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Sets of dry and wet boring experiments are conducted to estimate the amount of heat
transferred into the workpiece and the cutting fluid heat convection coefficient in a boring
operation by an inverse heat transfer method. The temperature distribution in the bore is
predicted using a heat transfer model that includes heat convection on the inner and outer
bore walls. The developed model is solved by an integral transform approach. The ther-
mal expansion of the bore is then calculated using the finite element method (FEM).
Surface error due to the cutting forces is also predicted using FEM and added to the
thermally induced surface error to give the total surface error. The actual surface error
of bores machined under dry and wet cutting conditions are measured and compared with
the predicted surface error. Very good agreement between measured and predicted sur-
face errors is observedS1087-135{0)00802-9

Introduction boundary conditions on the walls of the bore are controlled by the

Manufacurers e devoing more and more atenton o (G PIOPElEs and e condton upder whih e i e
various waste streams generated in metal cutting operations u T resented b Chilcrzl)s et ] ?hat considered the local behay-
the pressure of increasing disposal costs and tighter environmentar P y

; . o . I near the cutting zone and assumed heat loss by boiling. Such a
regulations. Spent cutting fluid is one of the most significant Wasr%odel does not adequately describe the global convection behav-

streams in manufacturing facilities. In spite of their importancc? r in a boring operation. In fact, no theoretical correlation for the
there is a shortage of knowledge about the effects of cutting qui%E g op ) '

. : : : t convection coefficient in cylinder boring is available due to
on cutting performance. This paper begins to address this short & . : X -
of knowledge by quantifying the role that cutting fluids play inof cﬁamglﬁﬁlitg g];tpr;ﬁ:;#g;?% fluid flow pattern and the uncertainty
removing heat from the workpiece during a cylinder boring op- With regard to the heat éource strength, a number of experi-

eration. The impact of cutting fluids on the machined workpiece : .
surface error is also determined. mental and theoretical efforts have focused on determining the

The study considers an Al 308 work material because of tﬁénlount dOf prl?c_ess gensrﬂtedﬁheat;hatk:s distributed ép_the ﬁhips,
. : , =~ - 10ol, and workpiece, and the effect that the cutting conditions have
widespread use of cast aluminum alloys in the automotive |ndu59n this distribution[7,8]. The literature reports that under typical

Lrg'eﬁ]ce{:"}ﬂgrrsgrzﬁ% gﬁ)rge?ts islskﬁéarr?lph(z\(: t%g'&gcﬁoo;ti ?i?]rgrrigﬁcutting conditions, the majority of the heat is carried away by the
9 : y hips, with only 10—30 percent of the heat conducted into the

of bores often leads to poor engine performance because of V\Zc}rkpiece. Subramani9] employed an inverse heat transfer

creased oil consumption, frictional losses, and excessive wear Ol 1 to estimate that as much as 46 percent of the generated
piston rings. Among all the machined surface features, e.g., sur- t mav be transferred into a cast iron b(?re Wriaht e{ﬂ@lgll;l
face error, surface waviness and surface roughness, the sur %% Y . : g "

; . : Lo also applied an inverse heat transfer method to solve for the tool/
error is the most critical factor affecting the cylindricity of thechi interface temperature in turnina based on temperature mea-
machined bores, and will be addressed in this work. P perat 9 P

%rements on the interior of the tool. The research to be reported

Surface error is defined as a measure of the deviation of t - - ) .
machined surface from the surface that would be produced un%grrem also utilizes an inverse heat transfgr method.to estimate the
ideal conditiond1]. Surface error is mainly caused by the elasti €at source strength for a set of dry boring experiments on 308

deflection of the bore due to cutting forces and the thermal defoaf,l_uminum. It is anticipated that the fraction of the heat transferred
mation of the bore due to the heat generated during machinin nto the bore may be larger than that observed for a cast iron bore

Obviously, the cutting force induced surface error depends 'Hving fo the higher conductivity of aI_uminum relative to cast i.ron'
the magnitude and direction of the cutting force, the bore strugc- Several researchers have examined the temperature distribu-

ture, as well as the mechanical properties of the bore material.T@é]s and thermal distortions created by machining processes.

cutting forces may be easily measured using a dynamometer tts_and McCIure[_lZ] af‘a'yzed the_ the_rmal expansion_ of a
predicted by applying some widely used modi2s-4]. In this workpiece by assuming a linearly moving ring heat source in turn-

effort, the cutting forces are measured directly from experimenfg.g' Watts[lS]_presented the temperature dlstrlbutl_ons_ in solid
The thermal deformation of a machined bore is a function ¢fd hollow cylinders due to a moving circumferential ring heat

the temperature distribution in the bore. The temperature distribpRUrce: Ichimiya and Kawahafa4] also focused on turning and

tion in the bore is in turn dependent on théeat source strength, !nstead of assuming a ring heat source, employed a helically mov-

i) bore structure, ili thermophysical properties of the work ma-nd Point heat source. Stephens(db, 1§ developed an inverse

terial, and iy convective boundary conditions. The convectiv&"€thod for investigating deformation zone temperatures and the
thermal expansion of the workpiece in turning. With regard to
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dation of the model predictions were made. A model has also besant concentration. A cutting fluid flow rate of 7.5 I/mifi.98
developed for the prediction of bore surface error that includes tgal/min) was applied via several nozzles directed at the top of the
effects of both cutting forces and bore temperaflirg,9]. The cylinder.

comparisons between the experimental measurements and th

model predicted surface error showed good agreement. However: gtt:nggzsgorce Meaasurement. A hKishtIer dynamometerf H
the effect of cutting fluid on the surface error was not considerdlde A was used to measure the three components of the
in their work. cutting force. A multi-channel charge amplifi€Kistler Type

; P 5007 received the dynamometer output and supplied voltages to
This paper focuses on predicting the surface error resulti L
from a boring operation performed both with and without cuttin 0 data acquisition syste(AT-MIO-15F DAQ board and Lab

fluid. Cutting forces and temperatures are measured for both dfifV Software system The measured cutting forces were subse-

and wet boring tests. The temperature measurements under VAFENtY input to the finite element model to predict elastic deflec-

ous cutting conditions are used to determine the actual heat sofg8S: T check the repeatability of the force measurements,
strength as well as the cutting fluid heat convection coefficient t/0Wn l0ads were applied to the dynamometer, and the corre-
an inverse heat transfer method. A one-dimensional heat tran pndlng voltgge§ were noted. Repeated application of a known
model is developed to simulate the heat transfer process in tRad resulted in virtually the same voltage.

bore with two-sided cooling by the cutting fluid. The integral Temperature Measurement. Coaxial thermocouples of type
transformation method is used to solve the heat transfer problgmmedtherm Corporation were used in the tests. This type of
[18,19. The deflection of the bore due to the measured cuttitflermocouple was selected because its fast response time of 10

forces and the thermal expansion of the bore as a function of thcroseconds can be used to capture transient temperature behav-
temperature field in the bore are calculated using a finite elemegt at high cutting speed&l000—3000 rpm

model. These predicte@ombined thermal and mechanicalr-  Temperature measurements were taken at five positions con-
face errors are then compared with the measured errors at a ngfously during the boring operation. A schematic of a cylinder
ber of axial positions in the bore. bore with the five mounted thermocouples is shown in Fig. 2. All

the cylinder bores were prepared with the same outer and inner
diameters. Two main modifications were made to the cylinders.

Cutting Force and Temperature Measurements One was to cut a 3.2 mn(0.125 inch square slot along the full

A set of boring tests were performed using 308 die cast alu length of the inside surface of the cylinders so that the angular

num workbieces on a Cincinnati Milacron Vertical Machinin rientation of the boring bar could be matched with the cutting
p X . . : - orce signals. Another modification was to drill five holes, each of
Center(7VMC-750). The variables investigated in the experimen 1 mm(0.082 inch diameter, as shown in Fig. 2, into which the
included cutting speed, feed, and cutting fluid presence. The C{'H'ermocoﬁples were mountéd The holes at- Io,cations A and B
ting conditions for the experiments formed & factorial design. were at the same distance of 2'54 rfirinch) from the top of the
Tests 14 were conducted dry whereas tests 5-8 were perforrg , but at different radial and anguld80 deg apajytlocations.
in the presence of cutting fluid. The depth of cut was fixed at 4o 1jes at locations C and D were created in a similar fashion.
mm (0.04 |nclj for all the tests. For each test,. the puttlng forceIS-IoIe E is at the same radial and angular location as B and D. A
and tlhel trart1_5|ent temperature Lesponies at f"I’e different thermpgpqyctive paste was applied at the bottom of each hole to ensure
couple locations were measured Simuftaneously. . adequate contact between the thermocouple probe tip and the bore
The experimental setup is shown in Fig. 1. The tooling for th\?lall

operation was a boring ba70 mm diameter, 150 mm length The data acquisition system for temperature measurement in the
W'th. an |nqexable tool cartridgekennametal 55946 C-A)SThe tests consisted of a National Instruments chassis SCXI-1000, a
cutting fluid used for the tests was a water soluble oil at 10 P&laia controller SCXI-1200, an isolation amplifier SCXI-1120, and
LabView 4.0 software. The thermocouples were connected to the
SCXI-1120 modules using SCXI-1328 terminal blocks. The ter-
minal block included a temperature sensor for cold-junction com-
pensation. Due to the small magnitudes of the output voltages
from the thermocouples, signal conditioning was required before
A/D conversion.

It will be seen that the temperature history collected from the
thermocouples for each test will be used to estimate the heat
source strength and the boundary heat convection coefficient by
the inverse heat transfer method. Typical temperature histories
obtained for dry and wet machining are shown in Figs) &nd
3(b) respectively. The figures illustrate that the cutting fluid has a
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All dimensions are in mm

Fig. 2 Schematic of a cylinder bore with mounted
Fig. 1 Picture of the experimental setup thermocouples
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Fig. 3 Predicted and measured temperatures fortest s#1&# 8

significant effect on the temperature in the bore. These differendesnsfer problem in a cylindrical bore. This equation, that incor-
in the temperature history suggest differences in the bore thermparates a longitudinally moving heat source and heat losses
deformations that will be explored later. The temperature histotlgrough the inside and outside of the bore walls, takes the follow-
at locations “A” and “B” (also “C” and “D” ) which are at the ing form:
same axial location, but different radial and circumferential loca- )
tions reveals that the temperature measurements are consistent. ﬂ_ 9(zt) _ w ‘9_9

a2 M0 T o h @

Heat Transfer Model for Cylinder Boring . )
i ) o o where; 0 is the difference between the wall temperature and the
As a first step in predicting the thermal deformation in th@mbient temperaturey is the thermal diffusivity of the materiak,
cylinder boring process, a model for the heat transfer behavioriithe thermal conductivity is the ratio of heat convection co-
the operation is required. A comparison of the thermocouple megficient to thermal conductivity, i.eH=h/k, w is the thickness
surements at the same axial position, but different radial positiors, the wall of the bore, andj(z,t) is the heat source strength.

i.e., thermocouple pairs A/B, and C/D, reveals that the temperaquation (1) is subjected to the following boundary and initial
ture difference between them is not significant. The relativelyonditions:

small temperature difference of 2°C between the thermocouple

pairs is due to the very high thermal conductivity of the aluminum a0 _ )

workpiece, 120.0 W/m K, the thin cylinder walls, 6.35 mrt0.25 9z H6=0 atz=0, andL respectively

inch), and the relatively high spindle speeds. The lag/lead between

the temperaturestah & B; and C & D, is also observed to be 0=0 att=0, for all z. 2

negligible. These two observations suggest that from a modelin ) o )
perspective, the radial temperature and circumferential tempe-t'—g-e heat source strength at cutting tool positmnin the boring
ture gradients are small and may be neglected. This dramatic4lReration may be approximated by:

simplifies the modeling of the heat transfer problem, leading to a 9(ze 1) =0s- 8(z—2) 3)
one-dimensional heat transfer model with a heat convection term s’ s s
associated with cooling on the inside and outside of the bowehere;z; may be further expressed in terms of the feed(&je
walls. In contrast to our results, a circumferential temperature gréme (t), and the initial position %;) of the tool, i.e.,zs=2,
dient was observed in the study conducted by Subraf®dnbut +Ft. For the experiments described heraigcorrespond to the
that can be attributed to the lower conductivity and thick wall afop position of the cylinder, i.ez=0.

the cast iron cylinder used. . . .
y Temperature Solution via Integral Transformation. There

Governing Equation and Boundary Conditions. Figure 4, are many ways to obtain the solution of Ed) subjected to the
illustrates the one-dimensional governing equation of the heattial and boundary conditions of Eq2). The integral transfor-
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Fig. 4 Cylinder bore illustrating heat loss terms
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mation approach is applied herdit8,19. The kernel of the inte- squared deviations of the model predicted temperatures from the

gral transform in the-direction,K,(\,,2), and the corresponding measured temperatures. The squared deviations are summed over

eigenvalues), may be expressed §%9,22: all the thermocouples for the duration of the boring operation.
A, COSA,2) + H sin(A2) Given the thermocouple measurements from a boring operation,

Ko(Apy,2)=V2- - 4) yalue_s_ of the hegt_sc_)urce stren_gth_and con_vection coefficient_are
2 2 H identified that minimize the objective function. Of course, this
(A HS| L+ N2+ H? +H inverse heat transfer method assumes that the heat source strength
" and convection coefficient are constant for the duration of a bor-
2\ H ing operation. In a boring process without cutting fluid, and slow
tank,L= N2—H2 () motion of air around the cylinder, a heat convection coefficient of
n 6 W/m’ K was assumef].
wherelL is the length of the bore. Table 1 lists the machining conditions, the estimated heat
The integral transformation of Eq1) results in an ordinary source strength, the fraction of total energy entering the work-
differential equation. The solution for this equation is: piece, and the convection coefficients for the eight tests con-
- Q- Uyt ot s ducted. Tests 1-4, were conducted in the absence of cutting fluid,
O(\,, )= s, 1 (6) 1-e., dry. Assuming the heat convection coefficient to be 6

wk VﬁH\ﬁFZ for these dry tests, the heat source strength was determined using
the inverse heat transfer approach for each case. The power con-
sumed or the total heat produced in each test was kripvaduct
of measured cutting force and cutting speesb, the fraction of

whered is the transformed temperature, and the variallesy,,
and ¢z may be defined as:

Y= "(BNF—Ay,), total heat energy entering the workpiece was determined. For the

. conditions examined, the heat fraction was in the range of 0.26—
$o=SIN(\FO(ANF +By,), and 0.77. Tests 5-8, were conducted in the presence of cutting fluid,
Wa=cog\ Ft)(Ay,— B\ F). i.e., wet. The heat source strengths in tests 5—8, were assumed to

) o be the same as those determined in the corresponding dry tests

The constants in the above definitions i1, ,, andy; are:  1-4. For example, the heat source strength in tests 5 and 1 was
_ 2 assumed to be the same. Obviously, the heat fraction entering the

Y= a(2HFWAL)IW, workpiece would also be the same in corresponding dry and wet

A=\, cog\,Zo) +H sin(\,z,), and tests, since the cutting forces remained virtually unchanged in the
) presence and absence of the cutting fluid. Once again, the inverse
B=H cog\,zg) =\, Sin(A2Zp). heat transfer approach was applied and the convection coefficients

Given the transformed temperature relationship of Bgand the for the wet tests 5-8, were determined. The convection coeffi-
values for the variables specified above, the temperature distriligNtS estimated for the listed machining conditions were in the

tion in the cylinder bore may be calculated using the inverse if2n9€ of 1400-2100 W/AK. It should be noted that the convec-
tegral transformation, i.e., tion coefficients estimated were global, as compared to local con-

vection coefficients estimated by Chilffs)].

” _ Figures & and 3 show the temperature history at the thermo-
T(z,H)=2, Kn(An,2) 0Ny )+ T, (7)  couple locations for a typical dry and wet test respectively. A
n=0 good agreement between model and experiment is observed in
whereT., is the ambient temperature. terms of the trend of the temperature history, which shows that the

model has been able to adequately characterize the physics of the

problem. So, it can be concluded that the developed one-

- dimensional heat transfer model with side heat losses is accept-

efficients able to simulate the process of boring a thin walled cylinder of
Due to the lack of models for predicting the heat sourcRighly conductive material in the presence and absence of the

strength and convection coefficient in cylinder boring, as megutting fluid.

tioned in the literature review, an inverse heat transfer meth%g . .

was used to estimate these quantities based on the measured W—nder Boring Surface Error

perature history from the thermocouples. This inverse heat trans¥or the bore geometry outlined previously and the specified

fer method uses an objective function that is the sum of tldepth of cut, and in the absence of deformations, it would be

Prediction of Heat Source Strength and Convection Co-

Table 1 Estimated heat source strength and convection coefficient

Test# | Feed Spindle | Coolant | Estimated | Estimated Estimat('a.d
(mm/rev) | Speed Heat Fraction of Convec.tlon
(rpm) Source Total Heat Coefficient
Strength Entering the (W/m?K)
W) Workpiece
1 0.1 1000 OFF 858.5 0.767 6
2 0.254 1000 OFF 896.13 0.475 6
3 0.1 3000 OFF 1596.9 0.435 6
4 0.254 3000 OFF 1496.2 0.271 6
5 0.1 1000 ON 858.5 0.767 2014
6 0.254 1000 ON 896.13 0.475 1561
7 0.1 3000 ON 1596.9 0.435 1496
8 0.254 3000 ON 1496.2 0.271 1575
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expected that a cylinder diameter of 89.4 mm would be producetie radial direction was smalin the range of 0.4—0.6 microhs

Of course, cutting forces might be expected to separate the borifigerefore, only the thermal expansion of the bore is considered.
bar and the bore wall. This would reduce the depth of cut leadingBased on the aforementioned heat transfer and inverse heat
to an undersized machined diameter, i.e., surface error. Elevateghsfer methods, the temperature distributions in the axial direc-
temperatures in the cylinder bore would also be expected to pt@n in the workpiece at 10, 20, 30, and 40 seconds after process
duce thermal deformations of the bore that result in a reducédtiation are shown in Fig. & and .

diameter and hence surface error. Residual stresses in the maht time t=10s, the thermal expansion of the bore is shown in
chined workpiece can also lead to surface error. However, th@s. 8 and 9. Note that the expansion shown in Figsai®d &
literature reports that for machining conditions comparable twas been exaggerated. Due to the symmetry of the bore and the
those described above, the residual stresses are small and datherimal expansion, only side views are presented in Figan@

lead to significant distortion20,21]. 9b. The data for these graphs were obtained using finite element

. . method.
Force-Induced Errors. The deflection of the boring bar and ™ tpoqe figures show that not only is the magnitude of surface

the cy.lind_er bore dge to the.cutting forces 'e?“’es an uncut Iayeréﬁor in machining in the presence of cutting fluid smaller than
material in the radial direction, which contributes to the surfac@ ¢ without cutting fluid, but also the surface error in wet cutting

error of the bore. For the conditions considered, the stiffness 2 more uniformly distributed in the axial direction of the bore

the boring bar is much larger than that of the bore. The deflecti Bmpared with that in dry cutting. This was found true for all the

of the boring bar due to the cutting forces can be determined By o5 machined in the presence of the cutting fluid. In either case,

modelling it as a cantilever beam. It was found to be in the rangge 1ermal expansion, rather than the elastic deflection resulting

of 0.1-0.3 microns for the measured cutting forces during tr?F‘om the cutting forces, is the dominant factor in influencing the
te%;f]' lastic deflecti f the b lting f h ._surface error on the machined bore. In considering the magnitude
e elastic deflection of the bore resulting from the cuttinge o orface error produced under wet conditions, it should be

forces in the boring o_peration is comput_e_d by the finite e‘lerm:"m)ted that the jet cooling method was used as opposed to the flood
approach. The following boundary conditions were assumed for

the force analysis of the cylinder:

i) Fixed atz=L
i) Free atz=0

The distortion of the bore, 10 seconds after the cutting had
started, is shown in Fig. 5. Note that the expansion shown in this
figure is exaggerated for illustration purposes. The finite element
model consisted of 600 solid elements and 880 nodes.

Since the tool is moving during machining, the point of appli-
cation of the cutting forces on the bore varies with time. Finite
element analysis was performed at several different points. The
surface errorgbore deflection at the point of surface generation
due to “cutting forces only,” at several axial positions were ob-
tained and plotted in Fig. 6 for the cutting conditions of test #1.
The maximum surface error of the bore is about 2.4 microns,
which is much higher than that of the boring H@t2 microns.
Therefore, the surface error contribution due to the boring bgfy 5 peformed cylinder at  t=10 seconds due to the cutting
deflection has been neglected. The surface error resulting from thees, test #1
cutting force during machining is only one part of the total surface
error in the machined bore.

w

urface Error (um)
— [
. L

Thermally Induced Errors.  Another significant source con-
tributing to the total surface error on the bore is the thermal ex
pansion of the work piece due to the heat generated during mi
chining. In order to evaluate the pure effect of the cutting fluid on
the surface error, the results for both dry and wet machining wil m
be presented. Among the boring bar, cartridge, and the insert, on,,, /... «..
the insert is subjected to high temperature. The cutting operation
is not long enough for the bar and cartridge to become apprecially 6 “Force-induced” surface error vs. axial position in the
heated. Calculations revealed that the expansion of the insertpite for test #1
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Fig. 7 Predicted temperature distribution in the bore at different times
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between the desired radius and this measured radius is surface
error; positive surface error is associated with an undersized ma-
chined diameter.

In Fig. 10, the measured surface error is compared with the
combined predicted surface error, which is contributed by both the
elastic deflection due to the cutting forces and the thermal expan-
sion resulting from the heat generated in machining. The mea-
sured surface error is slightly greater than the combined predicted
error. The difference between the two may be due to the combined
effects of boring bar deflection, residual stresses and surface
roughness. A good agreement between the predicted and the mea-
sured values suggests that the developed procedure to predict the
surface error on the machined bore by a boring operation in the

e presence and absence of cutting fluid is successful. Other tests
(a) Test # 1, Without Cutting Fluid (b) Test # 8, With Cutting Flaid  g]so showed equally good agreement between the measured and
the predicted surface error. To verify the repeatability of the
CMM, repeated measurements of the diameter at an axial position
were taken on a machined cylinder. The measurements revealed a
standard deviation of 1.2 microns in the diameter, which is very
small relative to the surface error values.
cooling method. Perhaps, with flood cooling, the reduction in the .
surface error would have been greater. Clearly, additional reseafeAnclusions

is needed to understand the effect of coolant application strategyvianufacturers are devoting increased attention to cutting fluids
(coolant flow rate, number of nozzles, nozzle direction, nozzlgacause of the environmental and health consequences associated
diameter, distance between nozzle and cutting zone, @tcthe  with their usage. Many recent studies have focused on these nega-
surface error of the workpiece. tive characteristics, but little attention has been directed at de-
scribing the effects of cutting fluids on machining process perfor-

Comparison of Measured and Model Predicted Surface Er- mance. The emphasis of this paper has been on quantifying the
rors. A Brown & Sharpe Micro Validator Series Coordinaterole that cutting fluid application has on convective heat transfer
Measuring MachindCMM) was used to measure the surface emnd machined surface error in a cylinder boring operation. A one
ror on the machined bores. When the pick-up of a measuridgmensional model for heat transfer in the boring operation that
probe in this system touches and moves around the inner surfae@ be used for both dry and wet cutting was established and
of the machined bore at a given axial position, the digitized conerified experimentally. Measured temperatures were used in con-
tour of the inner surface of the bore at the axial position is olzert with an inverse heat transfer method to estimate heat source
tained. The software provided with this measurement systemsisengths for dry cutting and convection coefficients for wet
able to calculate the average radius of this contour. The differenuatting.

Fig. 8 Deformed bore due to the thermal deformation at
t=10 second
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Fig. 9 Surface error (due to thermal deformation ) versus axial position
based on FEM model
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Fig. 10 Measured surface error versus predicted (elastic +thermal ) surface error
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The predicted temperature fields produced in the cylinder bore g = point heat source, W
create thermal deformations. The cutting forces also generate de- h = convection coefficient, W/fK
formations. The predicted temperature fields and the measured H = h/k
cutting forces were both input to a finite element model of the k = thermal conductivity of the cylinder, W/m K
cylinder bore, and the bore surface errors were calculated. The K, = nth kernel
predicted bore surface errors under a variety of dry and wet ma- L = length of cylinder, m
chining conditions were then compared to measured bore surface A, = nth eigenvalue
errors produced under like machining conditions. These compari- r = radial direction of the cylinder
sons showed good agreement between the model predicted and t = time, seconds
measured surface errors. The following conclusions may be draWi(z,t) = Wall temperature at locatiomand at timet
as a result of this investigation: T, = ambient temperature
0 = difference between the cylinder wall temperature and
__ the ambient temperature, °C
0 = transformedd
w = wall thickness of the cylinder, m
axial direction of the cylinder
= initial position of the tool, m

« The amount of heat transferred into the workpiece under dry
boring conditions ranges from 27-77 percent of the total heat
generated.

« A one-dimensional heat transfer model for the cylinder bor-
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