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ABSTRACT
The energy released during mechanical cutting is carried away by the metal chips
and conduction into the tool. This report focuses on determination of the heat fluxes
into the tool during orthogonal cutting using Beck's method.
An infrared camera is used to measure the temperature rise on the surface of a
cutting tool during turning of aluminum A390 cylinders. A detailed model of the tool
in FLUENT is used to compute the sensitivity coefficients for the temperature
response at specified sensor locations due to a unit heat flux disturbance at the cutting
zone. These sensitivity coefficients are used in Beck's method along with the
measured temperature history, to determine the heat flux history at the cutting zone.
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CHAPTER 1
INTRODUCTION
The demand for metal products in the industry today is high. This demand
requires many metal products to be made as fast and efficient as possible. Fast production
of metal products involves machining at high cutting speeds. With high cutting speeds
comes a large amount of heat being created during the process. The heat has a large effect
on the life of the cutting tools used to cut the machined parts. In the past manufacturers
used coolant liquids to cool off the tools in order to increase their life. Recently it has
been determined that using coolant liquids poses a large environmental hazard. Now that
cooling liquids are considered hazardous for machining, more heat exists in the cutting
area. In order to understand the heat created in the cutting area one must first understand
what creates it.
According to Jeelani, “the relative distribution of heat between workpiece, tool,
and chip depends on variables such as cutting speed, feed, and tool geometry” (Jeelani,
1981). Boothroyd explains the definition of feed when he states, “The feed motion
setting on the lathe is the distance moved by the tool during each revolution of the
workpiece” (Boothroyd, 1989). The feed causes the frictional force created by the tool’s
motion against the work piece. Tool geometry also attributes to heat generation. The
shape of a tool when it contacts the surface of the work piece, while it is in rotation, could
decrease or increase the amount of heat generated by the cutting process. The speed of
the cut is a motion setting on the lathe that determines the rotational speed of the work
1

piece. The set speed for a specific cut creates a frictional force caused by the workpiece’s
motion against the tool.
The process of oblique cutting is shown in Figure 1. The work piece is attached to
the engine lathe using a 33-jaw
jaw chuck. Once the work piece is secure, the tool is placed
into the tool insert. The tool holder then approaches the work piece at a preset
pr
speed. The
depth of cut is also preset
eset prior to cutting. The depth of cut is defined as the distance that
the tool penetrates into the workpiece. Between feed, speed, and depth of cut, the depth
of cut has the least effect on tool life. If the only a thin cut is performed on the outer layer
laye
of the workpiece
piece then the tool will not undergo a significant amount of stress. However,
if the depth of cut is larger, more heat will be absorbed by the tool and therefore reduce
tool life. The feed rate also has an eeffect on the tool life as well. If the
he feed is slow then
the cut is smoother, but more heat is absorbed by the work piece. When the feed is faster

Figure 11. Liu’s Experimental Setup (Liu, 2005).
the cut is not smooth, and the tool endures high stress due to the higher frictional force
working
rking against the tool’s movement.
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The work piece turns at a selected speed which depends on the manufacturer’s
requirements. Once the tool comes in contact with the work piece, chips are formed.
When the tool block reaches its designated length, the cutting process is stopped. The
procedure is sometimes repeated. The repetitive cuts are due to either multiple cuts or for
a smoother surface finish.
The amount of heat that is absorbed by the tool during the cutting process is
important in understanding the affects heat flux on tool life during machining. In order to
measure the areas of heat input, a particular method of temperature measurement needs to
be found. The use of thermocouples is one method of temperature measurement. It is a
cheap and easy way to measure temperature history during the cutting process.
Once the temperature profiles are extracted they are used to calculate the heat
flux. There are different approaches to finding the heat flux of the tool surface. There are
finite element methods, inverse methods, etc. The focus of the current paper will be on
inverse methods; however, it is good to know methods used in past research. One
traditional method used to determine the amount of heat absorbed by the cutting tool is
the partitioning method.
Traditionally, the process of partitioning has been used in order to determine the
heat flux that is absorbed by the cutting tool. Being the classical method has lead
partitioning to be the first option of research pertaining to heat flux affects on cutting tool
life. There are, however, alternate methods to determine the amount of heat absorbed by
cutting tools during machining. One of the methods used involves calculating the heat
flux using inverse problems.
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The experiment performed in this paper makes use of infrared imaging using an
infrared camera. Infrared imaging does not involve any direct contact with the tool
surface. Any boundary conditions that affect surface temperature sensors do not affect
infrared sequences with the exception of chip interference. The image sequences captured
for the current experiment are stored in an image sequencing software. The image
sequencing software is able to monitor temperature profiles at multiple points for stored
sequences.
Inverse problems of heat transfer are required to calculate the heat flux at the
surface of the cutting tool when boundary conditions at the surface make it hard to
measure temperature profiles at the surface. There are two parts to an inverse problem: a
direct and optimization method. The direct portion of the current problem was performed
by computing the response of the sensors to a step change in heat flux from a modified
version of a computational model created by Duvvuri (2006). Beck’s sequential function
specification method is a good way to solve the optimization portion of the current
inverse method. It involves estimating the heat flux at the surface and is based on
Duhamel’s integral. Duhamel’s integral involves using superposition to compute an
arbitrary heat flux q(t).
Objectives
The research in this paper investigates the heat flux that is absorbed by tungsten
carbide cutting inserts during dry machining of A390 General Motors Pistons. Cutting
temperatures are monitored via infrared camera and the profiles are monitored through
Mikrospec R/T software. The heat flux is calculated using Mikrospec R/T temperature
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profiles for select points of interest and applying the profiles to an inverse method
calculate using Microsoft Visual Basic.
The objectives of this research include the following:
a) To experimentally investigate the temperature profiles of the turning of A390
pistons using tungsten carbide inserts using infrared imaging.
b) To analyze the difference between thermocouple measurements and infrared
measurements taken during oblique cutting.
c) To calculate the heat flux absorbed by the cutting tool using Beck’s sequential
function specification method within Microsoft Excel.
Outline of Thesis
The layout of this thesis is as follows:
In the next chapter, a review of literature on the cutting process will be discussed.
In Chapter 3, the initial experiment performed will be described. This experiment
involves collecting temperature profiles, using infrared imaging, at four select points
along the edge of the cutting tool. Chapter 4 discusses the analytical methods used to
determine the heat flux of the cutting tool by implementing Beck’s inverse heat
conduction method into Microsoft Excel. Sensitivity coefficients, which are important in
computing inverse problems, are also discussed in detail in Chapter 4. Once the analysis
is described in detail a report of the results obtained from the experiment and analysis is
discussed in Chapter 5.
The approaches used in this research are listed below:

5

a) Experimental Investigations
A390 General Motors pistons were machined using oblique cutting on an engine
lathe. The experimental process was monitored using an infrared camera. There were four
different conditions at which the experiment needed to be performed. Each condition was
repeated five times resulting in twenty total sets of experimental data. The profiles were
monitored using Mikrospec Real Time for four points of interest along the cutting edge of
the tungsten carbide cutting insert.
b) Temperature Analysis
Temperature data was extracted from Mikrospec R/T and placed into Microsoft
Excel. The profiles were then compared to data for a similar experiment performed by
Liu who used thermocouples to measure her temperature profiles. The data are shown in
the experimental results section of this paper.
c) Heat Flux Analysis
Beck’s sequential function specification method for multiple temperature sensors
was applied in Microsoft Excel using a Visual Basic macro. Multiple temperature profiles
were applied to the macro in order to calculate the resulting heat flux. The results are
presented in the analytical results section of this paper.
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CHAPTER 2
LITERATURE REVIEW
There are different approaches to measure the temperature of the cutting process.
The temperature is important because it determines the amount of heat absorbed by the
cutting tool. The heat absorbed by the tool is the main contributor to determine tool wear
and tool life. This chapter discusses concepts behind heat generation in the cutting
process and how it affects tool wear. It also talks about some different methods to
determine temperature of the cutting tool during machining.
Heat Generation in the Cutting Process
Heat is generated in the cutting process mostly within the contact area of the
cutting tool and the work piece. There are two important areas where heat is generated in
the contact zone. The first is the cutting area of the tool that determines tool life. The
second is an area on top of the tool where heat is generated due to chip formation. This
was seen during the experiment explained in Chapter 3. These zones are also called the
primary and secondary deformation zones.
“Nearly all mechanical work required to remove material during machining is
converted to thermal energy that increases temperature of the work piece, chip and
cutting tool” (Miller et al., 2003). The primary deformation zone generates heat from
plastic deformation and softening of the tool material which is caused by high
temperatures. This is the zone created by chip formation. The secondary zone generates
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heat due to frictional sliding and the amount of work done to produce chip deformation.
This zone is the cutting area created by tool and work piece contact. Figure 2 shows both
zones and how they are applied during machining. The heat distribution in both zones is
due to variable 1, variable 2, and variable 3.
Variable 1 is depth of cut, defined as the distance that the tool penetrates into the
workpiece. It has the least impact of the three variables. Variable 2 is the feed defined as
the distance moved by the tool during each revolution of the workpiece. Finally, variable
3 is the cutting speed which is the motion setting on the lathe that determines the
rotational speed of the work piece. It has the most impact on tool life out of the three
variables. Speed is important when measuring the temperature during cutting.
The temperature at the tool-work interface increases quickly due to the speed of
the cut. Increased speed is good for tool life because it converts more heat into energy
that is carried away by the chip. “Increased cutting speeds resulted in decreased machine
surface temperatures due to the higher metal removal rate, which results in more heat
being carried away by the chip and thus less heat being conducted into the workpiece”
(Dinc et al., 2008). Heat is generated when both work piece speed and tool feed connect.
When heat is generated during the cutting process, it is partitioned into two areas.
Part of the heat goes into the tool while the rest is carried away by the chips that are
formed. The way the chips are formed contributes to the temperature change in the work
piece and the tool. Ay and Yang supports this point by stating, “A significant change in
the temperature distribution in the tool depends on the chip formation” (Ay & Yang
1977).
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Kronenberg also covers the same topic by saying, “Most of the heat in metal
cutting is dispersed by the chip” (Kroneneberg, 1966). This fact is not to be confused
with the false accusation that the temperature of the chip is higher than that of the tool.
Kronenberg states, “The chip temperature is lower than the tool temperature”
(Kronenberg, 1966). The primary deformation zone is created by the chip formations on
the top surface of the tool. This area is where the highest temperatures are located during
the cutting process.
During an experiment using thermal imaging by Miller et al. (2003), it is stated
that “the highest temperatures are located away from the tool face and the contact area
between the cutting tool and chip.” The reasoning for this is “that the chip conducts heat
from the area of contact with the cutting tool and this heat is carried away as the chip
passes over the tool” (Miller et al., 2003). The heat created by chip formation creates an
issue with determining the amount of heat that is absorbed by the cutting tool. The
direction of the chips after they leave the cutting area is unpredictable. The
unpredictability of the chip formation has a large effect on any type of temperature
sensor. Even a measurement method that involves no surface contact is affected by chip
formation. Regardless, the amount of heat generated during cutting is important in
determining the life of the cutting tool.
The total amount of heat generated during cutting is the combination of the heat
flux of the chips, the tool, and the workpiece. The amount of heat created is determined
by the speed, feed, and depth of cut. The tool geometry also has an effect on the amount
of heat generated during machining. The more heat that the tool is subjected to in these
zones, the more wear there is on the tool’s cutting face.
9

Tool Wear
Tool wear is caused by the frequent use of a cutting tool during machining. There
are two specific types of tool wear: crater wear and flank wear. Flank wear is created
from “rubbing of the tool on the any new work piece surface” (Boothroyd, 1989). Flank
wear is an issue for the current experiment because the workpieces used are workpieces
from Liu’s experiment.
Crater wear is due to the “formation of a crater and results from the action of the
chip flowing along the rake face” (Boothroyd, 1989). According to Boothroyd, crater
wear is very significant when using tungsten carbide inserts for cutting. The current
experiment involves using tungsten carbide inserts. Crater wear is most present in the
secondary shear zone, or tool, work piece contact zone of the cutting process. Crater and
flank wear are due to short term machining which makes them more of an immediate
issue to tool life. No wear is apparent for the current experiment because the time of cut
is small for each tool. Along with short term wear, long term wear also has an effect on
tool life.
While crater and flank wear are due to short term cutting, progressive wear is the
type of tool wear that is present during longer periods of cutting. Progressive wear falls
into three categories: abrasion, adhesion, and diffusion. Abrasion is the removal of test
materials by hard particles, adhesion is the fracture of tool and chip junctions caused by
friction, and diffusion is due to repeated loading. Abrasion is not common when cutting
aluminum with tungsten carbide due to the easiness of the cut. Diffusion is only possible
when a tool is under a lot of stress for a long period of time. Adhesion is the most
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important of the three types of progressive wear due to the fact that friction is always
present during machining.
When tungsten carbide is used to cut aluminum, the cutting tool is subject to
crater wear and adhesion. The wear on the tool is caused by the friction created when the
tool and workpiece interact with each other. The amount of heat created by the
interaction of both tool and work piece can be monitored in different ways. Finding a
measurement method to determine the amount of heat absorbed by the cutting tool during
machining is difficult due to the pros and cons of each.
Temperature Measurement
Introduction
There are two methods for measuring temperature for tools used in machining:
thermocouple methods and radiation methods. Two measurement methods used for
radiation temperature measurement are radiation thermometry and infrared imaging. Two
commonly used thermocouple methods are tool-work thermocouple measurement and
embedded thermocouple measurement.
Thermocouple Thermometry
Thermocouples are defined as the junction between two metals which in turn
produces a voltage associated with a difference in temperature. They are a cheap and easy
way to measure temperature for a given experiment. The main principle of a
thermocouple is to measure the temperature difference between two points. They are
connected between two points: a cold junction of known temperature and the area of
interest. Two types of thermocouple measurement will be discussed in the next section.
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Thermocouple Measurement Methods
The thermocouple methods are broken down into two categories: tool-work
thermocouple measurement and embedded thermocouple measurement. Shore (1925) and
Herbert (1926) were the first to use thermocouples to measure the cutting temperature
during machining. Their choice of thermocouple set up was the tool-work thermocouple
method.
When using a tool-work thermocouple, the electro-motive force (EMF) is
measured during cutting and converted to temperature. Two junctions are needed when
using tool-work thermocouples: a cold junction and a hot junction. The hot junction is
usually located at the tool-chip interface while the cold junction is located between the
recorder and the tool, and the recorder and the work. This method is good when
determining the mean temperature at a single point. Liu (2005) used embedded
thermocouples to find temperature fields during the cutting of A390 using tungsten
carbide cutting tools. Boston and Gilbert (1935) used the tool-work thermocouple method
to find the temperature of the machining of steel using a steel tool bit. O’Sullivan and
Cotterell make a good point about thermocouples, stating that “thermocouples are very
rugged and inexpensive and can operate over a wide temperature range” (O’Sullivan &
Cotterell, 2001). Unfortunately, measuring the mean temperature at a single point has its
setbacks.
The chips that are being removed by the tool interfere with the temperature
measurement and may aid in creating a temperature profile that is different than the
actual temperature of the tool. It is also difficult to place the thermocouple at the same
location as the secondary shear zone due to the potential of damaging the thermocouple
12

and the thermocouple interfering with the cutting process. The thermocouple is also
unable to capture a large instantaneous heat increase; therefore, it is assumed incapable of
capturing the exact value of the initial heat increase when the tool meets the work piece
during machining. The tool-work thermocouple method has its drawbacks. Another way
to use thermocouples is to embed the thermocouple within the cutting tool in order to get
a more precise measurement of the temperature profile.
“In metal machining applications, it is possible to embed such a standard
thermocouple combination in a tool but it is difficult to make it small enough not to
disturb the temperature distribution to be measured” (Childs, 2000). The embedded
method involves embedding a thermocouple deep inside the cutting tool in order to
determine the temperature at a certain point on the tool without interference from chips.
Most embedded tools are embedded directly behind the tool-work piece contact area or
secondary shear zone.
Hollander and Englund (1957) used embedded thermocouple methods to
determine the resulting temperature profiles based on cutting conditions by Paschkis
(1954). Jeelani describes his experiment by stating that he was able to measure
“temperatures in the chip, the shear plane, and the workpiece ahead of the tool using
embedded thermocouples” (Jeelani, 1981). According to Childs, “Embedded
thermocouples have the advantage that a precise measurement of temperature at the
bottom of the hole can be made, relying on the standard thermocouple, but a disadvantage
that the hole may disturb the temperature gradients in the tool” (Childs, 2000). Embedded
thermocouples affect the temperature gradients in the tool. Another opinion on this
method was discussed by O’Sullivan when he said that “embedded thermocouples have
13

been found to provide a good indication of the transient change in frictional heat
generation that accompanies contact area changes” (O’Sullivan, 2001). O’Sullivan is
stating that embedded thermocouples are a good method to determine the initial heat
transfer caused when the tool and the work piece come in contact with each other.
Past Experimentation
Thermocouples were one of the first devices used to measure temperature for
oblique cutting. Today researchers use different types of thermocouple techniques such as
embedded thermocouples and tool-work thermocouples. Past research involving the use
of thermocouples will be discussed in the current section.
Herbert (1926) performed his experiment by creating a couple composed of a tool
and work material. “These were either clamped or welded together and placed in a
tubular electric furnace with a standard iron-constantan thermocouple.” (Herbert, 1926)
He used this set up to find the temperature differences between his “hot and cold
junctions” for a study on welding. This is one of the earliest records of a researcher who
used thermocouples to measure temperature of an experiment.
Hollander and Englund (1957) used thermocouples to verify an electrical-analog
analysis by Paschkis (1954). “Paschkis’ analysis was for a dry, single-pass, orthogonal
cut of uniform depth at uniform cutting velocity on the edge of a flat workpiece”
(Hollander & Englund, 1957). Hollander et al. used a fine-wire embedded thermocouple
to measure the isotherm patterns of Paschkis’s experiment.
O’Sullivan and Cotterell (2001) performed an experiment involving thermocouple
thermometry and radiation thermometry. Their experiment consisted of the cutting of a
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grade 6082-T6 aluminum alloy tube. They measured cutting forces using a dynamometer,
and cutting temperature using a K-type thermocouple and a thermal camera. Their results
involved comparisons between cutting speed, temperature and cutting forces and their
application to tool wear.
Both types of thermocouple methods are good for determining the temperature
profiles during machining. The tool-work method is good for determining the mean
temperature at a single point. Embedded thermocouples are good at determining a
temperature measurement without chip interference. Unfortunately the boundary
conditions due to the heat disturbance created by chip formation for the current
experiment make it difficult to get a good temperature reading. Another option for
measuring temperature profiles is to perform a non-contact measurement method. The
introduction of infrared technology has given the current research the option of
performing non-contact temperature measurements during machining.
Radiation Thermometry
One of the first radiation measurements was taken in 1961 when Boothroyd et al.
(1989) used infrared-sensitive plates to take simultaneous photographs of an oblique
cutting operation. During this operation the work piece was pre-heated because of the
sensitivity of the infrared plates. A brief description of the experiment is best explained
by Boothroyd et al., “In the technique used a furnace of known temperature distribution
was photographed simultaneously with the cutting operation using an infrared-sensitive
plate, enabling optical density of the plate to be calibrated against temperature”
(Boothroyd et al., 1989). Salmon et al. (1963) also used infrared plates to measure
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temperature profiles during machining. Two ways to measure temperature profiles using
radiation methods is to use radiation thermometry or image sequencing.
Radiation Measurement Methods
Radiation thermometry involves measuring the radiant flux by detecting infrared
radiation wavelengths. Abukhshim et al. states that “the radiation technique has many
advantages over the thermo-electric technique including: fast response; no adverse effects
on temperatures and materials; no physical contact; and allowing measurements on
objects; which are difficult to access” (Abukhshim et al., 2005). Schwerd (1933) was the
first to use radiation thermometry using a primitive version of today’s radiation
thermometers. Chao et al. (1961) used a lead sulphide cell to apply radiation
thermometry. Radiation thermometry today is performed using devices known as
radiation thermometers.
Radiation thermometry is broken up into two categories: single-color
thermometry and multi-color thermometry. Single-color thermometry is broken up into
three subcategories: narrow spectral-band thermometry, wide spectral-band thermometry,
and total-radiation thermometry. Pujana et al. (2007) describe each one in detail.
“Narrow-band thermometry considers that the radiance, ideally, monochromatic, of the
target in the chosen window is constant. For ideal total-radiation thermometry, the
temperature is calculated as an average of the incident radiation over the full spectrum.
Finally, for wide-band thermometry, the temperature is calculated based on an integral
that spans over a range of select wavelengths” (Pujana et al., 2007). It can be seen from
Pujana’s research that high wavelengths mean low temperature and low wavelengths
mean high temperature.
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Knowing the target emissivity is important when measuring the temperature using
single color or multi color radiation thermometers. Single color thermometers are the
most commonly used radiation thermometers. According to Pujana et al., “These
thermometers give accurate temperature measurements for both short and medium
infrared wavelengths, when the real surface emissivity is known” (Pujana et al., 2007).
Single-color thermometry is largely based on emissivity values. If the emissivity
is incorrect then the temperature result will be incorrect as well. Multi-color
thermometers are used in order to reduce the temperature changes due to incorrect
emissivity values. Using a multi color thermometer also has its advantages and
disadvantages. One advantage to multi color thermometers is that it reduces the
temperature shifts that are a result of the use of incorrect emissivity values. These
thermometers use the grey body assumption which suggests that two certain target
emissivities measured at two wavelengths are the same. Unfortunately, there is much
uncertainty that arises in this measurement process when the grey body assumption is not
achieved.
Emissivity measured using radiation thermometry does not undergo significant
change until shorter wavelengths are measured. Short wavelengths do not appear until
after the first ten seconds of cutting. This concludes that the emissivity is constant during
the first ten seconds of machining. Radiation thermometers are very useful when there is
a large change in emissivity. In contrast, infrared imaging does not take emissivity into as
much account as radiation thermometry, but gives a clearer image of the temperature
distribution during the process.
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Infrared image sequencing is best performed when an infrared camera is used.
O’Sullivan and Cotterell state, “The use of infrared cameras to measure the temperature
of a body is becoming increasingly popular for research in recent years” (O’Sullivan &
Cotterell, 2001). Researchers are starting to use infrared imaging due to its ability to have
no contact interference with the cutting process. Infrared imaging is temperature
measurement method that gives a good image of the amount of heat generated by the
machining process. “The main advantage offered by an infrared camera is that it is a noncontact technique and therefore there is no disturbance of the temperature field”
(O’Sullivan & Cotterell, 2001). The fact that using infrared cameras involves no contact
gives it an advantage over other measurement techniques used to monitor temperature
fields in machining.
According to Miller et al., “Infrared imaging requires an unobstructed view to the
target surface of interest” (Miller et al., 2003). Using infrared photography requires that
the view of the target area of interest needs to be clear. Unfortunately it is hard to avoid
chips affecting areas of measurement especially when the image sequences are measured
from the top of the tool. In the end, temperature profiles can still be affected by chip
deformation using infrared imaging and is unavoidable when taking measurements from
the top surface of the tool.
Past Experimentation
Radiation measurements have been performed as early as 1933. During the early
days, approaches were taken to measure the radiant energy emitted during the cutting
process. These primitive approaches are longer and more tedious than their present
counterparts. Today researchers use devices such as infrared cameras and radiation
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thermometers. This section will present some details on past research discussed briefly in
the previous section.
Abukhshim et al. (2005) researched previous research on heat generation during
orthogonal machining along with temperature measurement methods. Their research
discussed temperature measurements in metal cutting and high speed machining. They
compared different temperature prediction and distribution models consisting of both
analytical and numerical models. Their comparison of the models was performed in order
to discuss the latest work “on estimation of heat generation, heat partition and
temperature distribution in metal machining” (Abukhshim et al., 2005).
Schwerd (1933) was one of the first to perform radiation thermometry. His
experiment was performed in the 1930’s so his purpose was not similar to that of modern
day research. He discusses his purposes by stating, “It is necessary to determine three
features in metal cutting: (1) how to obtain the best finish, (2) what is needed to give the
closest tolerance, and (3) how to do the cutting most economically” (Schwerd, 1933). His
goal for his research in his 1933 paper was to study the shape of chips as they are formed
and grain disturbance created during the cutting process.
Pujana et al. (2007) studied “the influence of emissivity on temperature
measurement using radiation thermometers and the dependence of the measured
temperature on the emissivity as a function of the surface roughness and the oxidation
state.” Their experiment consisted of measuring emissivity using a high precision
radiometer and temperature profiles using a thermographic camera. Their high precision
radiometer recorded emissivity as a function of a sample temperature using a direct
radiometric method. “This means that the sample emissivity is obtained by comparison
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between the emissive power of the sample and that of a blackbody radiator, under the
same temperature and geometrical conditions” (Pujana et al., 2007). The sample
temperature was measured using a K-type thermocouple. Their real experiment was
performed by measuring the temperature of the oblique cutting of 42CrMo4 steel with
tungsten carbide inserts using a thermographic camera. The camera had a single color
thermometer which was used to measure the wavelengths produced by the experiment.
Their emissivity measurements were presented in their results as a function of
temperature, wavelength, surface roughness, and oxidation. They also compared
theoretical results of temperature shifts to their experimental temperature measurements.
They concluded that if the emissivity value chosen is not correct it will lead to an invalid
temperature value. They also discussed issues with the grey body assumption on their
experiment making multi-color thermometers not applicable to their research.
Chao et al. (1961) used a lead-sulfide, photoconductive, infrared radiation
detector to measure the temperature on the flank surface during the orthogonal cutting of
a tubular workpiece. While the tool was scanned by the lead-sulfide cell, the radiant
energy was traced on a cathode-ray oscilloscope. From this they created an energy
distribution curve that helped them find the resulting tool-flank temperature.
Jeelani (1981) discussed the various measurement methods used to measure
temperature in machining in order to prove that infrared imaging was the best method to
use for finding accurate temperature measurements. He also talks about the history of
infrared imaging and how it has advanced. His experiment involved measuring the
temperature created by cutting annealed 18% Ni maraging steel. “This material was
selected because it was expected to suffer surface and sub surface damage, and
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deterioration in surface-sensitive mechanical properties as a consequence of the impact of
the machining process” (Jeelani, 1981). The results for Jeelani’s research presented
optical density characteristics and a sensitivity range for the infrared camera used in his
experiment. He also concluded that “an increase in tool wear land length produces
increases in the magnitude of the peak temperature and the depth of the heated layer”
(Jeelani, 1981).
Conclusion
Both thermocouple and radiation methods have been used for almost a century to
measure the cutting temperatures of machining. Two types of thermocouple measurement
methods were discussed: tool-work thermocouple method and embedded thermocouple
method. Both have their pros and cons and both have been used in past research. Also,
there were two types of radiation measurement methods discussed: radiation thermometry
and infrared imaging. Infrared imaging seemed a simpler and easier method than
radiation thermometry. This is due to the fact that target emissivity is not an issue for the
current experiment due to low cutting times. In conclusion, infrared imaging is an easy to
use, non contact measurement method that has become popular in the recent years.
Methods to Determine Heat Flux
High cutting temperatures play an important role in the amount of heat produced
by the cutting process. When heat is produced during machining it is absorbed by three
areas: the tool, the workpiece and the chips. The amount of heat absorbed by the tool is
what affects the life of the cutting tool. The higher the speed, the more heat that is carried
away by the chips which results in a longer the life for the cutting tool. This is most likely
due to the way the chips are formed.
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There are many different ways to calculate the heat flux at the surface of the
cutting tool using mathematics. Hong et al. (2000) performed a numerical method to
analyze a heat transfer problem for the grinding process. They describe their procedure
by stating that “the time and space domains of the problem are discredited based on the
finite difference method and then a linear inverse model, in which the solution procedure
requires no iteration, is constructed to identify the temperature distribution and the heat
flux along the cutting path” (Hong et al., 2000). Their problem was posed as an inverse
problem because direct measurements of the temperatures at the contact zone were
extremely difficult to measure.
Huang et al. (2005) used the steepest descent method to find the transient heat
flux of a three dimensional cutting tool. Steepest descent is a good way to find the heat
flux during the cutting process. Another method to determine heat flux that is commonly
used is partitioning analysis.
Liu (2005) performed a partitioning analysis based on the measurements taken
during turning. Her experiment involved recording the temperature profiles during the
turning of A390 using tool-work thermocouples. The dependent variables were the forces
and temperature, while the speed, feed, and depth of cut were the independent variables.
The focus of her research for the turning process was to compare different types
of cooling methods that did not involve using liquid lubricants. The two methods she
used were vortex-tube cooling and heat pipe. She observed the wear on the tool for both
cooling types and compared them to dry turning of A390. In order for her to calculate the
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heat flux that was absorbed by the cutting tool she used the partitioning method. The heat
partitioning method is summarized in the following paragraphs.
The heat partitioning method has been used to determine the heat flux during
machining. Heat partitioning is used in many other situations such as grinding, wheel
braking, and anything that involves sliding contacts. The heat is created by friction when
two or more areas of interest come into contact with each other creating a moving heat
source. In machining, the temperature of the chips and the work piece are the significant
factors that contribute to the heat flux.
According to Liu (2005), using Jaegar’s model (1942) for a moving heat-source
over a stationary semi-infinite solid, the heat partitioning, R1 (to the chip) of the shearplane heat flux and the average temperature of the shear plane, Tsave are calculated as
1

R1 =

1 + 1.328

Ts ave =

χ ⋅γ

,

(1.1)

V ⋅tu

R1 ⋅ q s ⋅ csc φ
+ Tini ,
ρ 1 ⋅ c1 ⋅ V

(1.2)

where ρ1, c1, and χ are the density, heat, and diffusivity of the work material. Tini is the
initial temperature, qs is the shear plane heat flux, and γ is the shear strain calculated
below.

γ=

cos α
,
sin φ cos(φ − α )

(1.3)

where α is the rake angle shown in Figure 2, and Φ is the shear angle calculated below.
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 rc cos α
 1 − rc sin α

φ = tan −1 


,



(1.4)

where rc is the ratio of the uncut chip thickness (tu) to the chip thickness (tc). The heat
partitioned into the work piece (β) and average temperature (Tave) is calculated as:

β = 1−

l c ⋅ A Ts ave
−
kt
qr
l c ⋅ A 0.754 l c ⋅ χ
+
kt
kw
V ⋅ rc

,

(1.5)

where lc is the tool-chip contact length, V is the cutting speed, and kw and kt are the work
piece and tool thermal conductivity. A is the area factor and is calculated by:

A=

2 

1

1l

2b

⋅  ln
+ c + ,
π  l c 3 b 2 

(1.7)

where b is the cutting width. The equations for heat flux at the rake face (qr), and heat
flux at the shear-plane heat source (qs) are calculated as:

qs =

qr =

Tave = 0.754 ⋅

Fs ⋅Vs
,
As

F f ⋅ Vc
Ac

,

(1 − β ) ⋅ q
kw
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(1.8a)

(1.8b)

r

⋅

lc ⋅ χ
+ Ts ave ,
V ⋅ rc

(1.6)

Figure 2. Diagram of Orthogonal Cutting (Boothroyd, 1989).
where As and Ac are the respective areas for the shear plane and tool-chip contact area. Vs
is the shear-plane speed, which is the chip velocity relative to the work piece. Vc is the
chip speed along the rake face which is calculated as
Vc = V ⋅ rc

(1.9)

The resulting heat flux to the tool can be found from β and qr and will be the focus for the
rest of the paper is a calculated as
q = qr ⋅ β

(1.10)

This paper presents an alternative method for measuring the temperature of the
cutting process. The measurement method involves using infrared imaging to monitor the
heat absorbed at any point on the surface of the tool. The experiment performed using
infrared imaging is explained in detail in the “Experiment” section.

25

Another method of determining the heat transfer during machining is to create a
finite element model. Finite element analysis is a numerical approach for finding
approximate solutions of partial differential equations. Akbar et al. used a finite element
model to find the heat partitioning of the process of machining AISI/SAE 4140 high
strength alloy steel using TiN-coated tools. They used the finite element software labeled
as ABAQUS to create a three dimensional model of their experiment. Their results
helped them find the fraction of heat that is absorbed by the cutting tool.
Ceretti et al. make a good point by stating that “finite element simulation of the
cutting process represents a complex and challenging task, because several material,
physical, and numerical issues must be properly assessed to achieve an effective and
reliable solution” (Ceretti et al., 2007). Ceretti et al. used a 2D finite element model to
find the global heat transfer coefficient during the cutting of AISI 1045 steel using coated
and uncoated tools. Their study proved a way to implement a global heat transfer
coefficient into a finite element model.
Ghani et al. (2008) created a finite element thermal model to compare the
analytical temperature history to the experimental temperature history in order to estimate
the fraction of heat entering the cutting tool. Grzesik et al. (2006) used a 2D hybrid finite
element technique to find the changes in temperature for varying heat fluxes using a
simulation for orthogonal machining using coated and uncoated carbide tools.
Duvvuri (2006) used Genetic Algorithms (GAs) to estimate the heat flux during
oblique cutting. She created a three dimensional simulation of Liu’s experiment in
FLUENT 3d. She used a point of interest within the model that was at the same location
of Liu’s thermocouples. Her results used Liu’s reference heat flux as a comparison to her
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data. In Duvvuri’s analysis the estimated heat flux was placed into the FLUENT for five
different points of time. The way the estimated heat flux was set up was it was set to zero
from time equal to zero to 0.45 seconds. After 0.45 seconds the heat flux changes to the
reference heat flux used from Jie Liu’s experiment till 10.5 seconds where it sets back to
zero until the program ended at roughly 20 seconds.
Once Duvvuri’s analysis was complete, the temperature data was extracted from her
program. Genetic algorithms were then used to calculate the heat flux at the same time
steps that were specified earlier. This was done in order to find time dependent values of
the heat flux instead of one constant value based on an average temperature. A total of
five different heat flux values, for five different time steps, were found using Duvvuri’s
genetic algorithm method to define this time dependence.
Conclusion
In conclusion, it is important to understand that the heat flux generation during
oblique cutting is due to heat generated by the workpiece, tool, and chip formations. The
temperature of the cut is determined by the speed, feed, and depth of cut. There are two
types of short term known as flank and crater wear. Also, there are three types of long
term wear classified as abrasion, adhesion, and diffusion.
In order to measure the temperature during oblique cutting, a measurement method
must be performed. Thermocouples are a good way of determining temperature profiles
at the surface using direct contact, while radiation techniques are good for experiments
requiring no direct contact. Once the temperature is measured, the heat flux is calculated.
Some methods to measure heat flux involve partitioning, inverse problems, steepest
decent, FEM, and GAs.
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In summary, the amount of heat that is absorbed by the cutting tool is important when
understanding tool life. In order to calculate the heat it is important to know the
temperature profile of the cutting tool during machining. Finding the temperature profile
requires the selection of a good measurement method. The measurement method is
chosen based on the given conditions prior to the experiment. Once the experiment is
performed and the temperature profiles are extracted the heat flux can be calculated.
Traditionally numerical methods have been used to solve for the heat absorbed by the
cutting tool. An inverse method used to calculate heat flux is presented later on in this
paper. This method uses measured temperature data, a model of the tool, and Beck’s
SFSM. The specifics of the technique are described later in the “Analysis Methods”
section.
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CHAPTER 3
EXPERIMENT
Overview
The purpose of the experiment was to collect temperature data of an oblique
cutting process using a MikroScan 7200V Thermal Imager. Turning tests were performed
to determine the temperature during the machining of A390 alloy. The experiment was
set up to try and mimic the experiment conducted by Liu (2005) for machine turning of
A390 without any external cooling. Infrared imaging was performed to compare the data
collected to the data measured by Liu using thermocouples.
The turning tests were performed using an engine lathe (ROMI T14) shown in
Figure 3. The work pieces used were General Motors A390 pistons shown in Figure 5.

Figure 3. ROMI T14 Engine Lathe.
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The outer diameter of each piston was cut down from 77.6 mm to 51.6 mm in five passes.
“Epoxy was filled in the piston hollow section to enhance the rigidity in machining” (Liu,
2005). Tungsten carbide inserts (TPG 432, grade K313 from Kennametal Inc.) were used
to cut the A390 pistons. The rotation of the work piece was set in a counterclockwise
direction and the feed was set to automatic. Initial positioning of the tool prior to cutting
was done using manual feed. No cooling was involved during the cutting process.
The tools used were heated prior to each turning test. The process of heating the
tool was performed in order to subsequently determine the outline of the cutting tool in
the infrared images prior to testing. After the heated tool was placed in the tool holder, an
infrared snapshot was taken. The experimental data was then collected once the snapshot
was determined as sufficient and the cutting tool cooled to room temperature.
Two cutting speeds of 3.1 m/s and 5.0 m/s and two feeds of 0.055 mm/rev and
0.115 mm/rev were selected in order to assess four cutting conditions. The depth of cut
was approximately 3.25 mm during all tests. Speed and feed settings were set using the
necessary gear shifts on the engine lathe. Each test was conducted five consecutive times
in order to get a large sampling of data.
The rotational speed of the work piece and the feed were set on the lathe prior to
experimentation. For each velocity setting the options for rotational speed of the work
piece were limited to a finite set because they were determined based on the gear settings
found on the engine lathe. The table had 9 rotational speed options that were determined
on the chart using the
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Table 1
Settings for Each Experimental Trial and Condition
High Speed High Feed
measured t (sec) depth (mm) N_1 (rev /min) Dia (mm) V (m/s) feed (mm/rev) Len of cut (mm)
Trial 1
6.27
3.25
1000
77.6
4.1
0.115
12.0
Trial 2
5.34
1000
71.1
3.7
10.2
Trial 3
3.33
1600
64.6
5.4
10.2
Trial 4
3.39
1600
58.1
4.9
10.4
Trial 5
2.79
1600
51.6
4.3
8.6
Average
4.5
10.3
High Speed Low Feed
measured t (sec) depth (mm) N_1 (rev /min) Dia (mm) V (m/s) feed (mm/rev) Len of cut (mm)
Trial 1
13.92
3.25
1000
77.6
4.1
0.055
12.8
Trial 2
10.38
1000
71.1
3.7
9.5
Trial 3
6.21
1600
64.6
5.4
9.1
Trial 4
5.82
1600
58.1
4.9
8.5
Trial 5
5.61
1600
51.6
4.3
8.2
Average
4.5
9.6
Low Speed High Feed
measured t (sec) depth (mm) N_1 (rev /min) Dia (mm) V (m/s) feed (mm/rev) Len of cut (mm)
Trial 1
10.05
3.25
630
77.6
2.6
0.115
12.1
Trial 2
9.51
630
71.1
2.3
11.5
Trial 3
5.19
1000
64.6
3.4
9.9
Trial 4
4.86
1000
58.1
3.0
9.3
Trial 5
5.04
1000
51.6
2.7
9.7
Average
2.8
10.5
Low Speed Low Feed
measured t (sec) depth (mm) N_1 (rev /min) Dia (mm) V (m/s) feed (mm/rev) Len of cut (mm)
Trial 1
21.90
3.25
630
77.6
2.6
0.055
12.6
Trial 2
19.26
630
71.1
2.3
11.1
Trial 3
11.16
1000
64.6
3.4
10.2
Trial 4
10.26
1000
58.1
3.0
9.4
Trial 5
11.61
1000
51.6
2.7
10.6
Average
2.8
10.8
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diameter of the work piece and the current velocity requirement. The rotational speed was
adjusted mid experiment for each condition due to a large decrease in diameter because
of the depth of cut for each trial. The specific details of each experiment are shown in
Table 1. The variables in Table 1 are measured cutting time, depth of cut, rotational
speed, diameter of workpiece prior to cut, speed of cut, feed rate, and length of cut. For
3.1 m/s the rotational speed required was 630 RPM for the first 2 cuts and 1000 RPM for
the last 3 cuts. For 5.0 m/s the rotational speed required was 1000 RPM for the first 2 cuts
and 1600 RPM for the last 3 cuts. The chart on the gear that aided in determining the
RPM of the spindle is shown in Figure 4. Even though the required velocity setting for
each condition could not be met exactly the best approximation was used due to
limitations of the engine lathe.

Figure 4. Cutting Speed Chart for Engine Lathe.
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Infrared Imaging
The temperature was measured using a MikroScan 7200V Thermal Imager. The
field of view for the camera had to be consistent; therefore, the camera needed to be
mounted to the tool carriage using a custom device shown in Figure 6. The custom device
consisted of an aluminum bar attached to a magnetic block. The block had the capability
of being able to demagnetize by using a switch located on the face. The camera lens was
pointed towards the cutting tool, and the mounting mechanism was mounted on the tool
holder in order to keep a constant field of view. The camera was then connected via USB
cable to a laptop that ran MikroSpec Real Time (R/T) Software.
Mikrospec R/T software captured infrared image sequences and was able to
monitor the temperature profile at four select points of interest. Figure 7 shows an
example of the cutting process as it is viewed in Mikrospec R/T. The software allows the
camera to capture infrared images sequentially or individually. Some of the features of
the software include being able to set a time delay for image capture. The delay for the
current experiment was set to 0.03 seconds. The software is also capable of classifying
regions or points of interest. The points of interest allow the software to measure timetemperature profiles, isotherms, and histograms.
The software also allows the ability to adjust the temperature range. The
temperature range selected for the current experiment was kept constant at 15 degrees
Celsius to140 degrees Celsius because the tool temperature never exceeded the maximum
setting. The cutting was performed no longer than 40 seconds. The assumed emissivity
setting for the program was set to 85%, which is the assumed emissivity of tungsten
carbide.
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Figure 5. A390 General Motors Piston.

Figure 6. Thermal Imaging Device.
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Figure 7. Example of Mikrospec Real Time During the Cutting Process.
Procedure
The experiment began once the set up was complete. The tool was placed into the
tool holder and the initial settings were a speed of 3.1 m/s and a feed of 0.055 mm/rev.
The camera was placed on the custom grasping device and an infrared snapshot was
taken of the experimental set up prior to cutting. The filming was initiated once the
camera was positioned correctly. The piston was then cut down by roughly 3.25 mm five
consecutive times reducing the diameter by 16.2 mm. Once this process was complete the
tool and piston were replaced. The feed was also changed to 0.115 mm. The same cutting
process was performed, snapshot and all, on the new work piece with the 0.115 mm/rev
feed as was the process performed on the work piece with the 0.055 mm/rev feed. The
same cutting methods were executed for a cutting speed of 5.0 m/s and feeds of 0.055
mm/rev and 0.115 mm/rev as well.
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Conclusion
General Motors A390 pistons were cut using 3.25mm depth of cut in five
successive passes. This was repeated for a total of four cutting conditions: two speeds of
5.0 m/s and 3.1 m/s, and two feeds of 0.055 mm/rev and 0.115 mm/rev. During each
experiment an infrared camera was used to capture the temperature created each oblique
cut. Once the data was taken, the temperature profiles were observed from the top surface
of the tool.
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CHAPTER 4
ANALYSIS METHODS
Overview
This chapter will focus on explaining the details behind the analysis performed in
order to calculate the heat flux. The difference between a direct and indirect problem will
be explained to have a better understanding of indirect problems which will be a focus of
this thesis. Beck’s sequential function specification method (SFSM) for multiple
temperature sensors is used to solve the current indirect problem for the heat flux.
Solving inverse problems involves solving a direct and optimization problem. The direct
portion of current inverse problem was calculated using a modified version of a model
originally developed by Duvvuri (2006).
A modified version of Duvvuri’s model was used to calculate sensitivity
coefficients which are an important variable in calculating the heat flux using Beck’s
SFSM. Once the sensitivity coefficients were found, Beck’s method was implemented as
a macro within Microsoft Excel. The details of the macro will be explained in the latter
part of the chapter. Finally, after the analysis is explained in detail, the implementation of
Beck’s method will be verified by a numerical experiment.
Direct Methods
According to Beck (1985), knowing the heat flux and/or temperature histories at
the boundary of a solid as functions of time is labeled as a direct problem. Another
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example of a direct method would be a static problem where only conduction occurs.
This can be calculated using Fourier’s law which is calculated as:

qx = − k

dT
dx

(4.1)
x =0

where k is the thermal conductivity, x is the position, q is the heat flux, and dt/dx is the
temperature gradient. The temperature at the boundary condition is known at x = 0. In a
direct problem four parameters such as boundary conditions, initial conditions,
differential equations, and thermal properties are known to solve the problem. A good
example of this is where the temperature at the boundaries are known in Fourier’s Law.
Indirect Methods
In an indirect problem one of the four known parameters is unknown. For the
current heat flux case the boundary conditions are unknown. Sometimes issues at the
region of interest of a solid make it difficult to attach a temperature sensor. Therefore
measurements outside the region of interest are better for finding temperature histories. In
some dynamic problems the temperature histories need to be determined from transient
measurements. These problems are labeled as indirect problems. Applying 4.1 to an
indirect approach the equation for heat flux at the surface of a flat plate is calculated as:

q(t i ) = − k

∂T (( x, t i )
∂x
x=o

(4.2)

where ti is the time step. Problem 4.2 differs from problem 4.1 because the boundary
condition is unknown at x = 0. Instead of a boundary condition, measured temperature
histories are known for one or more interior locations of the plate. The comparison
between problem 4.1 and 4.2 is a basic difference between direct and indirect methods.
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According to Beck when the indirect problem involves finding surface conditions
based on interior temperature measurements it is called an inverse heat conduction
problem (IHCP). For the current analysis the temperature measurements at the side
opposite the cutting zone are known. These measurements are then used to find the heat
absorbed by the cutting tool in the cutting zone.
The IHCP is more difficult to solve than the direct problem because problems can
arise with measuring temperature profiles at the surface of a solid. The issue with
temperature measurements taken during the current experiment is the chip formations
interfering with sensors at the surface of the cutting tools. The way the IHCP is defined
for the current analysis, between the heat flux and the temperature, is if one is known the
other can be solved for. The temperature profiles found for the experiment discussed
earlier are used to solve for the heat flux absorbed by the cutting tool. For Beck’s SFSM,
which will be used to calculate the heat flux results in Chapter 6, there is a direct and
optimization portion. Understanding the optimization part of Beck’s SFSM requires
knowledge on Duhamel’s integral.
Duhamel’s Integral
According to Beck (1985), in order to calculate an indirect problem, both the
direct and optimization problems must be calculated. Beck’s SFSM is based on
Duhamel’s integral which is a method of solution transient direct problem. There are
various numerical approaches to solving a transient direct heat conduction problem. One
method is known as Duhamel’s theorem which “restricts the IHCP algorithm to the linear
case” (Beck, 1985). Duhamel’s theorem is a form of the superposition principle where
the boundary conditions are time-dependent. In reference to the current experiment, the
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superposition principle states that the temperature gradient due to a number of heat fluxes
acting simultaneously is equal to the sum of the temperature gradients of each heat flux
acting separately.
Using the principle of superposition for a temperature at a specific location at a
specific time, combines all the temperature values prior to and as well as the respective
value based on the number of time steps. According to Beck (1985), Duhamel’s theorem
begins with an estimated surface heat flux λ at each half step representing the heat fluxes
between times
0 to λ1, λ1 to λ2, ….. , λM-1 to λM
where M is the total number of time steps. Using the principle of superposition, the
temperature at a location x, at time tM is composed of contributions due to the heat flux
components q1 thru qM inclusive:

T ( x, t M ) = To + q1 [ϕ (x, t M − λo ) − ϕ (x, t M − λ1 )]... + qM [ϕ(x, t M − λM −1 ) − ϕ (x, t M − λM )]

(4.3)

where ϕ is the sensitivity coefficient. The sensitivity coefficient function is the
temperature rise at a measurement point due to a unit step change in unknown
disturbance (heat flux). The calculation of sensitivity coefficients for the current
experiment is shown in a later section of the chapter. Using equal time steps and for a
fixed time tM=t, equation 4.3 becomes
M

T ( x, t ) = To + ∑ q n
n =1

ϕ ( x, t M − λn−1 ) − ϕ ( x, t M − λ n )
∆λ
∆λ

(4.4)

where n is the current time step. Noting that for the limiting case as ∆λ approaches zero
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ϕ ( x, t M − λn −1 ) − ϕ ( x, t M − λn ) = ∆ϕ ( x, t M −n )

(4.5)

Applying equation 4.5 to equation 4.4 and omitting the x dependence, equation 4.4 can be
written as:
M

T M = ∑ q n ∆ϕ M − n
n =1

(4.6)

Once Duhamel’s integral is understood it can be applied to understanding Beck’s
sequential function specification method.
Beck’s Method
Beck says that “the problems of determining the surface temperature and the
surface heat flux histories are equivalent in the sense that if one is known the other can be
found in a straightforward fashion” (Beck, 1985). Heat flux is harder to determine than
temperature; therefore, it is easier to use measured temperature at one or more points of
interest to solve for heat flux than to measure heat flux at one or more points of interest to
solve for temperature. The inverse heat conduction problem (IHCP) itself is difficult due
to its sensitivity to error. Using small time steps is beneficial when determining a direct
problem; however, the opposite is apparent for the IHCP. Beck states that “the use of
small time steps frequently introduces instabilities to the solution of the IHCP” (Beck,
1985).
In Beck’s sequential function specification method the heat flux is assumed to
have a known functional form. The heat flux parameters for the given temperature data
are estimated sequentially using Beck’s sequential function specification method
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(SFSM). This method is based on Duhamel’s integral and is used to solve transient nonstationary one dimensional problem.
To apply Beck’s SFSM a specific functional variable of heat flux over each time
step must be assumed. For simplicity purposes the constant heat flux functional form was
chosen for the current analysis. That is, the actual q(t) is assumed to be a piecewise
constant function of time. The equation for the function specification method using
multiple sensors, assuming the heat flux as constant, is represented as
r

q=

J

∑∑
i =1 j =1

Y

 M +i −1 − TˆM +i −1 q =......0 ϕ i


M
r

J

∑∑ ϕ

(4.7)

2
i

i =1 j =1

where Yi is the measured temperature at time ti, J is the number of sensors and Tˆ i is the
calculated temperature at time ti and is calculated as

Tˆ =

M −1

∑q
i =1

est i

∆ϕ M −i + r −1 + T0

(4.8)

where qest represents the estimated heat flux at time tM, and r is the number of future
temperatures.
The heat flux becomes more correlated as the number of future temperatures
increases. This means that temperature measurements at times greater than time ti are
needed for determining the heat flux qM. It is important to be careful to not use an r value
that is too high because the resulting data might become too correlated. Although Beck’s
SFSM relation (Eq. 4.8) is derived for a one-dimensional geometry, this result can be
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used for the present analysis as long as the problem is assumed to be linear. This
assumption allows the temperature response at any point in the domain to be determined
by superposing the effects of all the heat fluxes acting on the surface of the body. A
further assumption, consistent with that made by Liu, Duvvuri, and others, is that the
cutting heat flux at any instant is uniform over an assumed cutting area. Thus, a simple
scalar function of time is sought, based on a measurement at a single point. Although the
geometry is quite different, under these two assumptions, the mathematics reduces to the
relation Eq. 4.7.
A FLUENT model was used to solve for dimensionless temperature differences.
These differences were used as the sensitivity coefficients. All of the results for the
sensitivity coefficients were based on a unit heat flux of 10 x 106 W/m2. Even though the
current experiment is considered three dimensional, the heat flux was calculated one
dimensionally by applying the superposition principle. This is due to all surfaces
surrounding the cutting area being adiabatic. The temperature was measured at multiple
points along the tool edge. Since all surfaces surrounding the cutting area were adiabatic,
all boundary conditions were considered to be homogeneous with the exception of
temperature. The heat flux estimation was termed as constant due throughout the cutting
zone in the FLUENT model shown in Figure 8.
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Figure 8. FLUENT Model Created by Duvvuri (2006).
Duvvuri’s Model
Duvvuri created the three dimensional model shown in Figure 8 to solve a three
dimensional IHCP in FLUENT. The model was originally created in order to determine
the heat flux input to the cutting tool using genetic algorithms. She explains the details of
building her model in GAMBIT by saying that “the triangular tool and the tool holder are
modeled using the software GAMBIT using Top down approach where predefined three
dimensional models are used to obtain the tool’s geometry” (Duvvuri, 2006). The model
built represented the tool and tool holder with a heat source defined at the estimated
cutting area.
Once her model was built in GAMBIT she exported it into FLUENT for
computational analysis. She talks about the details of her model by stating “the problem
under consideration is a three dimensional problem and first order implicit formulation is
44

used. Since the properties vary with time, unsteady time is used for the problem under
consideration” (Duvvuri, 2006). She applied all the necessary material properties before
applying a known heat flux and heat transfer coefficient.
Her analysis involved finding sensors at specific locations that mimicked the
thermocouple locations for Liu’s experiment. After a grid adaptation she ran her model
for a time step of 0.1 seconds for 180 steps, with a max iteration of 100 steps. She
explains her next step for her analysis in detail by stating that “the results obtained by
FLUENT are utilized by genetic algorithm (GA) code to calculate heat fluxes and the
heat fluxes calculated by GA are used by FLUENT to calculate temperatures at the
sensor locations on the tool” (Duvvuri, 2006). She then used parallel computing to solve
for her resulting heat flux values.
Multiple points of temperature-time history are utilized by extracting the resulting
temperature data from the FLUENT model to use as the Y values for the SFSM
calculation. The points of interest where the data was extracted from on the three
dimensional model were located at the same points used during the infrared analysis. In
order to apply the SFSM, the sensitivity coefficients (ϕ) must be known. These
coefficients are discussed and determined in the next section.
Sensitivity Coefficients
A good definition for the purpose of sensitivity coefficients is explained by Ozisik
and Orlande. “The sensitivity coefficient is a measure of the sensitivity of the estimated
temperature with respect to changes in a certain parameter” (Ozisik & Orlande, 2000).
The parameter that is manipulated in the current analysis is the heat flux. According to
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Beck, “If the sensitivity coefficients are either small or correlated with one another, the
estimation problem is difficult and very sensitive to measurement error” (Beck, 1985).
The sensitivity coefficients used in the current analysis were calculated using a modified
version of a FLUENT model originally created by Duvvuri (2006) shown in Figure 8.
The sensitivity coefficient function can be computed from the numerical model by
imposing a constant heat flux at the cutting zone and extracting the temperature at the
measurement point from the results. If the initial temperature of the tool is zero, then the
resulting temperature history is the temperature rise at the measurement point.
Otherwise, the initial temperature of the tool needs to be subtracted from the extracted
history to compute the sensitivity coefficient function.
Although a “unit” step change is prescribed, the analyst has some latitude to
choose what “unit” to utilize. Three different “unit” heat fluxes were considered for an
estimation trial: 1 W/m2, 1 MW/m2 (which is 106 W/m2), and 10 MW/m2. The sensitivity
coefficients for these are seen in Figure 9. Note that the larger “unit” gives the largest
sensitivity coefficients. The largest possible “unit” consistent with the expected heat flux
magnitude should be used to determine the sensitivity coefficients.
A grid study was performed in order to show that the sensitivity coefficients are
computing correctly. This was possible by changing the time step within FLUENT. The
difference in the resulting sensitivity coefficients for each time step adjustment was
negligible. Figure 10 shows the resulting sensitivity coefficients for time steps of 0.03,
0.06, and 0.09 seconds. It is apparent from Figure 10 that there is minimal difference in
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the sensitivity coefficients when the time step is increased. When the time step is
decreased the result becomes even more negligible.
As discussed earlier, the sensitivity coefficients are known as the first derivatives
of the temperature at a specific location and time with respect to the heat flux. The heat
flux for the current sensitivity coefficients is the estimated heat flux component of Beck’s
SFSM. The estimated flux for the current case is 10 x 106 W/m2. It was safe to say that
sensitivity coefficients for a time step of 0.03 seconds were safe to use in the calculation
of the heat flux using Beck’s SFSM. The time step of 0.03 seconds was chosen in order
to match the time step for the experiment.
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Figure 9. Sensitivity Coefficient Results for Estimation Trial using Duvvuri’s Model.

47

Sensitivity Coefficient

20
18
16
14
12
10
8
6
4
2
0

t = 0.03 sec
t = 0.06 sec
t = 0.09 sec

0

10

20

30

40

Time (sec)

Figure 10. Sensitivity Coefficients at Different Time Steps using Duvvuri’s Model.
Modified FLUENT Model
Duvvuri’s model was adjusted to meet the specifications for the current
experiment. This involved remaking the GAMBIT mesh in order to consider a depth of
cut of 3.25mm. The original model recognized a depth of cut of 2mm because it was
created based on Liu’s experimental set up. Once the model was complete, it was
exported into FLUENT. From the new FLUENT simulation a new set of sensitivity
coefficients were calculated. These were calculated in order to aid in solving the direct
portion of the current inverse problem.
Even though it was stated before that a small change in the depth of cut has
minimal impact on the results, the results needed to be as accurate as possible. A
difference in the sensitivity coefficient results between the two separate depths of cuts is
shown in Figure 11.
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Figure 11. Sensitivity Coefficients for both FLUENT models.
As can be seen in the figure above the change in depth of cut does have an impact on the
sensitivity coefficient results. The trend for the larger depth approaches its limit at a
faster rate than that for the smaller depth of cut. This is because there is more heat
distribution being measured along the larger cutting area.
Figure 11 shows the results for the point of interest closest to the tip of the tool.
While the difference between the sensitivity results for the two depths of cuts are smaller
for the rest of the points of interest, the fact still remains that a difference in the depth of
cut for the two different experiments does have an impact on the heat flux results. Once
all four sets of sensitivity coefficients were calculated, they were placed into Excel to aid
in performing the optimization portion of the current inverse heat conduction problem.
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Excel Implementation
The procedure performed in Excel involved Beck’s SFSM using multiple future
time steps. According to Beck, “The use of future temperatures yields much more
powerful algorithms than exact matching. The sensitivity to measurement errors is
reduced thus permitting smaller calculation time steps” (Beck, 1985).
The results were calculated within a Visual Basic macro shown in Figure 13. The
macro involved expanding equation 4.7 into matrix form in order to calculate Beck’s
SFSM for the resulting heat fluxes using only one command line. A general description
of the macro consists of placing the necessary given values into excel such as the initial
temperature (To), the number of future temperatures (r), the measured temperature data
taken from the experiment for high speed and high feed (Y), and the sensitivity
coefficients (φ) calculated from Duvvuri’s FLUENT model.
First, the macro required the input of both a temperature and a sensitivity
coefficient matrix. Each matrix contained the respective values for each point. In order
for the macro to recognize the columns of figures as a matrix it required an external
macro. This external macro shown in Figure 13 made it possible to create a command
line that could utilize columns of variables as a matrix within Visual Basic. Once the
matrices were created within the macro, it then placed all the input data into equations 4.7
and 4.8. The summation was created as a loop in order for the function to work.
Verification of Beck’s Method
The implementation of Beck’s method was verified by a numerical experiment. In
a numerical experiment a known heat flux is used in a forward solver to compute
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simulated “measurements.” These “measurements” are then used in the IHCP solver to
see if the original heat flux is recovered. Simulated errors can also be investigated by
numerical experiments. The temperature data was calculated using Duvvuri’s forward
solver for a known triangular heat flux with a max magnitude of 10 x 106 W/m2. Three
cases are considered: temperature with no noise, temperature with noise added at ± 0.5
ºC, and temperature with noise added at ± 0.5 ºC but was truncated to a single decimal
place. A temperature comparison for point 1 at each case is shown in Figure 14.

Figure 12. Example of Excel Heat Flux Calculation.

51

Figure 13
13. Excel Macro to Calculate Beck’s SFSM.
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Figure 14. Temperature Profiles at Point 1 for Triangular Heat Flux Case.
Beck’s SFSM for multiple sensors will be used to calculate the heat flux for the
above cases. Now begins the optimization portion of the current inverse problem. The
sensitivity coefficients used in the current analysis are the ones calculated for the four
points of interest on the cutting tool using the modified version of Duvvuri’s model
simulating the experiment discussed in Chapter 3. The first set of data that will be
plugged into equation 4.2 will be the temperature data with no noise. All four sets of
temperature are shown in Figure 15. These four points of temperature represent the
measured temperature Yi for each sensor J. The sensitivity coefficients ϕ are shown in
Figure 10.
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Figure 15. Temperature Data for Triangular Heat Flux Case with No Noise Added.
The sensitivity coefficients and measured temperatures were placed into Excel
where they were applied to the macro that calculated the heat flux using Beck’s SFSM
for multiple sensors. The initial temperature was set to the first temperature value at the
first point of interest for the given temperature data. The number of future temperatures
was set to a value of 2. The resulting heat flux based on the temperature with no noise is
shown in Figure 17. The heat flux results for all temperature inputs are shown in Figure
18. The results in Figure 18 show a lot of noise interference for the triangular heat flux
values that have noise added to the temperature input. It is important to note that a
characteristic of inverse problems is that small errors in the input give large errors in the
output. In order to smooth the trend for the two sets of noise data, the
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Figure 16. Beck’s SFSM Calculation within Microsoft Excel.
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Figure 17. Triangular Heat Flux Result for Given Temperature Data with No Noise
Added.
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Figure 18. Triangular Heat Flux Results for all Given Temperatures at r = 2.
regularization parameter, r, needs to be increased. In order to determine an adequate
value for r for each noise case, the root mean square of the heat flux differences is
computed using the equation below:

∑ (q
N

RMS =

est

− q ref

1

N

)

2

(4.9)

where qest is the calculated heat flux from the IHCP, qref is the actual value of the heat
flux and N is the unit step. The RMS value is the root mean square difference or error
between what is solved in the IHCP and the actual value of q (t). It can be considered also
as an average error. In a real experiment where temperature T(t) is measured and the heat
flux q(t) is unknown, RMS cannot be calculated; however, for a numerical experiment

56

q(t) is known so it can be determined how close the value of the calculated heat flux is to
the actual heat flux. A table showing the RMS values for heat flux with r values ranging
from 1 to 50 is shown below.
Table 2

RMS Values for Heat Flux with r Values Ranging from 1 to 50
heat flux (q) RMS @ noise ±0.5 RMS @ noise ±0.5 w/ truncated data
q@r=2
0.1024786
0.1011787
q@r=3
0.0734267
0.0752573
q@r=4
0.0696968
0.0716638
q@r=5
0.0673730
0.0694779
q@r=6
0.0652300
0.0674664
q@r=7
0.0630947
0.0654745
q@r=8
0.0609514
0.0634673
q@r=9
0.0587971
0.0614535
q @ r = 10
0.0566299
0.0594477
q @ r = 11
0.0544680
0.0574664
q @ r = 12
0.0523288
0.0555218
q @ r = 15
0.0492055
0.0457569
q @ r = 20
0.0415547
0.0381326
q @ r = 25
0.0382930
0.0354263
q @ r = 26
0.0383314
0.0356315
q @ r = 30
0.0408189
0.0388662
q @ r = 40
0.0584479
0.0579691
q @ r = 50
0.0827745
0.0829604

The smaller the RMS value the more accurate the result; therefore, the smallest
RMS value for the current case will give the best r value. An r value of 25 is the best
choice for the noise data with ± 0.5ºC. For the noise data that is truncated, the same value
was chosen. The result using the adjusted r values is shown in Figure 19.
From Figures 18 and 19 the effect of adjusting the values of r to reduce the
amount of noise in the result can be seen. The heat flux does not reach a max value of 10
x 106 W/m2; its peak is actually at 9.7 x 106 W/m2. This means that there is a level of
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uncertainty for Beck’s SFSM using multiple sensors. In order to get a better trend, when
noise is added to the temperature data, the value of r is much larger than when no noise is
added to the temperature input. This is because r is a regularization parameter and must
be greater with more noise (error) in the data. The higher correlation of data from the
value of r, however, has an effect on the resulting heat fluxes. According to Beck (1985),
“This bias or error in the estimator can be called the deterministic bias. It is advantageous
to make it as small as possible and yet not make
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Figure 19. Triangular Heat Flux Results with Adjusted Values of r.
the variance unacceptably large.” This can be seen from the peak value for the
temperature input with noise added at ± 0.5 ºC, which is at a value of 8.7 x 106 W/m2. It

58

represents the downside to increasing the value of r for the IHCP. The results become
more and more unrealistic as r is increased due to them having too high of a correlation.
The heat flux results from the temperature input involving noise at ± 0.5 ºC with
truncated data has a peak value of 9.1 x 106 W/m2, which falls in between the other two
heat flux results. This data is higher than the data with just noise at ± 0.5 ºC because the
temperature input is truncated. The truncation has results that are rounded up to the tenth
decimal place, therefore increasing value of r does not have as much of an effect as
opposed to if the data was rounded to the ten thousandths decimal place. From these
results it can be assumed that a downside to truncating the temperature input is that there
is a loss of the realistic noise trend. Also, it can be noted that the heat flux does not return
to zero for each result like it does for qref. This is because of the offset created by the
Excel calculation using Beck’s SFSM.
Conclusion
This chapter has covered the basis behind indirect problems and the intense
process of performing inverse heat conduction. Beck’s SFSM is what will be used in this
thesis to calculate the resulting heat flux values for the temperatures collected from the
experiment. The root of Beck’s SFSM is Duhamel’s integral which is a direct problem
that is restricted to a linear case. Knowing about Duhamel’s integral is important because
it is the basis for Beck’s SFSM. This is possible because only the heat flux at the
boundary is not adiabatic while everywhere else is assumed adiabatic.
The sensitivity coefficients were calculated from a modified version of a forward
solver created by Duvvuri. The model was modified in order to take into account the
depth of cut of the experiment which was different than that of the original model. Also,
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Beck’s SFSM was written in macro form within Microsoft Visual Basic. The required
inputs for the macro are the measured temperatures and sensitivity coefficients. The
results for calculating the resulting heat fluxes for the measured temperatures from the
experiment in Chapter 3 and the sensitivity coefficients from Duvvuri’s forward solver
using the Excel macro are discussed in Chapter 5.
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CHAPTER 5
EXPERIMENTAL RESULTS
Introduction
This section presents the results for the current experiment. Oblique cutting of
A390 pistons was carried out without any cooling applied to the surface of the cutting
tools. Each condition underwent 5 trials giving 20 different sets of data total. The results
were obtained by monitoring the temperature profiles for each trial performed and
applying them to Beck’s SFSM within Excel to calculate the respective heat flux for each
condition. First, temperature data is needed and extracting T(t) from the infrared
sequences will be explained next. Then these T(t) will be used in Beck’s SFSM.
Temperature Results
The distance from the tip of the cutting tool for each temperature reading had to
be consistent among all trials and conditions. The conditions were low speed low feed,
low speed high feed, high speed low feed, and high speed high feed. The positioning of
the camera varied for each snapshot so steps had to be taken in order to confirm that the
distance from the tip of the tool was the same for each point of interest within each
condition. This was done by placing the snapshots in a program labeled as Corel Paint
Shop Pro Photo X2. Corel Paint Shop was chosen because it is capable of determining the
x and y coordinates within the pixel space of Mikrospec images.

61

A reference zone was created with
within Corel Paint Shop in order to get a better view
of the dimensions
ions of the cutting tool
tool.. The reference zone was created by drawing an
equilateral triangle of estimated shape around the edges of the tool. Figure 20 shows the
set up for the low speed low feed snapshot within Corel Paint Shop. The dimensions of
the triangle
gle were kept the sa
same,
me, because the size and shape of the tool was the same for
each condition.

Figure 20. Reference Zone Set uup
p within Corel Paint Shop Pro.
Pro
The coordinates for the corners of the triangle were included in a table for each
condition in order to determine the slope of the triangle’s edges. This was done so if a
point of interest was chosen on the tool within Mikrospec, the distance from that specific
point to the reference zone could be determined using basic vec
vector
tor algebra. Four points at
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four select distances were found on the edge from point 2 to point 3 for each condition.
The points were at a distance of 3, 3.8, 4.2, and 5 mm from the tip of the tool. This was
based on the pixel space imported into Corel from Mikrospec. The dimensions of the
pixel space are 276 x 240 pixels. Even though only four points were used, the number of
points observed on the cutting tool could be of any number. In order to make sure the
points fell exactly on the edge of the reference zone simple vector algebra had to be
performed by guessing points on the plane first. After the points were guessed the
shortest distance from the points to the respective reference edge was calculated. From
there it could be determined what point on the reference edge resembled the same point
for the initial guess.
Figures 22 and 24 show an infrared image of the high speed high feed and low
speed low feed experiment. Each picture has an area of interest that shows the heat being
carried away by the chips. There is more color fluctuation in the high speed high feed
picture meaning that more heat is being carried away by the chips as opposed to the low
speed low feed picture. The points that were chosen along the edge of the tool were
picked at their select positions in order to try and avoid the disturbance created by chip
formations shown in the middle of the picture.
The coordinates of the points on the pixels space were calculated using vector and
matrix algebra. The cutting edge was located from point 1 to point 2. The reason for
picking points on the tool edge opposite the cutting edge was to try and avoid the large
disturbance offset from the cutting zone created by chip formations. The points of
interests were kept constant for each condition at 3.0, 2.8, 4.2, and 5.0 mm from point 2
or the referenced cutting tip of the tool. A table of all four points and pixel locations for
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each of the four conditions is shown in Table 3. The uncertainty was calculated to be ±
0.25mm. This was calculated by finding the lengths of the reference lines and scaling
them with the actual length of the tool edges (22 mm). The resulting temperature profiles
for each point of interest, trial, and condition were extracted and placed into Microsoft
Excel. Figures 21, 23, 25, and 26 show the graphical results for two of the settings at
Table 3
All Four Points of Interest and Corresponding Pixel Locations
low speed low feed
distance from tip
pixels
mm
10
2.95
13
3.79
15
4.17
18
5.02

low speed high feed
distance from tip
pixels
mm
11
2.98
13
3.81
15
4.21
18
5.06

high speed low feed
distance from tip
pixels
mm
11
3.00
13
3.83
15
4.23
18
5.08

high speed high feed
distance from tip
pixels
mm
10
2.88
13
3.67
15
4.05
18
4.88

each point of interest. Figures 26 and 27 do not have any comparison data from Liu’s
experiment because the data was not accessible.
There seems to be more fluctuation in the trend for the speed setting of 3.1 m/s.
This is most likely due to more chip interference in the region of interest. This can cause
error in the temperature reading making it much higher than the actual temperature of the
tool. The tool temperature rises quickly once it makes contact with the work piece and
then increases slowly as the cutting continues. It is apparent after comparing the low
speed low feed data to the high speed high feed data that more heat is carried away by the
chip for higher speeds allowing less interference with the resulting temperature profiles
for each point of interest. This can be seen when comparing Figures 22 and 24.
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Figure 21. Time Temperature Table
Table, (V = 5.0 m/s, ƒ = 0.115 mm/rev).
mm/rev

Figure 22. Infrared Snapshot for V = 5.0 m/s, f = 0.115 mm/rev.
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25

Figure 23. Time Temperature Table, (V = 3.1 m/s, ƒ = 0.055 mm/rev).

Figure 24. Infrared Snapshot for V = 3.0 m/s, f = 0.055
5 mm/rev.
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Figure 25. Time Temperature Table, (3.1 m/s, 0.115 mm/rev).
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Figure 26. Time Temperature Table, (5.0 m/s 0.055 mm/rev).
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25

The high speed high feed result closely resembles Liu’s data taken using
thermocouple techniques while the low speed low feed shows a difference from Liu’s
data. This is because there are more chips being created in the cutting zone that interfere
with the temperature data. This is shown in Figure 23 where there is much fluctuation in
the data due to chip interference. Also it can be seen from Figures 22 and 24 that more
heat is carried away by the chip during the high speed high feed condition. It is obvious
from Figure 21 that the thermocouple takes a longer amount of time than the infrared
imager to capture the instantaneous heat caused by the initial reaction when the tool
meets the work piece. This is one advantage that infrared imaging has over
thermocouples.
The reason that the chips have more of an obvious interference in the infrared data
is because Liu’s sensor was attached to the side of the cutting tool. The thermocouple
data was taken from the side of the cutting tool while the infrared data was taken from the
top of the tool. Along with chip interference, the feed rate of the cut also had an influence
on the temperature results for the current experiment.
The results show that a decrease in feed leads to a decrease in temperature. This is
most likely due to the fact that more heat is carried away by the chips at higher speeds.
O’Sullivan and Cotterell faced these same results. “Reduction in temperature can be
attributed to the higher metal removal rate which resulted in more heat being carried
away by the chip” (O’Sullivan & Cotterell, 2001). The interference caused by the chips
creates difficulties when attempting to measure the temperature of the tungsten carbide
cutting tool during the cutting process.
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Heat Flux Results
The heat flux values were calculated using the temperature profiles measured
from the experiment. By combining the temperature results for each point with the
sensitivity coefficients calculated using the modified version of Duvvuri’s model, the
heat transfer was found using Beck’s SFSM. The initial temperature for Beck’s method
was based on the initial temperature reading for each cutting condition. The number of
future temperatures was set to a value of 25 which is the same value of r from the
validation of Beck’s SFSM discussed in Chapter 4. If the value of r was increased higher
than the current value, the trend would capture less heat flux values and therefore present
a more inaccurate result.

Single Temperature Data
Originally the data for a single point along the edge of the tool was used to
calculate the heat flux. This was done because using multiple sensors had not been
considered for calculating the resulting heat flux. The point was located approximately
3.25 mm away from the tip of the cutting tool. Sensitivity coefficients were selected for
the same point of interest within FLUENT using an estimated heat flux of 10 x 106 W/m2.
The results are shown in Figure 27 along with a result for the same condition with
multiple sensors.
It can be seen from Figure 27 that Beck’s method using multiple sensors has a
better result due to its ability to capture more temperature data from the experiment. The
figure shows a greater heat flux when more data is considered. It was then determined
that using Beck’s SFSM for multiple sensors would give more detailed results. The
results using this new method are discussed in the next section.
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Figure 27. Heat Flux Comparison for Single Sensor Input of High Speed High Feed
Condition (5.0 m/s, 0.055 mm/rev).

Multiple Temperature Data
Once the heat flux result for each condition was calculated, it was determined that
it would better to use the temperature for all four points of interest to determine a single
heat flux. It would also be better to use multiple points in order to take advantage of more
data available from experimentation. This result would produce a better estimate of the
heat flux at the surface of the cutting tool. The resulting profiles from all heat flux
calculations using a regularization parameter with a value of 25 are shown in Figures 28,
29, 30 and 31. The time step for the given temperature values was 0.03 seconds.
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Figure 28. Heat Flux Profile for Low Speed High Feed Condition (3.1 m/s, 0.115
mm/rev).
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Figure 29. Heat Flux Profile for High Speed High Feed Condition (5.0 m/s, 0.115
mm/rev).
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Figure 30. Heat Flux Profile for High Speed Low Feed Condition (5.0 m/s, 0.055
mm/rev).
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Figure 31. Heat Flux Profile for Low Speed Low Feed Condition (3.1 m/s, 0.055
mm/rev).
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The heat flux shows an immediate increase for all sets of data except for the low
speed low feed data. The low speed, low feed data has a lot of distortion due to heat
interference caused by less heat being carried away by the chip. The peak heat flux
ranges from 57.3 MW/m2 to 67.5 MW/m2 for all conditions. Figure 32 shows the average
heat flux for each setting. From Figure
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Figure 32. Average Heat Flux for all Trials and Conditions.
31 it is apparent that the trend is the same for three out of four of the conditions. From the
low speed low feed results it can be seen that the trend is much different than the other
three trends. As was discussed earlier in the chapter, the reason as to why the low speed
low feed profile is due to chip interference in the cutting zone. Also, for all of the
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conditions there is a constant increase in heat flux until the cutting stops where the heat
makes a large drop to zero.
The results calculated using the experimental results were compared to past heat
flow calculations based on a similar experiment performed by Liu (2005). Liu’s results
were computed based on a single temperature sensor and one set of sensitivity
coefficients. Her depth of cut was 2 mm. A macro similar to the one used to calculate the
heat flux for the infrared data was used to calculate the heat flow for Liu’s experiment.
Instead of a matrix input, the macro for Liu’s data required only a single vector input for
temperature and sensitivity coefficients. The reason for using heat flow instead of heat
flux for the comparison was due to each experiment having a different cutting area.
The sensitivity coefficients for Liu’s data were based on a single temperature
sensor located 2 mm away from the tip of the tool and 1 mm down from the top.
Temperature differences calculated from the modified FLUENT model were used as
sensitivity coefficients to help calculate the heat flux for Liu’s experiment. Once the heat
flow was calculated for Liu’s results it was compared to the results for the current
experiment. The resulting graphs are shown in Figures 33 and 34.
Figure 33 shows that the heat flow calculation based on Liu’s data is less than the
results calculated using the SFSM. The heat flow shown low speed, low feed condition
has more fluctuations than the flow for the high speed, high feed condition. As stated
earlier, this is due to a large interference caused by chip formation. The low interference
for the high speed, high feed case is due to chips being removed from the cutting zone at
a faster rate, which creates fewer disturbances within the temperature readings.
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The time of cut for Liu’s results is consistent for both hshf and lslf whereas the
time of cut differs for the infrared results due to the change in spindle rotation rate mid
experiment. The infrared results have a higher heat flux value than the results based on
Liu’s data in Figure 33. A theory for the difference in results is that there is possibly more
chip interference for the infrared
1200
1000
Beck's Method Infrared
Heat Flow (Watts)

800
Beck's method-Liu
600
400
200
0
0
-200

5

10

15

20

25

30

Time (sec)

Figure 33. Heat Flux Comparison for Low Speed Low Feed (3.1 m/s, 0.055 mm/rev).
data. This would be due to the temperature being monitored from the top surface as
opposed to the side of the tool where the thermocouple measurements were taken.
An apparent difference in the heat flows shown for the high speed, high feed case
is that the initial heat increase for the infrared temperature data is much more rapid than
the heat increase for the thermocouple temperature data. This is because of the
thermocouple’s limit on capturing a large instantaneous heat increase. Infrared imaging
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differs from thermocouples because it is able to measure temperature fields without
having direct contact with the surface of measurement. This is why the initial heat flow
increase for the infrared increase is much faster than that of the result based on Liu’s
thermocouple data.
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Figure 34. Heat Flux Comparison for High Speed High Feed (5.0 m/s, 0.115 mm/rev).
Conclusion
Digital processing using a commercial photo editing program was used to
determine the precise pixel coordinates for each of the four conditions used in the
experiment. These coordinates were used to reference the temperature profiles for the
infrared sequences. These temperature profiles were used to compute the tool heat flux
using Beck’s SFSM. The resulting fluxes were then compared to those obtained by Liu.
The results show more of a fluctuation in the infrared results. This is due to more chip
interference. The reason that there is more chip interference in the infrared data is
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because the temperature measurements were taken from the top of the tool as opposed to
the side of the tool where Liu’s temperature measurements were taken.
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CHAPTER 6
CONCLUSION
Infrared Imaging is convenient when determining temperature in the cutting zone
due to its fast response and its ability to have no effects on temperature during the cutting
process. This is due to no physical contact. The higher temperatures during the cutting
process happen more often during higher cutting speeds. The lower temperature at lower
speeds is most likely to due to heat being carried away by the chip. When the temperature
is high, the cutting tool is susceptible to faster tool wear because of adhesion in the
secondary shear zone.
The direct part of the current inverse problem was determined by using a
FLUENT simulation to find temperature profiles at four points with equivalent distances
from the edge of the cutting tool as the points of interest for the experiment. These
profiles were based on an estimated heat flux of 10 x 106 W/m2. The temperature
differences from the profiles were used as the sensitivity coefficients in calculating the
heat flux using Beck’s SFSM.
The sequential function specification method created by Beck was used for the
current analysis to calculate the optimization part of the current inverse problem. This
was done by using equation 4.2 to solve for the heat flux using multiple temperature
sensors. The temperature measurements from the experiment explained in Chapter 3 and
sensitivity coefficients found using a FLUENT model were placed into an Excel
spreadsheet. Once inside the spreadsheet they were applied to the macro shown in Figure
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13 to calculate a heat flux vector. The results are discussed in the analysis section. The
regularization parameter for the heat flux results was set to a value of 25 to try and reduce
effects of the amount of noise in the temperature data taken during experimentation.
Comparing the results to previous experiments it can be said that there is a
difference between temperature measurements taken at the surface of the cutting tool and
the side of the cutting tool. This is because the heat that is created by a large disturbance
due to chip formation has an effect on temperature measurements at the surface of a
cutting tool. It can be said that infrared imaging is beneficial because of the fact that it
has no contact with the actual cutting surface. Also, the temperature measured is the
actual temperature of the area of interest, not the device itself, unlike thermocouples
whose temperature measurements are that of the thermocouple itself.
Inverse heat conduction is very useful when the experimenter has temperature
measurements outside the area of interest due to an inability to access that area. It
involves using regularization to reduce the amount of noise in the results. This is
important because it gives the result a smoother and easier trend to follow. Also, using
multiple temperature sensor input gives a somewhat better idea of the heat flow as
opposed to using single temperature sensor input. In conclusion, Beck’s SFSM is a good
method to solve for the amount of heat that is absorbed by a cutting tool during the
cutting process. This is due to the incapability to measure temperature at the cutting zone.
Recommendations for Future Research
•

Repeat the experiment using a chip deflector in order to get more accurate
temperature profiles.

79

•

Repeat the experiment using both infrared imaging and thermocouples in order to
get a better idea of the differences between the two.

•

Repeat the procedure using other types of regularization methods in order to
compare the result to the result using Beck’s SFSM.
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