1.
The deviations seems rather small also at the higher temperature and the compensating

values are kept.

Table 6.1: Adjustments on Pt100 channels

Label | Reading 1 [°C] | After compensation [°C| | Reading 2 [°C]
Tyes 20.7 i 47.6
Tix 20.48 20.48 47.19
Tox 19.20 20.33 46.97
Typ 20.34 20.34 47.15
Tor 20.40 20.40 4733
Trix 21.34 20.34 4730
Trox 20.25 20.25 47.00
Trir 21.73 20.41 4798
Tpor 21.11 20.32 47.14
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6.1.3 Pressure

All pressure transducers except Por are previously calibrated by Jonas Hedbom [2], the
transducer measuring the pressure after the turbine however was exchanged since it was
defect. The new transducer P,y was calibrated in the same way as the others with
the use of a pressure indicator (DPI 705) attached to a pump (PV 411) both from GE

Druck. The calibration curve for Py is shown in figure 6.2.

12

Output [V]
> o o o

N
I

0 I I I I I 1
0 0,2 0,4 0,6 0,8 1 1,2
Reference pressure [bar]

Figure 6.2: Calibration of pressure gage Por

6.1.4 Torque

When calibrating the torque measurement system consisting of the lever with strain
gages, the electrical dynamometer was mounted in the same way as when measuring
data. Meaning the turbine shaft is connected to the dynamometer via the connecting
shaft. To calibrate the torque (M.), different loads was applied to a lever arm with
known length, the calibration setup is shown in figure 6.3. The applied force together

with the volt output from the strain gages was recorded respectively. At first calibrating
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M, was quite difficult and large variations was found when trying the repeatability. The
problem was that with a sensitive strain gage small frictions made the gage stick in a
false position when changing the load. When the dynamometer is run there are however
some vibrations effecting the system. When calibrating the strain gages together with
an induced vibration, by means of tapping the coordinate table with a screwdriver, the
repeatability was substantially improved since the vibrations made the gage go back to
a condition of equilibrium. One calibration set was also performed when running the

cooling fans to see if they affected the calibration, see figure 6.4.

Figure 6.3: Torque calibration setup
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Figure 6.4: Torque calibration of strain gage
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6.2 Specific heats at constant pressure

When searching for qualitative values for specific heat at constant pressure, cpr and

cpk, a number of different sources for air properties where studied. It was found that

none of the sources had identical cp values. Table 6.2 shows cp at two temperatures for

the studied sources. However the variations where within reasonable limits and source

E was chosen to represent cp because values for cp where in between the other sources.

Table 6.3 shows cp and 7y for more temperatures as given by source E. Table 6.3 have
been abstracted from [10].

Table 6.2: Specific heats at constant pressure (cp) from different sources (A to E)

Temperature [K] | A [kJ/kgK] | B [kJ/kgK] | C [kJ/kgK] | D [kJ/keK] | E [kJ/kgK]
273 1.010 0.989 1.005 0.997 1.003
373 1.017 1.011 1.009 1.012 1.010

Table 6.3: Properties of air at low densities

Temperature [K]| | cp [kJ/kgK] | ~v | |
250 1.003 1.401
275 1.003 1.401
300 1.004 1.400
325 1.006 1.400
350 1.007 1.399
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