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Abstract

Abstract

The magnitude and transient nature of the gas temperature in the cylinder of an internal
combustion engine makes the measurement quite difficult. Several techniques have been
employed to try and determine the actual gas temperatures in internal combustion engines,

and most of these have either shown inconsistency or turned out to be extremely expensive.

In this thesis, the use of a thermocouple to determine the gas temperature was explored. It was
known from the outset that the thermal inertia would not allow the thermocouple to track the
gas temperature. However, at some point during the rise and fall of the gas temperature, a
state of thermal equilibrium would be achieved between the thermocouple and the surrounding
gas. At this postulated equilibrium point, the thermocoupie temperature would be constant and
the gas temperature would be inferred at this instant. The gas temperature for the rest of the
cycle would then be calculated from this point. For the fired engine cycles it would be
necessary for the minimum thermocouple temperature to occur during the compression stroke

before the spark event, while conditions are still considered to be homogeneous.

A mathematical model was set up to predict the engine breathing, compression, and fuel
combustion. A heat transfer model for the thermocouple was also set up to optimise the
appropriate physical parameters (i.e. length and diameter) of the thermocouple. Tests were
conducted on a CFR engine to evaluate the validity of the concept and the initial model. After
initial tests, the method and the model both appeared to be satisfactory, and other

thermocouple probes were designed based on this model.

At the second stage of the project, two unsheathed thermocouple probes with a wire diameter
of 0.2mm were designed to protrude 2mm and 4mm into the cylinder of the engine. Tests were
conducted on the CFR engine while being motored and fired, and at different engine speeds,
compression ratio, and equivalence ratio for the fired engine. Resuits for the 4mm
thermocouple were deemed not useful since the results from the fired engine all had the

minimum thermocouple temperature occurring after the spark ignition had occurred.

It was found that the initial numerical model was inadequate to describe the temperature for the
2mm and the 4mm thermocouple probes, so a boundary layer model to estimate the
temperature profile within the cylinder had to be considered. The boundary layer model was
added to the already existing numerical model. The revised numerical model managed to
describe the temperature in the 2mm thermocouple with acceptable accuracy, but was

inadequate in describing the temperature for the 4mm probe. This was because the formulation
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used to model the velocity profile within the boundary layer described by Foster and Witze
(1987), was inconsistent with the velocity profile modelled for the CFR engine by Hsiao (2006).

From the modelled results an equation that compensated for boundary layer thickness and
conduction to the wall temperature was developed. This modification managed to reproduce
gas temperature for the motored engine to an accuracy of about +40°C, at the CAD of
calculation, when compared to temperatures estimated using an ideal gas calculation. An
attempt to apply the same equation to the fired engine tests was not successful and under-
estimated the gas temperature by as much as 100°C at the CAD of calculation, when

compared to temperature values estimated from a simulation of the measured pressure.

Upon evaluating the findings of this project, and reviewing the literature available, it was
recommended that the use of acoustic methods of measuring the gas temperature would be a
more viable alternative. This was motivated by their well published relative simplicity and

inexpensiveness as compared to alternative laser based methods.
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Chapter 1 : Introduction

1. Introduction

1.1 Project background
Gas temperature measurement in the combustion chamber is a significant aspect of the study

and development of internal combustion engines. Gas temperatures are important in
determining the engine efficiencies, in the formation of exhaust emissions, and in fuels
research. One of the main benefits of being able to measure gas temperature in a combustion
engine accurately is to enable researchers to validate computer models used in the prediction

of the combustion process.

However the transient nature and the absolute magnitude of the gas temperature in the
cylinder of the internal combustion engine makes the measurement difficult. Over the years,
several techniques have been employed to try and determine the actual in-cylinder gas
temperatures. These techniques include direct measurement by means of a thermocouple,
acoustics, and laser-based techniques where the gas temperature would then be inferred, but

they have either shown inconsistency or turned out to be impractical or too expensive.

The research group at the Sasol Advanced Fuels Laboratory needed an inexpensive and
robust technique to measure the gas temperature in an engine. The method proposed in this
thesis involves using a thermocouple to deduce the gas temperature at one instant during the

compression stroke.

1.2 Project objectives
The purpose of this project was to investigate the possibilities of making use of the

thermocouple probe to determine the gas temperature at one instant inside the cylinder of an
internal combustion engine. This was to be done in the region of the combustion chamber
where the thermocouple temperature would not exceed the metallurgical limit of the probe, and

inferring the gas temperature from the reading given by the thermocouple.

* A mathematical model was used to characterise the physical parameters of this probe.

¢ An experimental thermocouple probe was built to ascertain the accuracy and the
precision of this modei.

« Deficiencies in numerical model were identified and the model was reworked to improve
the correlation between the measured and predicted thermocouple temperature under
motoring conditions.

e The measured thermocouple data was used to predict the in-cylinder gas temperature.

1-1
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1.3 Proposed hypothesis
The following method was proposed at the onset of this project as a potential solution.

Create an engine combustion and heat transfer numerical model to predict the gas
temperatures inside the engine, and determine the plausibility of the method and the
physical parameters of the thermocouple.

The proposed thermocouple would have to able to track the gas temperature on a
diminished scale in such a way that the thermocouple temperature would be in decline
during exhaust and inlet strokes, as the gas temperature starts to rise during
compression, an upswing in the thermocouple temperature would occur. The
thermocouple temperature at which this upturn would occur would represent an
equilibrium point where the thermocouple temperature and the gas temperature would
be assumed to be equal. From this assumed equilibrium temperature, the gas
temperature for the rest of the cycle would be calculated using measured pressure
data. Temperatures would then also be calculated back to inlet valve closure
conditions.

For the fired engine, the equilibrium point would have to occur before the spark
occurred. This is because after the spark has occurred and the flame is propagating
through the cylinder, the conditions in the cylinder are no longer homogeneous.

It would be possibly necessary to have the hot junction of the thermocouple as close to
the wall as possible and to have strong thermal contact with the wall, so as to be able to
conduct heat to the wall at high temperatures. This is to prevent the thermocouple from
burning during combustion.

Ideally have the thermocouple thin enough so as to obtain a temperature swing with
sufficient magnitude to enable adequate experimental resolution of the equilibrium
point.

With the thermocouple inserted into the combustion chamber, measurements would be
taken and compared against initial modelling results. The model would then be
reworked to match the actual result. This would be used to calibrate the model for future

use.

1.4 Layout of document
This document is structured as follows:

The following chapter explores literature relevant to this project, focusing on methods used to

measure gas temperature in engines, the use of thermocouples in temperature measurement,

engine modelling, and heat transfer in engines.

1-2
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Chapter 3 follows with the theoretical development of the project, how the engine combustion
and boundary layer models were set up, and the reasoning behind the heat transfer model

used in the project.

Chapter 4 explains how the thermocouples used in the experiment were built and the tests that

were run on the CFR engine.
In Chapter 5 and Chapter 6 the test results and the results from the modelling work are
presented and analysed. This is done with the view of assessing the effectiveness of the

method and the validity of the model.

Based on the resuits, conclusions and recommendations for future work will follow. The

appendices show the details of the models used in the investigation.

1-3



Chapter 2 : Literature Review

2. Literature Review
The measurement of gas temperature and wall temperature of internal combustion engines

and the heat flux to the walls of the cylinder has been explored by many researchers. It was
important and relevant for this project to review previous work done in measuring gas and wall
temperature. A review of the previous use of thermocouples in measuring temperature in a
transient situation, and understanding their limitations is also described in this section. Because
of its particular relevance to this project, heat transfer in internal combustion engines and

conventional heat transfer theories were also reviewed.

2.1 Gas temperature measurement in an Internal Combustion Engine
Measurement of in-cylinder gas temperatures has been an ongoing subject of research in the

field of automotive development. In-cylinder gas temperatures have an effect on the volumetric
efficiency, knock, and NO, formation. Exhaust gas temperatures also affect the oxidation of
hydrocarbons in the exhaust thereby indirectly affecting emissions. Several methods have
been developed for measuring gas temperatures in the cylinders of internal combustion
engines. Several optical techniques have been developed in attempts to measure temperature
non-intrusively along with acoustic methods, most of which have only been successful to a

limited extent.

2.1.1 Cgherent Anti-Stokes Raman Spectroscopy
Coherent Anti-Stokes Raman Spectroscopy (CARS) is a well developed technique for

temperature measurement, and has been used to measure temperature non-intrusively in
internal combustion engines. The CARS technique probes the population distribution of
molecular energy rotational energy levels, which can be used to calculate the temperature.
CARS can be used to measure the temperature of nitrogen and oxygen or mixtures of the two
(Bood et al, 1997). The CARS technique can also provide temperature measurements with a

spatial resolution of 50um (Lucht et al, 1991).

Transient end gas temperature measurement has been done by Bood et al (1997) in a
modified single cylinder engine, where the end gas pocket was produced in a desired location
in the cylinder. Bood et al wanted to measure the temperature of the end gas before the onset
of knocking. Measurements done during the compression of the end gas corresponded with the
calculated values. Single shot measurements done at -42CAD showed a standard deviation of
about 2.5% from the mean due to the statistical laser mode fluctuations inherent in the

measuring technique. This error could amount to about 25K at some locations. Measurements

2-1
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done by Lucht et al (1991} in the thermal boundary layer of an engine using the CARS method
show a scatter of about 10-20K in the core gas.

2.1.2 Emission Absorption Spectroscopy
Emission-absorption has also been used to infer the temperature in internal combustion

engines. Aust et al (1999) used emission-absorption spectroscopy to measure crank angle
resolved temperatures in the combustion chamber of a standard production engine. The
technique involved the use of a chopped laser beam through the combustion chamber via
specially designed optical sensor assemblies. This method involves simuitaneous
measurement of the spectral radiance and spectral absorptance along the line of sight. Both
the radiance and absorptance are dependant on the wavelength, temperature and the species
present in the combustion chamber. In non-equilibrium conditions the measured data would
give an ‘excitation temperature’ which could be around 300K above the actual temperature.
With the gas seeded with potassium, equilibrium temperatures could be measured, and it was
assumed that the amounts of potassium added to the gas had a negligible effect on the
combustion process. Potassium is in thermal equilibrium during combustion and as only atomic

potassium is formed in the burnt zone, actual burnt zone temperatures couid be derived.

Visible spectral emission and spectral absorption signals were recorded alternately with 1°
crank angle resolution yielding combustion temperatures according to Planck’'s and Kirchhoff's

radiation laws.

For steady state conditions, comparisons were made for temperatures derived using a two-
zone thermodynamic model from the pressure readings and temperatures derived from the
spectroscopic method, but this method was not applicable for transient or cold start
temperature measurement, so only the spectroscopic method was used for these cases. The
pressure data measured was of sufficient accuracy but the temperature accuracy was

restricted by certain assumptions.

Temperature from the thermodynamic model agreed well with the temperature for the spectral
method to within about 50K. Deviation from the two methods at times arose because of the fact
that the thermodynamic analysis represented average temperatures of the whole combustion
volume, whereas the spectral method averages the temperature along the line of sight. It was

concluded that the accuracy of the spectroscopic method was of the order of 50K.
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2.1.3 Fiber Optic Heterodyne Interferometry
A fiber optical heterodyne interferometry system has been developed to measure high

resolution temperature histories for unburned and burned gases in combustion chambers non-
intrusively. This method was found to be fairly insensitive to fluctuations caused by mechanical
vibrations. Gas temperatures were measured during the compression stroke of the engine
(Kawahara et al, 2001).

The system’s principles are shown in Figure 2-1. Since the refractive index is affected by the
temperature and gas species concentrations, the gas composition is required to calculate the

temperature.

Unbumed gas mixture
compressed with
the flame propagation

l ~=— Interferometry
| Refractive index |

Gladstone-Dale

Equation l - (Gas composition

ideal gas law =t 1 —~— Pressure

Figure 2-1: Principle of temperature measurement using laser interferometry (Kawahara et al, 2001)

For the temperature calculation it is necessary that the initial pressure and temperature be
known, and then the temperature would be calculated from the pressure and the change in

frequency.

Kawahara et al did tests in a constant volume vessel where propane-air or methane-air
mixtures were used. The inlet pressure and temperature were measured using a mercury
manometer and a J-type thermocouple respectively. A reference signal was kept out of the
combustion chamber while the test signal was passed through the combustion chamber and
the phase shift in the waves was calculated from the resulting difference in frequency beats. It
was shown that the temperature of the unburned gas as measured by the heterodyne was
almost equal to that calculated assuming adiabatic compression of the gas, thus it was

assumed that the compression process was adiabatic for the duration of flame propagation.
Kawahara et al also did tests during the compression stroke of an engine. A homogeneous

fuel/air mixture was stored in a separate tank and inducted into the engine via a pipe through a

valve at the centre of the cylinder axis, so the mixture was inducted with no swirl. Compression

2-3



Chapter 2 : Literature Review

of the gas started at BDC and the initial gas temperature at inlet valve closure was measured
by a resistance wire thermometer, and then calculated using the pressure and the heterodyne
signal. The result of this technique correlated with the temperature calculated assuming the
polytropic compression of air, where the temperature at IVC was measured using a resistance

wire as a thermometer.

2.1.4 Acoustic Thermometry
Acoustic techniques of measuring gas temperature are attractive because of the relative

simplicity and are relatively inexpensive compared to the specialised laser techniques. The
technique also has a potentially faster response compared to thermocouples. The basic
procedure for this technique is as follows: two transducers are placed across the intended
medium at a known distance apart. A signal is sent across this medium and the time of flight is
recorded. The velocity of the sound through a gas is a function of the temperature and
composition so, given a known composition, the temperature can be calculated. The average
temperature is inferred from Equation 2-1. In the case of internal combustion engines, during
the experiment the fuel/air ratio is measured in the exhaust and is used to estimate the gas
composition in the cylinder, uncertainties are introduced by the residual gas mass, which is

unknown (Bauer et al, 1997).

Equation 2-1

c=4yRT

In work done by Bauer et al (1997) on a single cylinder Ricardo MK Il engine crankcase fitted
with a Volvo 4 valve cylinder head, the two transducers were inserted into holes facing each
other across the cylinder. When firing the engine, results were obtained during the
compression part and the early expansion of the engine cycle, low pressure and high
temperature conditions in the later part of the cycle were detrimental to receiving a signal. in
the simulation, the ideal gas law was used, using the mass calculated from the temperature

derived from the sonic velocity of gas and the measured pressure.

During measurement losses occur, which lead to difficulties in signal processing. Transmission
losses and attenuation loses are suffered through the whole process, and these are dependant
on temperature and pressure. In the cylinder the pressure and temperature vary widely thus

causing different conditions for signat processing.

Uncertainties in the measurement also stem from time of flight detection, with the main issue
being the clear identification of the start of sound transmission and the detectors’ response to

the signal. The time when a signal is sent to the sound transducer to the time when a

2-4
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noticeable sound signal is emitted and received is difficult to determine with precision. The
uncertainty introduced by this is iHustrated in Figure 2-2, where a comparisan of the simulated
actual scheme to the ideal situation is shown, Uncertainties in the measurement also stem from
gas compasition uncertainties and gas temperature distribotion. These uncertaintias are much

larger in the burnt region and result in an aggregate uncertainty of about 125K

Planned ! —— zound Sigrl

Scheme i | { ||| 1} .r! ldeal responee E
;M{\ﬂﬂ”ﬁgv il %'ur\ :
SHEALASRALA A

- AAMANAMMAAA

1 E ,‘I ' ||| Acdial rRponse
A

: 2l T retianie

E = - time of 3"5’*-7-"
ligphit

]\ M, % Jl'l hﬂy‘"l[ﬁf .'-,I,'Ifllulfwr:h'lf\v'

trapaducer ¢ harecke riatic

o e

Figure 2-2: Figure showing the uncertainty introduced by transmitter and receiver characteristics

2.1.5 Wavelength-Agile Absorption Spectroscopy
In-cylinder gas temperature measurements have been carred out in an HCCI engine using a

wavelength-agile absorption sensor with a fiber coupled LED. The gas temperature was
inferred fram the HoO absorption features. The absorbance spectra measured from the enging
at a particular crank angle degree iz integrated and compared to a synthetic library of
absorbance features at the measured pressure and similar H:0 mole fraction. Resaarch was
done to get a better understanding of the aperation of the HCCI engine by measuring the
temperature during compression and ignition of the engine. Measurements were dane on a
single cylinder engine which allowed for lubricant-free operation and optical access fo the

cylinder volurmne via opposed guarz windows {Sanders et al. 2003).

Sanders et al conducted their measuraments while the engine was being motored and with two
lean fueliair mixtures. Megsurements were compared with mass average calculated gas

temperatures and Isentropic calculations and they showed an accuracy estimated to be £30K,
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Comment: On consideration of the technigues reviewed, aff fhe fechnigues reported similar
accuracies. Althapgh the CARS method is ahfe {0 provide spatial vanalioes i lemperature, e
offior maethods which measure the tempeorature along the fine of sight, are sufficient i
validating models where an aversge gas temperature 15 adeqguate, In such sitvations the
acoustic fechnigue of measuring lemperaiure 1§ wiaghble because of s simplicily  and
mexpensiianess whon compared fo the specialised lasor fechnmiques, and (s shown not fo

CoOMmprontse acciracy toa seversly i companson to ather technigues.

2.2  Temperature measurement using thermocoupies
When measdring temperature in a flowing fluid environment, the sensor has to be in thermal

contact with the fluid being measured. When there is no heat transfer the system is said to be
in thermal eguilibrium and the sensor tempearature and gas temperature are equal. In reality, if
the sensor is immersed in the medium it is measunng, the sensor temperature and the gas
temperature will not be perfectly equal because of conduction along the length of the sensor to

ar from the wall of the vessel where itis thermally connected {Cessac, 20013).

2.2 1 Heat Flux probes
Thermocpuples are used for heat flux measurements in industrial applications. Thin film

thermocouple sensore are usually used to obtain transient temperature measurements for
different cperations. Fast response from thermocoouples is achieved when a thin junction s
formed between the two thermocouple metals. Ishii et al (20000 measured the transient wall
ternperature in an intermal combustion engine successfully using thin film thermocouples, and
then conducted numerical analysis on the acquired values Sanderson and Sturtevant (2002)
mention that one way to create g thin film sensor is to use abrasion on the exposed part of the
sensor o create a burr across the small gap. Thig guarantees a thin jungtion, although the

method involves very fine tolerances,

222 Flowing nas temperature measurement
Measurement of gas temperature in a flowing environment using thermocouples where fast

responge and the effect of the surrounding environment has to ke minimal, has been
undertaken by Enomoto et al (1897) Enomoto et al were trying to measure the temperature of
the input charge of an internal combuwstion engine weing ultra thin thermacouples mounted in
the inlet gas stream at the inlet valve, just in front of the combustion chamber, as shown in
Figure 2-3.
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Vigure 2-3: Vigure showing the uliea thin thermoenuple vsed o measare intake gas femperalures

Thig particular method was used in an attempt to negate the effect of heat conduction from the
valve to the thermocouple, and the heat capacity of the thermocouple. However, it was
realised that the sensor still had a tme constant of about 21-29ms due to the therme-physical

properties of the thermocouple and the intake gas.

Thermocouples have also been used to measure an instantaneous gas temperature in the
exhaust stream of a spark ignition engine. Kar et al (2004} developed a compensation
technigue to estimate a bme constant to account for the slow dynamic response of the
thermocouple, and thus reconstruct the transient temperature being measured. This technigue
was developed with limited success by Kar et al showing a difference of only 30K an
compared results. In principle, this is not far removed from the hypothesis underlying the
present research. however the method used by Kar et al would not be applicable to this project

as it was assumed that conduction heat transfer was neagligible.

223 Measuring the wall temperature of an Internat Combustion Engine
& methed of measuring the wall temperature by imbedding a thermocouple within the wall of

the engine and keeping the hot junchion as close to the surface as passible was also devised
by Enomoto et al. Figure 2-4 shows how these junctions were created. This method was
successful in measuring wall temperatures and Enomoto et al noticed that the wall temperature
did not vary greatly during the engine cycle, so a constant value for wall temperature was

assumed.
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Comment: The use of thermmocaumes (s g simple and wel understood way of measuing
lernperatiures. Howevor, mcasdroment of transiont temperatures using thermocauples has
boon shown to fag. duc to the physical properiies of the priobe, and this is expecled o parsest
thiz project. However the fack of leraiure regarding the proposcd mothod for this project loft an
opporiunity for wwvestigation. Since the proposced fochnigue only captires the temperature af

onc instant dunng the cycle, a mode! to simulate the rest of the cycle has to be creatod

2.3 Engine modelling

231 Combustion ocyele modelling

Combustion maodels have been developed by many researchers and have besh used to predict
the conditions within the eylinder of an internal combustion enging. The combusticn medels
tnake use of general thermodynamic pnnciples to caloulate the pressure and temperature at
the corresponding CAD. #Models are usually based on the firet law of thermodynamizs, and the
conservation of mass. while maintaining chemical equilibrium of all the species involved.
Continuous development of combustion models has led to different types of medels being
developed. These range from the very simple single zone models wherg combustion is
assumed to be instantaneous and all combustion reactants are consumed at the start of
combustion to kwo-zone models and three-zone models where combustion takes a finite time to

QCUT.

Two-zone models which describe the combustion process more realistically than the single
zone model are 2 more common descriptor for engine research applications. In this type of
model the cylinder volume is separated into two zones, the unburned zone which contains the
reactants and the burmed zone which ¢entains the combustion products. In this type of model

the flame is assumed to propagate from the spark creating a burnad region that grows from the
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spark towards the rest of the cylinder as shown in Figurge 2-5. In this type of model the
combustion efficiency is often assumed to be 100%, and the mass fraction burned is described

by an empirically determined descriptor.

Rpark g
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|h figtne
propaaation
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Fnongp
//"

flame

fixint pisiun

Figure 2-5: Simple tvwo zonée vodel showing Wone front propagating (oward the wall

The rate at which the fualiair mixture bums increases from a low value iImmediately after the
spark to a maximum value approximately halfway through the burn duration then reduces to
zero at the end of the combustion process. The burn duration can be described in two almost
distinct phases; the flame developmeant phase and the rapid burn phase, this is shown in Figure
2-6. The flame development angle is described as the period after spark is discharged until
significant cylinder mass has been burned, this is typically betweesn 5-10%. The rapid burn
angle is the penod whare the bulk of the charge burns, from the flame development stage to
the end of the combustion process {Heywoad, 1988). In this formulation a mass and energy

balance is maintained between the unburned and burned zones.
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Figure 2-6: Curve describing the Hame development angle and rapid burn angle versus crank angle degree

Three-zane models describe processes in an enging in more detail than the other types of
madelling. They consist of an unburned region, 2 burned region and a boundary layer region
close to the cylinder walls where combustion does not take place completely. The thermal

boundary layer is believed to be responsible for the formation of hydrocarbon emissions from

29
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the engine because it guenches the flame as it approaches the cylinder walls. Work done by
Fiveland and Assanis (2007) predict that for certain cases as much as 15% of fuel mass may

be potentially gquenched by the boundary layer. A simple model of this is shown in Figure 2-7.

frurned unburned
Zone eIl
weall
/‘/ therrnal
flarme front boundary
layer
piston

Figure 2-7: A simplified three zane model, showing a vertical flame front propagating jewards the wall

2.4 Boundary layer modelling
Several models have been developed to predict heat flux using eenventional oundary layer

theory. and there has been a clear indication that gas motion and pressure changs are the

dominant parameters which influence the boundary layer termperature distribution.

Research shows that there are isotherms parallel to the cylinder wall, but this profile is distorted
at the piston/eylinder wall and cylinder walithead intersections. Therefare, in modelling the
thermal boundary layer, the cylinder is generally separated inte different sub-modes and the
geometric centres are represented by nodes, whers the termperature, density, composition and
other properties are assumed to be constant within that mass (Jenkin et al. 1996a) Figure 2-3

depicts this method,

&
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Figure 2-8: Mass inside a cylinder is broken inle discrete masses (Jenkin et al, 19%ha)

Figure 2-9 shows the profile in the velocity and thermal boundary layers. It is apparent from the

picture that the thermal boundary layer exlends beyond the influence of the velacity boundary
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layer. Between the outer "constant” eddy conductivity region and the near wall laminar region is
a transiticn region roughly corresponding to the overlap of the velocity and thermal boundary
layers {Jenkin et al, 1996a), (Foster and Witze. 1987,

U b

nz
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Tampedahie (K)
igan oty (mis)

o L1 8] 1 1.5 =
Mvatars e § rom w ak G

Figure 2-9: The temperature profile and the velocity profile in the boundary laver (lenkin et al, 19%60a)

241 Thermal boundary layer
& thermal boundary is known to exist at the walls of internal combustion engines. Research

has shown that the thermal boundary layer affects the heat transfer to the walls of the engine
[Jenkin et al. 19968k Measurements have been done to determine the effect of boundary
layers on the heat transfer by Lucht et al (1991). These effects have been modelled by Jenkin
et al (19960) and Lawton (1987) and have shown that heat transfer in the engine is closely

related to the bouhdary layer profile.

The thickness of the thermal boundary layer has been measured by Lyford-Pike and Heywood
[(1984) and the results are illustrated in Figure 2-10. They found that the boundary layer
thickness decreases during the intake stroke, and Increases steadily during compression and
expansion. it then stops growing and becomes unstable during the exhaust process, separating
from the wall and interacting with the bulk gas leaving the chamber.
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Figure 2-10: Thermal bowndary laver thickness measured in che clearance volume

242 Velocity boundary layer
Yelocity measuremsnts in a cylinder have been carried ocut and it has heen estaklished that a

momentum koundary layer axists on the walls, "Howewver, there s good evidence to suggest
that conventional. fully developed turbulent boundary layer theary is not applicable to engine
type flows primarnly due to the high turbulence intensities in the "free stream” core bulk flow”
iJenkin et al. 1888a, page &)

Research by Foster and Witze (1987) shows that the velocity profile in the boundary layer in a
low swirl and high swirl internal combustion can be approximated by the Elasius boundary layer

function and the seventh power law which is generally used in turbulent boundary layers.

it has also been shown that the velocity boundary layer iz much smaller than the thermal
boundary layer and the thickness of the velocity boundary layer is generally progortional to the
thickness of the thermal boundary layer, This propoertianality 13 governed by the Prandlt number
of the flowing fluid (Arpaci and Larsen, 1984).

Comment; For the requiremments of this project a bwo-zone mode! wonld be sufficient fo
describe the engiie cycle. Although the three-zone model 15 sard to be more accurate than the
twa-Zone modeal it was ol necessary for Mus project fo estimale the hydrocarbaons in the
bBoundary layer. It was however hecessary for this project to be able lo eslimate a lemperalure

profife and a velocity profife in the boundary faver for the heat transfer calculation,

2.5 Heat transfer in Sl engines
Heat transfer in internal combustion engines has been the subject of several previcus studies.

Thaough there have been many measurements of heat flux in internal combustion engines,
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Annand and Woschni published formulas for estimating the heat transfer, which are widely

used.

2.5.1 Heat transfer in the cylinder of a S| engine
Annand’s and Woschni’'s formulation of estimating convective heat transfer from the gas to the

walls of internal combustion engines are the most commonly used when predicting heat
transfer. These formulations are averaged over the volume of the cylinder, and the heat
transfer coefficients and other gas properties are calculated at average gas cylinder

temperature.

The Nusselt number for both formulations is formulated for varying engine designs and charge

motion (Heywood, 1988).

Annand and Woschni produced quasi-steady state heat transfer equations and ignored the non
steady effects produced by the boundary layer. However research has shown that heat
transfer is at times in the opposite direction as to what logic would suggest due to boundary
layer effects (Lawton, 1987).

252 Heat transfer during charge induction
The intake process is characterised by three distinct flow phases: overlap backflow, which

occurs when cylinder pressure is higher than intake manifold pressure at the end of expansion;
forward flow, which occurs when the piston is moving downwards drawing air into the cylinder;
and displacement backflow, when the intake valve is still open and the piston is pushing the air

out, which occurs mainly at low speeds.

Work has been done to determine the heat transfer in the intake manifold of a spark ignition
engine by Bauer et al (1996). The work involved single cylinder engines with similar
geometries; where in one engine the intake gas temperature was measured using a fast
response thin wire resistance thermometer placed at five locations along the manifold, and
these were compared to CFD calculations done for the engine. It is argued that while the

engines are different, the similarities served the purpose of a more qualitative understanding.

Results shown in Figure 2-11 show the presence of residual burnt gas soon after overlap
backflow, and Figure 2-12 shows that close to the cylinder there is a rise in gas temperature in
the intake manifold due heat transfer to the gas from the engine walls. Figure 2-12 suggests
that the gas which is displaced into the intake manifold towards the end of the intake stroke is

much hotter than the ambient temperature.
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Figure 2-11: End of valve overlap backflow, comparison of experimental and predicted gas temperatures.
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Figure 2-12: End of displacement backflow, comparison of experimental and predicted gas temperatures.

Figure 2-13 shows the temperature in the inlet manifold during the forward flow. There is a
temperature rise as the gas approaches the cylinder, which might be due to the presence of
residual gas or heat transfer. These effects were separated by raising the inlet gas temperature
to the wall temperature thus reducing heat transfer. The effect of this is shown in Figure 2-14.

There is still a temperature rise in the gas, which is probably due to the continuing presence of
burnt residual gas.
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Figure 2-13: Experiment using ambient air as charge gas, forward flow CA 530, fresh gas temperature 30°
C, coolant temperature 75° C, 1500 rpm / 0.6 bar.
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Figure 2-14: Experiment using preheated air as charge gas, forward flow 530° CA, fresh gas temperature
70° C, coolant temperature 75° C, 1500 rpm/0.6 bar.

The gas temperature measurements confirmed the penetration depth of the residual gas
backflow of about 15cm, obtained from the CFD and the experiment. The rise of the inlet gas
temperature in the manifold even when the initial temperature was raised showed the

continuing presence of the burnt gas during forward flow.

The paper by Bauer et al did not seem to account for any radiation heat transfer from the
manifold walls and the inlet valve. The possibility of the temperature of the thermocouple rising
due to the stagnation of air on the thermocouple probe has also been ignored. The conversion
of kinetic energy to heat energy at an assumed static temperature of 300K and inlet gas
velocities of 300m/s gives rise to temperature increases of approximately 45K. This could have

been significant in the measurements.
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3. Theoretical Development
It was of paramount importance to this project to be able to numerically model the complete

engine cycle and heat transfer to and from the thermocouple, both for the purposes of initial
design and verification of the method. This section contains the basic formulation of a complete
engine cycie model, including a boundary layer model since it was found that the thermocouple
was mostly in the boundary layer, and the heat transfer model used to predict the temperature

of the thermocouple during the full engine cycle.

3.1 Engine modelling
The mainstay of this project was centred on the ability to empirically and mathematically

reproduce the pressure traces measured from the engine using a simple model. Although this
was possible to a certain extent, the model had several known drawbacks because of some

assumptions used to idealise the formulation for the purposes of simple computation.

3.1.1 Combustion thermodynamics and chemistry
In an ideal four stroke spark ignition engine the fuel/air mixture is compressed by the piston to

a higher temperature and pressure. The mixture is then ignited by a spark and the combustion
causes the pressure and temperature to rise and force the piston downwards. The combustion
products leave the cylinder and fresh charge is inducted for the start of another cycle. An
overall energy balance is maintained in the cylinder according to the first law of

thermodynamics.

Equation 3-1
AQ - AW = AU

An ideal complete combustion of general hydrocarbon fuel with air under stoichiometric

conditions is shown in Equation 3-2.

Equation 3-2
C.H, + (x + %)(O2 +3.773N,) - xCO, +§H2() + 3.773(x + %)Nz

The nitrogen in the air is assumed to be inert during the reaction, because when products are

at low temperatures it is not affected by the reaction. (Heywood 1988)

Due to the high in pressure and temperature in the cylinder some equilibrium reactions will take

place, namely CO2 dissociation and the water gas shift reaction which gives rise to the
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farmatian of GO and H2 within the products of the reaction. This is shown in Equation 3-3 and

Equation 3-4.

Equation 3-3

() €5 (‘{}—ér}:

Equation 3-4

COL+H, O+ H.0

Due to the presence of residual exhaust gas in the cylinder at the end of the exhaust stroke
mixing with the fresh fuelair midure being inducted into the cylinder, Equation 3-2 will change
form with some of the gas species in the exhaust gas forming part of the reactants of the

equation. Equation 3-Z then becomes:

Equation 3-5
C.H, 4 a4 BN, v el,O+dIT, +eCO, + JCO — gCO, = WILOFIN, + JCO 1 KO, 1 H,

The molar concentrations in Equation 3-5 are dependant on the type of fuel and the operating

conditions of the engine.

3.1.2 Mass fraction burned- functional descriptor
tdass fraction burned x, 15 determined from the analysis of the measured pressure obtained

from the experimental data. W has keen shown that the mass fraction burned has a
characterislic S-shape curve with respect to crank angle degree. Mass fraction burned is

defined by Equation 3-B.
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Figare 3-1: Analvsis of pressoree dara to determine mass fraction bnrned

Equatinn 3-i
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In this work a Wiebe function shown in Equation 3-7, has been used to describe the generic

mass fraction burned (Heywood, 1988):

Equation 3-7

x, =l—exp|—a 6-9, "
b p AG,

Where a and m are variables obtained by fitting the calculated pressure profile to the

experimental data.

3.1.3 Engine breathing
The gas exchange process was modelled as a quasi-steady process, where all flow was

assumed to be incompressible, and the gas was assumed to obey the ideal gas law.
Exhaust manifold pressure was assumed to be constant throughout the exhaust process.

The slight pressure drop which occurs in the inlet manifold pressure was dependant on the
resistance elements in the system, the cross-sectional area in which the gas travels, and the
inlet density. The pressure drop in the inlet manifold is governed by the geometry of the
manifold and the inlet conditions and is shown in Equation 3-8. The inlet manifold temperature
was assumed to be constant during the induction process. The formulation of Equation 3-8 is

shown in the Appendix A-2.

Equation 3-8
4FL
= Ikl R 2
APmun (KIH + D ) Aplﬂﬂllvﬂﬂlﬂ

3.2 Boundary layer theory and modelling

3.2.1 Thermal boundary layer
The thermal boundary layer is defined as the layer of fluid adjacent to a heated or cooled

surface where significant temperature gradients are present in the fluid between the free fluid

temperature and wall surface temperature. (Holman, 2002)

Modelling of the thermal boundary layer in a motored engine has been described by Lawton
(1987) in a study to show how the compression and expansion of gas in a cylinder of an
internal combustion engine affects the instantaneous heat transfer rates. Lawton showed that

the heat flux flowed from the gas to the cylinder walls and this condition could persist even
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when the bulk gas temperature was lower than the wall temperature. Similarly the gas lost heat
to the wall even when the bulk gas temperature was higher than that of the cylinder walls at the
time. Lawton used the conservation of energy in the form shown in Equation 3-9 to determine

the effects of compression and expansion on heat transfer.

Equation 3-9

2
T _ Tyl
ot Ox Voot

Lawton subsequently deduced that the temperature in parts of the boundary layer could be
higher than the bulk gas temperature due to the initial temperature profile before compression,
and visa-versa during expansion, as illustrated in Figure 3-2. Lawton’s work showed that during
expansion a distinct cool region is formed just adjacent to the wall even when the bulk gas
temperature is much higher than the wall temperature, leading to an S-shaped temperature

distribution. A numerical solution of Equation 3-9 by Lawton is provided in the Appendix A-3.
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Figure 3-2: Figure showing the effect of compression on the temperature profile in the boundary layer of a
SI engine during compression

Thermal boundary layers in firing spark ignition engines have been measured by Lyford-Pike
and Heywood (1984). They found the thickness of the thermal boundary layer to be around
2mm — 3mm at times and could contain about 20 — 30% of the charge mass during
combustion. They stated that the thermal boundary layer thickness was dependant on the
thermal diffusivity of the gas and the time needed for the boundary layer to develop. They
developed an expression which related the boundary layer thickness to the Reynolds number,
which agreed well with the data they had gathered from their measured results. (See Equation
3-10, Equation 3-11 and Equation 3-12)

Equation 3-10
5, =0.6Re" Jau
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Where:

o, = thermal boundary layer thickness
a = thermal diffusivity

t = time measured from TDC

The Reynolds number was calculated as:

Equation 3-11
X
Re = Xy
7

Where p, v, 4 are the gas density, velocity and viscosity respectively. All gas properties were
assumed to be constant through the cylinder volume. It was also assumed that the gas velocity
had a linear relationship with the piston velocity with respect to the piston position, defined by

Equation 3-12:

Equation 3-12

X
v=v, -
x

Where

v = gas velocity

Vp = piston velocity

X = distance between piston head and cylinder head

X = distance at which boundary layer thickness is calculated from cylinder head

The validity of the Lyford-Pike and Heywood formulation was limited to conditions when the
distance x, was greater than two-thirds the clearance height. From Equation 3-10 it follows that
the thermal boundary layer would approach zero at TDC as the mixture is burning, and should
thicken during the expansion stroke because of the downward motion of the piston creating a

downward axial velocity.

3.2.2 Momentum boundary layer
Jenkin et al (1996a) noted that the thermal boundary layer away from the cylinder wall is

outside the influence of the velocity boundary layer, suggesting that the velocity boundary layer

is smaller than the thermal boundary layer. This is not surprising since conventional boundary
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theory over flat plates indicates that the thickness ratio between the velocity and the thermal
boundary layer is:

o
— = Pr”

,

The limit of this ratio is approximately 1 for gases. (Aparci and Larsen, 1984)

Foster and Witze (1987) measured the velocity close to the wall of a combustion chamber in a
motored engine, and concluded that the velocity profile in a high swirl engine approaches a
typical turbulent 1/7" power law. Hall and Bracco (1986) also measured velocity in the cylinder
of a Sl engine and found that, prior to combustion, the bulk velocities in a fired cycle closely
follow those from a motored cycle but deviate from this at the onset of combustion, and return
to the motored cycle values during expansion. Average gas velocities in the cylinder are

discussed in chapter 3.3.3.

3.3 Heat transfer modelling along the length of the thermocouple
Empirical heat transfer modelling is based on classical steady-state and unsteady-state heat

transfer formulations. The values of the variables used in this section were determined from the

data gathered from test results.

3.3.1 Steady state heat transfer
Conduction heat transfer

When a temperature gradient exists within a body, energy transfer by conduction occurs within
the body from the region of high temperature to the region with a lower temperature, and the

rate of energy transfer per unit area is proportional to the temperature gradient.

qocaT

A o
The rate of heat conduction is defined as k, the thermal conductivity in Fourier's equation for

heat conduction.

Equation 3-13

oT
=—kA—
1 ox
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Convection heat transfer

Convection heat transfer is the diffusion of heat energy in a moving deformable medium.
Convection heat transfer per unit time is expressed in terms of a heat transfer coefficient h,

according to Newton’s law of cooling. This is shown in Equation 3-14

Equation 3-14
q=hA(T, -T,)

3.3.2 Unsteady state heat transfer
When a solid body such as a thermocouple probe is subjected to a sudden change of

environment, some time will elapse before a state of equilibrium is achieved. Research in this
project made use of the lumped heat capacity method to calculate transient heat conduction.
The lumped heat capacity method assumes that the internal heat transfer resistance of the
body is small compared to the external resistance, so temperature gradients within the body

can be ignored. So heat loss or gain is governed by the change in the body’s internal energy.

Equation 3-15
ar

=mC —
1 " dt

3.3.3 Heat transfer through the thermocoupie
It is shown in chapter 2.2 that thermocouples have a slow response to the transient

environment in a cylinder of an S| engine. A model was developed to estimate the change of
temperature of the thermocouple throughout the engine cycle, taking into account the effect of
the heat conduction to the wall of the cylinder, and the convection from the flowing gas in the
cylinder to the change in thermocouple temperature. The model assumed one dimensional

conduction along the length of the thermocouple.

The numerical model used in the project for estimating the heat transfer along the
thermocouple was based on classical steady state heat transfer and local lumped heat capacity
theory. The thermocouple was analysed in small elements as shown in Figure 3-3 and the
basic formula used to calculate heat transfer in each of the elements is shown in Equation
3-16.

Equation 3-16 caters for convection and conduction into and out of the element, and an

unsteady term that caters for the transient environment within the cylinder.
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-1 i i+l

Figure 3-3: Picture of thermocouple elements

Equation 3-16

T-T T -T
hA (T, ~T)— k4, ’Ax’”—kAc ‘Ax _me T

" dt

The convection coefficient, h in Equation 3-16 was calculated using the Nusselt number
empirically modelled for a situation with a cylinder and gas flowing across it. The relationship

between the Nusselt number and the convection coefficient is:

Equation 3-17

Nu:M

kf

Holman (1997)
Where the Nusselt number is calculated from:
Equation 3-18

Nu = (a +b-Re )Pr"

Where a to d are variables which are inferred for different situations.

Equation 3-19
pvd
Hy

Re

The Reynolds number ‘Re’ for each element is calculated using gas properties at the film

temperature (subscript f) which are assumed to be constant for the element.

The velocity values, v used in the calculation of the Reynolds number were modelled by Hsiao
(2006). Using CFD to provide ensemble averaged velocities in the CFR engine. This analysis
was undertaken for the intake and compression strokes across the cross-section of interest to
this particular project, in the clearance volume. High velocities were generated during the
intake stroke, reaching a maximum value and steadily declining due to piston motion and falling
even further during the compression stroke as shown in Figure 3-4. Hsiao showed that the

average gas velocity across the cross section increases with compression ratio.
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velocity (nVs)
o

0 100 200 300 400 500 600
CAD

Figure 3-4: Gas velocity inside the cylinder as modelled by Hsiao (2006)

The general shape of the velocity profile and the velocity values could be confirmed by typical
values available from measurements by other researchers. Heywood (1988) showed that the
velocity through the inlet valve is proportional to the piston speed, and thus the in-cylinder
velocities could be scaled using the mean piston speed. Figure 3-5 below shows ensemble-
average mean velocities normalised using the average piston speeds, measured in the path of
the intake flow that were presented by Heywood (1988). All the curves follow approximately the
same shape and magnitude, supporting the decision to use this method to estimate average

gas velocities at other engine speeds.

50 4(X)
40
8O0 rev/min
30 2 L
7
3 =g 0]
400
10 R SO0t
° T
-10 —
0 180 160 540 720

intake Compression Expansion Exhaust

Crank angle, deg

Figure 3-5: Mean velocity profiles normalised by mean piston speed, for different engine speeds
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4. Experimental Procedure
Experiments for this groject were conducted using a single cylinder CFR (Co-Operative Fuel

Fessarch) engine This section describes the structure and manufacture of the thermocouples
used for experiments, and the setup of the engine while doing the experiments. The different

sets of data recorded and method of analysis are also described,

4.1 Thermocouple and engine setup
The numerical model developed was used to select an appropriate diameter and length of

thermaocouple. An unsheathed K-type thermocouple was used in this project.

4.1.1 Manufacture of Thernmocouple
Initially a sheathed thermocouple was purchased The tip of the stainless steel sheath was cut

away to expose the thermocouple wires. The exposed wires were then cut to the desired length
out of the sheath and welded together. After welding, the blob formed by the fusion of the
thermocouple wires had to be ground away until it was approximately the same thickness as
the thermocouple wire. This was done to reduce the mass of the hot junction and allow for

modelling simplicity.

sheaih is cul of tn 9 heluekoy g Blok 1< Ted
=S Tarmed by fasirg Ay I e duce
themazauple & ras the wires fegethar Sty

3 junzhom

srizhed
themnccug e
Iz agouire:

Figure 4-1: Figure showing how the thermocouple junctinn was formed

One of the finished thermocouples 1s shown in Figure 4-2.
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Figure 4-2; Pictore showiog g magnitied imaze of the 2oiom loog, vosheat hed thermaeouple

The exposed thermocouple was fitted inte a holder that was specially designed to fit into the
spark plug hole of the CFR engine. while housing the thermocouple. The thermocouple was
silver soldered to the holder to ensure good thermal contact between the cylinder wall and the
thermocouple. The thermocouple was soldered in such a way that the edge of the cut-away
sheath was flush with the holdear, in the hale marked 'A’ in Figure 4-3, thereby exposing the full

length of the thermocouple wires to the flowing in-cylinder gases.

Figure 4-3: Image of thermocouple holder

The wall temperature was medsured using a second thermocouple embedded in the
thermocouple holder in close proximity to the thermocouple which was attempting to measura
the gas termperature. The second thermocouple was fitted in the hole marked ‘B in Figure 4-3.
This was done 0 a tid 1o ensure that the wall temperature values uszed in the model were as
close to reality as possible. The method used in embedding the thermocouple, while £nsuring
that the thermocouple junction was as close to the surface as possible. was the same

technique used by Enometo et al {1997, shown in Figure 2-4 Wall temperature fluctuations
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were discounted for medelling work because they were considered to be negligible, so wall

temperature was assumed to be constant throughout the cycle.

An image of the final thermocouple assembly 15 shown in Figure 4-4 below.

& ocoLple
embedded in

Figure 4-4: Image of thermocouple i holder, alsa showing postton ol the thermocomple embedded in hoelder

412 Setupon CER engine
The thermocouple holder was located in one of the spark plug holes on the side of the engine

in the clearance volume. The spark plug was moved to the top of the engine and fitted in the
aperturz where the knock sensor would nermally be fitted The engine was also equipped with
a crank-angle encoder. A laminar flow meter was fitted in front of the intake manifold to
measure mass of the air inducted into the engine cylinder. A National lnstruments NI DAQ
card was used to capture all the signals from the different transducers simultaneously and
assigning them to the appropriate crank-angle degree. All the signals were read via a computer
interface in Mational Instruments LabyIEW™ and then convered to spreadshest format for

analysis.

4.2 Experiments on the CFR engine
Experiments for this project were conducted on the CFR engine while motoring and firing.

Basic dimensions of the CFR engine are shown in Table 4-1 Motored tests were conducted for
the purposes of calibrating the medel, and the data acquisition for processing the data from the

fired engine cycles.
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Table 4-1: Basic dimensions of single cylinder CFR engine

Item Value

Bore (mm) 82.55
Stroke (mm) 141.3
Compression ratio variable
Engine speed variable
IVO (CAD) -350

IVC (CAD) -146
EVO (CAD) 140

EVC (CAD) -345

Measurements were done on the CFR to acquire all data needed to enable full analysis of the
measured temperature in the thermocouple. Besides the temperature of the thermocouple in
the gas stream being recorded, the cylinder pressure, wall temperature and equivalence ratio
in the case of fired engine cycles were recorded. The temperature, the absolute pressure, and

the differential pressure at the laminar flow meter were also recorded.

421 Motored tests
Motored tests were run for the different protrusion lengths of thermocouples at different test

conditions, with varying engine speed, compression ratio. Mass intake into the engine was
calculated using the differential pressure measured across the laminar flow meter at the inlet
manifold of the engine. The density of the air passing through the laminar flow meter was

calculated from the measured gas temperature and the measured absolute pressure.

Table 4-2 shows the range of conditions at which the tests were run.

Table 4-2: Engine conditions when the engine is being motored

Engine speed Compression Ratio Induction pressure
rpm - Bar
300 - 900 55-70 ~1.0 (atmospheric pressure)

A linear relationship exists between the differential pressure across the laminar flow meter and
the volume flow rate through it. Due to the nature of the flow dynamics in the inlet manifoid of
the engine the drop in pressure across the laminar flow meter lagged the inlet stroke. This
phenomenon is shown in Figure 4-5. In light of the transient characteristics of the pressure
drop, it was reduced to its mean value over the complete engine cycle and the volume flow rate

and mass flow rate were calculated as follows.
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‘ -0.32 : s
—4ED -300 =200 -0 i 1041 200 300 400

detta P (kPa)

Fignre 4-5: INflerential pressure theough the inlet manifold

Vo~ aAf~h m*/s

-V, kafs

where:

= kg/m?®
i

m=n-AN kg

4t is the time peniod which the inlet valve is open.

The equaticns above show the simple calculation of the mass inducted inte the cylinder of the

engine.

The measured pressure values from the motored engine cycle were modelled and verified
ugsing the technigue described in chapter 3.1. Comparison of a typical measured pressure trace

to a modelled trace fram a metored engine cycle is shown in Figure 4-8.

Verification of the set compregsion ratio and locating the actual TR point in the acquired data
was done by calculating the instantaneous polytropic coefficient. For fresh air. as is the case
with the motared engine the polytropic coefficient for isentropic compression was expected to

be approximately 1.4 The polytropic coefficient k, was calculated using Equation 4-1.
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Figure 4-6: Comparison of measared and modeled motored pressure at &libkepm and compression ratio 6.0

Equation 4-1

)

o %)

& result of the ensuing catculation is shown is Figure 4-7. The figure shows the polytropic
coefficient approaching the ideal value of 1.4 at approximately -50 CAD and again at +50 CAD,
In the wvicinity of TRC the polytropic coefiicient has an asymptotic behaviour with the value
gaing towards *>=. as momentary constant temperature, constant pressure and constant

volume conditions are encountered successively approaching 10T,

— = — %5
— OrESELTE

—— palytiopic coell| 4

preersurs (bord

Figure 4-7: Trace showing 2 calculated value of the polytropic coefficient
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Temperature wvalues recorded frem the measurement of the gas temperature initially
experienced some signal noise, but this was remedied by passing the raw signal through a low-
pass filter. and applying a smoothing function to the acquired data. Two types of averaging
functions were used for smoothing the recorded data; the rectangular average, which replaces
each point in the signal with the average of the adjacent points, and the triangular average,
which is a weighted smoothing function. Figure 4-8 shows 3@ typical temperature trace of the

thermocouple in a matored engineg, with the smoothing function applied over it

g.oca s g GE

- bk

averags

fehegrCy

- A— . FiE— —
-4 -3A00 -200 100 0 10 F00 300 400

CAD

Figure 4-8: Measored temperature trace wilh aod avera2ing Tuoelion oo it

422 Fired tests
Tests were conducted on the CFR engine using 95 Octane unleaded petrol from the market.

Fired tests were run an the engine for varying engine speeds. comprassion ratios and airfuel
ratios. There were some limiting factors as te which test could be run and these associgted

with the Iean burn limits. and turbulence at low engine speeds.

Table 4-3: Engine setup conditions when firing, the engine

Engine speed | Compression Ratio  Induction pressure Fuel type | A _I Spark timing
el - : bar - - k | - ! CAD
J00 - 900 R -1.4 | 85 unjeaded [ 10-1.2 : 134BTDC

Moaost of the tests were run with fueliair mixtures leaner than stoichiometric in a bid tg try and
reduce the average temperatures of the gas cylinder. This was dong in the hops of reducing
the overall heat transfer to the thermecouple and thus achisving @ minimum thermocouple

temperature before the spark.

An ideal gas law was not assumed when modelling the fired engine, Because of the gas

composition, the polytropic coefficient and the gas constant could not be assumed to be
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constant. Thus the model descrbed in chapter 3.1 was used to simulate combustion, using
measured values of volumetric efficiency and wall temperature the modelled pressure would be
compared to the measured pressure trace. This is shown in Figure 4-8. The temperature

values were alzo calculated using the same model.

— test
rmodel

(e

-0 - GO -2 1040 i¥ R 200 pejala] 40HD
C AL

Fieure 4-9: Simulation of (st pressure done af f00rpm, compression ratio 5.5 and Tamda value 1,20

4.3 Meodelling engine cycle and heat transfer to thermocouple
Modelling the engine cycle for the analysis of results was bazed on the measured cylinder

pressure and the measured mass inducted into the engine with an estimate of the residual gas
mass. These were used to estimate an average gas temperature for the compression and the
expansion strokes using the deal gas law. An example of this method applied to a motored

eycla is shown in Figure 4-10.
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Figure 4-1ik: Trace showing measured cvlinder pressure and temperature caleulated psing the ideal gas law
lor a molored crigineg
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As can be seen in Figure 4-10 the values of pressure and temperature at EVO are about 50°C
lower than the starting values at IVC. This is due to heat loss occurring during compression

and expansion cycles.

The conditions at EVO were used as the starting conditions for the breathing cycle. The quasi-
steady model described in chapter 3.1.3 was used to model the breathing cycle. The piezo-
electric pressure transducer used for this work tended to drift when changes in pressure were
small. This was remedied by conditioning the transducer in an oven for 24 hours to remove any
moisture that might have been altering the charge signal. Several iterations of the model were
run until the conditions at IVO produced by the mode! matched those from the measured
pressure signal. From this, a value of residual gas mass was estimated and was used for

calculations.

Once a bulk cylinder gas temperature was calculated a temperature profile for the thermal
boundary fayer could be modelled. Heat transfer along the length of the thermocouple was
iterated until a state of equilibrium was attained by the model over the full engine cycle. The
thermophysical properties of the thermocouple material used were found in a publication by
Sundqvist (1992), who did research on the thermal conductivity and diffusivity of the Chromel
and Alumel in the temperature range of interest in this project. The result produced by the
model was compared to the measured temperature profile to ascertain the accuracy of the heat

transfer model.
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5. Results

This section presents the results obtained during the testing phase of this project. Results are
presented from the leng thermocouple in the bulk gas of the cylinder, and both the 2mm and
the 4mm thermocouples in the thermal boundary layer. These selected results show the trends
of the thermocouple and the effect of changing parameters such as engine speed,
compression ratio and thermocouple length. The measured results were compared to the
estimated bulk gas temperatures to assess the accuracy and validity of the measuring

technique.

51 Engine test results in the hulk gas
Fesults measured from the bulk gas of the cylinder are shown in the following graphs.

Temperature measurements in the bulk gas stream were done with thicker thermocouple wires.

and with varying protruding lengths,

The results of the longer thermaocouple exceeding 20mm were not affected significantly by the
langth of the thermocouple, a difference of approximately 4 degrees is shown from a protrusion
length of 20mm to 30mm, and the swing of the thermocouple temperature is almost identical at
approximately 12 degrees. This is piobably because the convection in the bulk of the cylinder
gas is uniferm, and the effect of conduction from the wall is negligible, This shows in effect that
as the thermocouple gets longer, the effect of conduction from the wall gets less, and the gas

convection becomes dominant.

Tamporathure (degC)
!
5
!
/«’

132

— 4 P I - ot .1.5‘{3... — it Pl

=400 -0 =200 =100 2 100 2000 300 400
AL

Figure 5-1: Graph comparing femperature measuremenis using the longer thermoconple af different
lengths, at Mrpm and 7.0 com pression ratio,

Measurements with the long thermocouple were also compared to the bulk gas temperatures,

this is shown in Figure -2, It can be seen from the figure that the range of the thermocouple

-1
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temperature swing is refatively emall compared to the gas temperature varation. Figure 5-3
Zooms in on the thermeccuple temperature highlighting the points wheara it intercepts the bulk
gas temparature and Whe thermal equilibrium paints. It can be seen that the thermocouple
tracks the gas temperalure quite reascenably. The minimum and maximum temperatures of the
thermocouple are almost matched to the bulk gas temperatures at that particular crank angle
degres. The disgrepancies could be accounted for by the physical praperies of the

thermacouple which cause a slight time lag. and it may also be due te a local boundary layer
farming around the thermocauple wires.
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Figure 5-2: Thermocouple temperature compared to bolk gas temperature
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Figure 5-3: Graph showing the measored thermocnuple remperature against the estimated bulk gas

temperature al 3 rpm wod compression ratio &0 with the 30mim thermocnuple

Figura 5-4 shows a temperature trace from a fired engine using the long thermacouple. The
trace shows that the minimum temperature occurs after the TDC, and that the thermocouple

has an average value of around 700°C. which is the average gas temperature throughout the

5-2



Chanter 5 Hesilis

cycle. It was noted that the thermocouple was not responding fast enough fo the changes in
gas temperature to have the minimum gas temperature before the spark cccurred. Changes in
thermocouple diameter to enable faster response which would move the minimum temperature
closer to the spark point would have resulted in & greater temperature swing and the

thermocouple possibly exceeding its melting temperature.

T

—— thermocouple |

-'—"'-“--\\__\‘_\
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Figure 5~ Temperatuee neasured by 8 15mn thermocouple o a Nired eogine at 600rpm and 5.25
compresston ratis.

5.2 Engine test results in the thermal boundary layer

521 Megsured temperature traces frorm a motored enging

Selected results obtained from the thermocouples protruding 2mm and 4mm into gas stream
are presented below. Although measured results were awailable for a wide range of
compression ratics and engine speed. the results for the 2mm thermocouple presented n
Figure 5-5 show the effect of changing compression ratio at a constant speed, and the crank
angle degrees at which the minimum and maximum temperatures occur. The results for the
Amm thermocouple shown in Figure 5-G show the effect of changing engineg speed. It must be
noted however that all cycles were run and recorded at different wall termperatures, this has the

effect of moving the thermocouple temperature graph verically for the varnous data presented.



Chapter 5 Results

; 130

o rperatore (degl)

400 LD -2 100 n 0 200 300 ADD

Fignre 5-5: Graph showing the progression of thermacouple temperature during a motored cvele. Al graphs
show measurement using the 2mm thermocouple at 600rpm enzine speed and difTerent compression ratios
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Figure 5-6: Graph showinyg the progreession of thermncouple cemperamre during a motored cyele, All graphs
show measurement using the dmm thermeonple at compression catio 60 and difTerent engine specds

It was found that while there was a discernible swing in the thermocouple temperature, in most
cases it did not track the gas temperature well. |t was found that for a given engine test
condition the 2mm thermocouple exhibited a greater range than the 4mm thermocouple. An
example is shown In Figure 5-7. this was not expected pnar to testing. although this could have
been due to differences in thermocouple wire thicknesses, other reasons for this are discussed

in g latar section.
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Figure 5-7: Comparison of the thermocouple temperature traces at 2mm and 4mm at the same test setting.

The temperature fluctuabion measured by these thermocouples was also negligible when
compared to the hulk gas. The two thermocouples are shown at the same setting in Figure 5-8
and Figure 5-9 with the annotatns showing the CAD where the minimums and maximums
occur. Az was expactad the heal transfer within the thermocouple to the cylinder wall biased

the thermocauple temperature to a lower value than the bulk gas temperature,

Bl ga'a 100 0.4
thermocoupla |
—dTidE 03
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e 18
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i — T e -0 2
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Figure 5-8: Graph showing the measured thermoeouple temperature against the estimated bulk gas
tempersiure gl I00rpm and compression ratio 6.0 with the 2w thermocouple
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Fignre 5-9: Graph showing the measured thermeocouple temperature against the estimated bulk gas
temperature at 30 rpm aod compression rabio 60 with the dmm thermocouple

522 Measured temperature fraces in a fired engine
A typical result from a fired engine test is shown in Figure 5-10. In order to abtain meaningful

analysis It was imparant that the minimum temperature of the thermocouple would ocour

before the spark. This would enable an average gas temperature to be calculated before

combustion was initiated.

Measurements weare successful in as much that the minimum point occurred in the desired
region. The minimum temperature in the thermocouple ocours before the spark event for the
2mm thermocouple at engine speeds of 800rpm and |ower, and with compression ratios 6.0
and 5.8 and typically lambda values of 1.10 to 1.20. At 480rpm and compression ratio 5.5

results in the desired region were also achieved at stoichiometric airffuel ratio.
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Figure 5-10: Comparison of thermocnu ple temperature to the madelled gas temperature
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Figure 5-10 shows that the thermocouple temperature did not manage to track the bulk gas
temperature sufficiently, showing smalt changes in thermocouple temperature when compared

to changes in the simulated bulk gas temperature.
For the firing tests none of the results from the 4mm thermocouple exhibited the minimum

thermocouple temperature occurring before the spark event, so those results are not

presented.
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6. Analysis of Results
After the results were collected, analysis was done, and the validity and usefulness of the

results and methods used in assessing the results were cansiderad. o this section the validity
of the numerical mnodel s assessed and the facinrs that affected the thermocouple

measuremeants have also baen considered.

Initial lests were carmed oul wilh the long thermocouople to verify the validity of the project
hypothesis and the walidity of the numerical heat transfer model Figure 6-1 shows the
comparison of the temperature predicted using this measurement to the calculated bulk gas
temperature. From the data shown in Figure 5-3. the thermal inertia of the thermocouple
cauged the gas thermal profile which was inferred from the thermocouple dala to exhibit an
offset of about -40°C.

= 85— T -thermocoupls prediction
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Fignre 6-1: Prediction of gas temperatiee from the 30om thermoconple at 3Mepm and eompressinn rafio
6.1, inferred directly Feam the thermocouple measarement

The thermocouple temperature prediction denved from the heat transfer model s compared to
an actual measurement in Figure 6-2. The figure shows that Lthe model prediction exhibits a
nominal offset of 3°C, which is about 2% an the current thermocouple reading. ©n initial
assessment this was thought to be satisfactory and the model was hen used to design the
smaller thermocouples used in the later par of the project. However it was subsequently found
that the heat transfer model was grossly insufficient in predicting temperatures for the shorter
thermocouples as it did not incorporate the thermal boundary layer in its calculations. A
boundary layer model had to be included to calculate the temperature profile adjacent to the

wall. where the thermocouples would be situated.
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Figure 6-2: Comparison of modelled thermoconple temperature to actual measnrement for a 3mm
thermmoeouphe at HHrpn

6.1 Discussion of the validity of the revised numerical model
A number of the tests conducted were used to catibrate the heat transfer medel, which included

the boundary layer model This was done by modelling measured test conditions for the 2mm
thermocouple only, since the results attainad from the 4mm thermocouple from the fired engine
were not useful for this preject. The ceefficients of the convection coefficient were adjusted to
match the predicted thermocouple temperature profile with the measored result. Coeflicients of
the Musselt number caleulation in Equation 3-18 were fitted for this scenario. An example of the

ensuing calculation fallowing the model calibration iz shown in Figure 6-3.
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Figure 6-3: Comparison of measured lemperaiure with the modelled thermocouple temperaiure i 600 rpn

and compressinn cation .0 using the 2mm thermoconuple,

To chack the validity of tha numerical model that was developed, the shape of the convection

heat transfer coefficient was confirmed with compansans with glokal convection coefficient.

g2



Chapler 8 7 Analysis of Restufls

Figure -4 shows a global convection coefficient as predicted using the Weschni heat transfer
model and the local convection coefficient for the 2mm thermocouple. While the general shape

of the two graphs is similar there are obvious differences in the magnitude of the coefficients.
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Figure 6-4: Comparison of average local conveetion coefficient around thermocouple with the global
coefficient for the entive eylinder proposed by Wosehni

The average Nusselt Number of the localised situation of the thermocouple was also plotted
against the Reynolds NMumber. From work done by Annand, shown in Lawton (1987 and
Hewwood (1988), the relationship between the two numbers is governed by Equation 8-1.

Figure &-5 shows that this form was maintained even for the localised situation.

Equation 6-1
Nu=a Re‘+o¢

Where '& i3 typically 0.7
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Pu=0.050Re™0.7 + 3 .42
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Firure 6-5: Relationship of the averzge Reyuolds Momber o the Susselt doommber g round the thermocouple
jarobg

It was found that the average convection coefficients for the situations modelled could be
described by a surface shown in Figure 8-6. The surface could be closely approximated by

Equation 6-2, and this was used to estimate the average convection coefficients for the other
test conditions.
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Figure f-n: Average convection coefficient plofted in relation to engine speed and compression ratio

Equation -2
fr=1.0038N + 89 528C'K —433.895

A lumped heat capacity was assumed for the tip of the thermocouple and was used to estimate
the gas temperature from the measured thermocouple temperatare. The gas temperature was
estimated using the temperature at the thermal equilibnum point of the thermacouple and the

convection coefficlent from Equation B-2, using Equation 8-3. which includes a function of
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engine speed and walt temperature to account for changing boundary layer thicknesses and

heat conduction to the walls of the engine.

Fquation 6-3

;;Ai {?g - ‘ltr:l + m{ r.l." d; i3 Jf{.'ﬁ'll' 1‘;' } = U

it

.11 Predicting the bulk gas temperatures for the motored engine
Calculattons done using Equation 6-3 for the motored engine were performed at the CAD of the

thermocouple s thermal eguilibrium, to determine the trapped cylinder mass and then the gas
temperature profile was calculated from the measured pressure aszuming the ideal gas law.
The temperatures were found to be in good agreement with the estimated calculation of the
ideal gas law while eshmating the mass. The error range produced from the calculated
temperature was £40°C at the point of calculation, and this could translate to £707C at TDC,
Examples of some of the calculations are shown below, exhibiting cases of close matches,
over-prediction and under-prediction. The inability of the model to estimate the bulk gas
temperature with better accuracy stems from the fact that the average convection coefficient in
Equation 8-2 is eztimated assuming direct proportionality to enging speed and comprassion

ratia, but in reality this was not the case.
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Figure 6-7: Comparison of the temperature preedicied using the thermovoopie measurément compared (o the
ifdeal gas calculation with an estimated mass at 600rpm and compression ratin 5.5,
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Figure 6-8: Comparison of the fermperature prediciod using the thermovonple measurement compared Lo the
ideal gas caleubition with an estimated mass at Grpm and compression racio 7.0,
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Figure 6-9: Comparison 6f the temperature predicted nsing the thermocouple measurement compared to the
ideal ras caleulation with a0 estimated mass al YGepan and compression ralio 5.5,

£.1.2 Predicting the bulk gas temperatures for the fired engine
A= mentioned in chapter 3.2 2, Hall and Bracco (13858} stated that gas motion within a cylinder

of a fired engine before the onszet of combustion is similar to that i a motored enqing. With this
in mind, Equation 6-3, with similar coefficients to those used to caloulate the motoring ocycles

was Used to predict bulk gas temperature in the fired engine.

The calculation appeared to under-predict the bulk gas temperature by as much as 100°C at
the CAD of the thermocouple’s thermal equilibrium. when compared to simulated temperatures.
An example s shown n Figure 810, It must be kept in mind however that the simulated

temperature profile s sensitive to the temperature at VO which varied during the expenmeant
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due to gycle-cycle variations. Temperatures during the compression stroke have been shown
to wary by as much as 60°C, at the same CAD (Hajirera et al. 19939)
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Figure 6-10: Comparison of the tem perature predicted using the themmoeoupbe measorement compared ti a
simubited profibe at 680vpm and com pression eatio 5.5,

6.2 Effect of the boundary layer on heat transfer to the thermocouple
The effect of the boundary layer was fully incorporated in the heat transfer model used. It was

found that the 2mm and the 4mm thermocouple were lecated within the boundary layer dusing
the motared cycle. Modealling of the temperature profile within the thickness of the boundary
layer and the heat transfer to the thermorcouple were done using the modsel described 0

chapter 3.2.1. Figure 6-11 below shows the typical profile of the boundary layer temperature.
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Figure &-11: Thermal bowndary laver profile af 0h-pm and ¢om pressicon calio 6.5,
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Figure 8-12 and Figure §-13 below show the temperature profiles plotted against distance from
the cylinder wall at different crank angle degrees for the compressien stroke and the expansion
stroke. Figure 6-13 shows a distinct cool region near the wall, and a characteristic S-shape of
the temperature profile in the early part of the expansion stroke. This phenomenon Is expected

from the wark done by Lawton.
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Figure 6i-13: Typical henodary laver profile during expansion shown at different CAD

This in effect caused the temperature within the thermocouple to stant dropping even though

the temperature of the bulk gas was still much higher than the thermocouple temperature.

Figure 5-7 showed that the 4mm thermocouple exhibited a lesser temperature swing than the
2mm thermocouple, and this resull was not expected from the onset. But after careful analysis
of literature available, Hsiae (2006}, who modelled the flow inside the CFR engine showed swirl
flow farming a forced vortex during the inlet process and this form for the velocity profile is

maintained during comprassion stroke, Results from Hsiao's waork show that the there is a
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sharp increase in air velocity from the cylinder wall, which reaches a maximum value in close
proximity of the wall, then falls off rapidly towards the centre of the cylinder. This should, in
effect, cause a decrease in the convection away from the cylinder walls, thus reducing
convection heat transfer to the tip of the longer 4mm thermocouple. Work done by Foster and
Witze (1987) showed that the turbulence effects of gas motion decreased away from the wall
and this might also have caused less convection with distance increasing away from the walls

of the cylinder.
However the model described in chapter 3.2.2 used to predict the velocity profile for this project

did not capture this form, and this caused the heat transfer model to over-predict the

temperature for the 4mm thermocouple.
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7. Conclusions and Recommendations

The conclusions presented here are drawn from the results of the investigation, with focus on

the objectives set out at the start of the project.

An engine model was successfully created. The engine model, could describe the breathing
strokes, compression, and combustion with acceptable and useful accuracy. The two-zone
combustion model used simulated the combustion process effectively. It was however found
that during the late part of the expansion stroke, heat loss predicted by the engine model was

not sufficient to fully describe actual resulits.

The boundary layer model used to improve the numerical model exhibited acceptable accuracy
when predicting the temperature for the 2mm thermocouple. However it was not sufficient to
predict the velocity profile and this caused it to over predict the temperature profile of the 4mm
thermocouple without substantial changes to the convection coefficient which would have been

technically questionable without experimental data.

A heat transfer model for the thermocouple was also successfully created. The heat transfer
model managed to capture the general shape of the temperature profile in the thermocouple,
showing sensitivities to changes in in-cylinder gas velocities. Thermo-physical properties of the
thermocouple material, such as density were taken as a constant and immune to change due
to temperature fluctuations. These assumptions proved to have little effect on the sensitivity of

the model.

The thermocouple was successfully constructed and used to infer the gas temperature in the
engine. The thermocouple however did not manage to capture the desired bulk gas
temperature because the thermocouple was situated within the boundary layer and the
associated time constant introduced calculation difficulties and consequent prediction

uncertainties

With due correction for the thermal boundary layer thickness and the heat transfer to the walls
of the engine, the 2mm thermocouple, was shown to be capable of predicting the bulk gas
temperatures and achieved accuracies of +40°C for the motored engine. This compensation
technique did not hold true for the fired test results, when coefficients were maintained, errors

in temperature of up to 100°C were achieved.
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Although the numerical model used in this project could be further improved to describe the
temperature in the thermocouple with more accuracy, it would not enhance the measuring
capabilities of the method, since the uncertainties in the transformation to a fired engine would

remain.

For the measurement of gas temperature in the combustion engine it is recommended that the
research group should explore the possibility of making use of acoustic methods. This is
because they are relatively simpler and cheaper than laser based methods. Although acoustic
methods have been shown to exhibit uncertainties due to changing conditions in the cylinder,;
pressure, temperature and gas composition, they have not appeared to have compromised the
accuracy greatly when compared to laser based methods when used for bulk gas temperature

determination.
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Appendix A : Numerical model development

A. Numerical model development

A.1  Combustion model
A two-zone model was used to simulate combustion pressures and temperatures. Conditions

at IVC are set from the end conditions at the end of the breathing cycle calculation and the fuel
type and air/fuel ratio are manually defined. The pressure was solved by maintaining an energy
balance before the spark was initiated. After the spark had been initiated the mass fraction of
the charge burned was calculated using the Wiebe function, the burned volume calculated and
the pressure and burned temperatures solved, while maintaining an overall energy balance.
Gas species were also solved for simultaneously to maintain a chemical equilibrium. The
calculation ended once EVO was reached. Shown in Figure A-1 is a flow diagram of the engine
model from IVC to EVO.

START at WC Predefined fuel
and airfuel ratio

h 4

Solve for P by
energy balance

h 4

NO

Spark
initiated?

.| Calculate the Define mfb using ]
"| burned volume Wiebe function
A 4
- .
Solve f or P &To Gas species to
NO to maintain » Maintain chemical
enerqgy balance equilibrium
e v
EVO?
YES

Figure A-1: Flow diagram for the combustion model

At the end of the combustion model are imported to be starting conditions for the engine

breathing model.
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A.2 Engine breathing model
At the start of the exhaust process the cylinder pressure and temperature were defined from

the conditions at EVO, and thereafter they were defined by the following equations.

The temperature within the cylinder at any point in time was assumed to follow the ideal gas

law.
Equation A-1
_pry
vl mR

The mass at every step through the iteration was defined by Equation A-2, and the density also

obeyed the ideal gas law.

Equation A-2
m, =m, +Am

Equation A-3
o P
cvl RT

The velocity of the gas through the valves was governed by the difference in pressure between
the cylinder and the manifold using Bernoulli’'s equation and assuming incompressible flow.
The direction of gas flow was determined by the comparison of the cylinder pressure to the

manifold pressure.

Equation A-4

y = \/2 h\-/ ! ma/n
v .
yo

And p is either p,., or p.,;, determined by the direction of fluid flow.

Equation A-5
Am = mAt

Where m = p4v, and p is determined by the direction of fluid flow

The effective area through the valve is then the product of the curtain area available when the

valve opens and the discharge coefficient, determined by the geometry.

Equation A-6
A = A\' ' C/)
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During the intake process, losses through the intake manifold are calculated as follows:

Based on Am, the velocity through the inlet manifold can be calculated from the following

equation.

Equation A-7

7 At

) g
V man
man man

Equation A-8
Pman = Pamh - A])man

Where AP,.., is @ combination of the losses encountered at the manifold entry and the through

the elbows, and the losses as a result of friction through the manifold.

Equation A-9
4FL pv?
1 2, R
APman - A Kmpv + D 2

4FL
- 1 2
AP/HUN - (KIN + D j Apnmnvmun

Changes in the enthalpy, work done and internal energy are shown in Equation A-10 to
Equation A-12,

Equation A-10
AM=Am-C, -T

Where T is chosen appropriately as either manifold or cylinder temperature
Equation A-11
AW = (P4 P)-(, - 1)

Equation A-12
Uy =my-C,T,

oyl
A cylinder pressure is calculated to maintain the overall energy balance in Equation A-13.

Equation A-13
U, -U, +AW —AQ-Ah =0



Appendix A : Numerical model development

A.3 Numerical solution to thermal energy equation
Numerical solution to equation 3-9, has been provided by Lawton (1987). The equation has

been solved by a simple explicit finite difference scheme as follows:

Equation A-14

oT G, -T,
a o
Equation A-15
or 4 —Tl-l
o 25

Equation A-16
azT i TH "ZT/ +T:+1
ox’ X’

Substituting Equation A-14 to Equation A-16 into equation 3-9 gives
Equation A-17
G, =(-2p,~u)l, + p(T_ +T,)

Where

And
_y-Ldv )

Voo dt
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B. Thermo-physical properties for k-type thermocouple
Table B-1 and Table B-2 provide the thermo-physical properties for Alumel and Chromel, used

in this project, from work by Sundqvist (1992).

Table B-1: Thermo-physical properties for Alumel

T(K) a (mm?ls) Cp (JIkg/K) | Kk (W/m/K)
275 7.36 452 285
300 7.34 464 29.2
325 7.32 476 29.9
350 7.30 489 306
375 7.25 501 31.1
400 7.16 515 316
425 7.14 510 319
450 7.53 502 326

The paper however did not provide specific heat values (C,) for Chromel, thus Equation B-1

was used to calculate the C, values.

Equation B-1
k
C,=—
ap

Table B-2: Thermo-physical properties for Chromel

T (K) a (mm?/s) k (W/m/K)
275 463 16.7
300 4.68 17.3
325 4.75 17.8
350 4.82 18.4
375 4.91 19.0
400 5.00 19.7
425 5.09 20.3
450 519 21.0
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C. Results
The following figures show the camparisen of the bulk gas temperature as predicted using the

ideal gas equation and the gas temperature inferred from the 2mm thermocouple readings.
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Figure C-1: Comparison of the temperature predicied from the thermocouple measurement compared fo the
ideal gas caleulation at 60lrpi and ecm pression ratio 5.5,
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Figure C-2: Comparison of the temperature predicted from the thermocouple measurement compared o the
ideal gas caleulation ag 60drpm and compression ratic 6.0,
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Figure C-3: Comparison of the iemperature predicted from the thermacouple measurement compared 1o the
ideal gas caleulation st 6irpm aud compression ratio 6.5,

Figure C-4: Comparison af the temperature predicted from the thermocouple measurement compared (o the
ileal gas calculation st 600rpm and compression ralin 70,
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Figure C-3: Comparisan af the emperature predicted using the thermacouple measarement compared to
the ideal gas calculation at T30rpm and compression ratio 5.5,
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Figure C-7: Comparison of the temperature predicted from the thermoeouple measnrement compared to the
ideal pas caleulation st 75rpm snd compression ratio 6.3,
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Figure C-8: Comparison of the temperature predicted from the thermocouple measurement eompared Lo Lhe
ideal gas caleulation at 750rpm and compression ratio 7.0,
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Figure C-9: Comparisan of the tem pecatnre predicted from the thermoconple measurement compared (o the
ideal gas calculation at HWlrpm and compression ratio 5.5,
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Figure C-11: Camparison of the temperatore predicted from the thermoenuple measurement compared to
the ideal gas caleulation at 900 pm and compression rali &.5,
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