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Abstract-A model of heat transfer in grinding was previously developed which predicts the temperature 
in the grinding zone. This model is used here to predict the occurrence of film boiling of the grinding fluid, 
and to determine whether or not workpiece burn would subsequently occur. Both film boiling and workpiece 
burn are assumed to occur at critical grinding zone temperatures. The effects of various parameters are 

explored, such as fluid and abrasive grain types, and conventional or creep feed grinding conditions. 

INTRODUCTION 

DURING a grinding process, essentially all of the power 
supplied to the grinding machine is converted to heat 
in the region where the wheel contacts the workpiece 
(the grinding zone) [I]. Grinding fluids are used to 
lubricate (thereby reducing the grinding power) and 
to remove heat from the grinding zone. Under some 
circumstances, the grinding fluid may undergo film 

boiling, causing a sudden increase in temperature [2-- 
61. Depending on a variety of factors, the resulting 
elevated temperature may or may not cause thermal 
damage to the workpiece. A model of heat transfer in 
grinding has previously been developed [7, 81 which 
predicts the temperature in the grinding zone by con- 

sidering the coupled heat transfer to the workpiece, 
wheel, and grinding fluid. In this paper, this model is 
slightly modified, and is then used to predict when 
film boiling will occur, and whether it will result in 

thermal damage to the workpiecc. 
Figure I illustrates a grinding wheel in contact with 

a workpiecc over the grinding zone of length I and 

depth h (into the page). Some typical grinding par- 
ameters are shown in Table I. Note that creep feed 
grinding differs from conventional grinding in that 
the workpiece speed, L’, , is much lower, and the depth 
of cut. u. is much higher (and consequently so is 
the length of the grinding zone, 1). (The remaining 
quantities in the table will be introduced later.) 

A review of the literature reveals a considerable 
research effort devoted to thermal aspects of grinding. 
Snoeys et al. [9] and Malkin [IO] provide literature 
reviews. Much of the work [I, I l-141 has concentrated 
on predicting workpiece surface temperatures in dry 
grinding, in the absence of significant convective heat 
transfer. However, convective cooling due to the 
grinding fluid has been explored by a variety of 
researchers, see for instance refs. [ 155181. 

Grinding fluids are especially crucial in creep feed 

grinding. Because of the low workpiece speeds and 
long grinding zones, a point on the workpiece surface 
remains in the grinding zone longer and therefore 

tends to be hotter than in conventional grinding. Sev- 
eral papers [225] have investigated thermal aspects of 
creep feed grinding. The results of Shaft0 et al. [2] 
suggest that only about 5% of the generated heat 
remains in the workpiece because a substantial por- 

tion of the grinding energy is removed by convection 
to the fluid. These papers on creep feed grinding have 
also addressed the phenomenon known as ‘surge’, 
in which the power consumption of the grinding 
machine suddenly fluctuates, associated with metal- 
lurgical damage to the workpiece surface. It has been 

hypothesized that surge is associated with the tran- 
sition from nucleate to film boiling of the coolant. 

This hypothesis is supported by the research of Ohishi 
and Furukawa [5] and Yasui and Tsukuda [6], who 
showed that when the workpiece surface temperature 

reaches a value somewhat in excess of 100-C for 
water based grinding fluid and 300 C for oil. the 

workpiece 

FIG. I. The grinding geometry. 
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NOMENCLATURE 

(1 depth of cut .X distance along surface from beginning of 

A fractional grain-workpiece contact area. grinding zone 

A,iA,,, .i coordinate along surface relative to 

A, total grain-workpiece contact area leading edge of heat source. 
A 101 grinding zone area, Ih 
h grinding zone depth Greek symbols 

(‘,’ specific heat 2 thermal diffusivity 
d wheel diameter (nx,s;l,%,) ’ 2 
f’(i) function defined by equation (I I) ; temperature rise relative to ambient 
II heat transfer coefficient temperature 
ii thermal conductivity K defined by equation ( 19) 
1 grinding zone length density 
I 
L 

width of individual grain heat source f;, non-dimensional temperature. 

l’,lj%, ~L,,,(L%,.;(1::,, 

L, ~~Jgk, 
PC’ Peclet number, zs/cr Subscripts 

q heat transfer rate burn workpiece burn 

Y’ heat transfer rate per unit depth of f fluid 
grinding zone fb film boiling 

tl” heat flux g grain 
s heat source width in direction of motion grind grinding power 

T, temperature of solid before encountering S surface (except in L’,) 
heat source tot total 

I‘ velocity W workpiece 

(‘5 wheel velocity wb workpiece background 

L’S,’ workpiece velocity w g workpiece under grain. 

temperature rises rapidly, accompanied by thermal chip is typically not large, and will be neglected here.) 
damage to the workpiece surface. Thus 

(/&A, = LI::J,,,, +$(A,<,, - ,4,) (2) 
ANALYSIS 

where A, is the total actual grain-workpiece contact 
Heat is generated in the vicinity of the contacts area, so that the left-hand side is the total rate at which 

between abrasive grains and the workpiecc (see Fig. heat enters the workpiece. On the right-hand side, 
2). In the model, all the heat is assumed to be gen- qt,, is the heat flux which remains in the workpiece, 
crated at the grain-workpiece interfaces, although to assumed evenly distributed over the total grinding 
be more precise, heat is also generated at chip-grain zone area, A,,, = lb. Finally. q;’ is the heat flux into 
interfaces and at the workpieceechip shear planes. The the fluid, assumed uniform over the area exposed to 
heat generated at a grain--workpiece interface (q&,,,,) the fluid, A,,,- A,. 

conducts into either the workpiece or the abrasive A model has previously been developed of the 
grain (see Fig. 3). Thus coupled heat transfer to the workpiece, the fluid. and 

I, 
YB”“d = q:, + q; 

the abrasive grain [7, 81. One outcome of this model 
(1) IS a prediction of the workpiece temperature. The 

where qt, is the heat flux into the workpiece at the model will now be summarized (with the workpiece 
grain location and yi the heat flux into the grain. Once model somewhat modified). The separate models Tar 
heat enters the workpiece, it may either remain in the heat transfer to the workpiece and fluid build on the 
workpiece or be removed by convection to the fluid classical theory of moving heat sources (see. for 
(see Fig. 3). (The rate at which heat leaves with the instance, Jacgcr [ 191). Consider a rectangular source 

Table I. Typical grinding conditions (in round numbers): V, = 30 n1 s ’ : 
tl = 200 mm ; Is z 0. I mm * L, = I~,/,‘?, 2 200 

I, (mm s ‘) (I (mm) I Y L ,(Ud) (mm) f. = /,,/!r, 

Conventional IO0 0.01 I 2000 
Creep feed I I I 0 20 000 
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FIG. 2. Locations of heat generation 

Heat is generated at ~rain/workRiece interface. 
and enters grain (qi)&id workpiece (q”&. 
Of heat which enters workpiece. some remains in 
workpiece (q;Yb) and some is removed by fluid (9;) 

fluid 
\ 

grain 
/ 

fluid 

f Gb 
workpiece 

FIG. 3. Heat transfer paths. 

of heat (heat fhrx uniform over the source) moving 
over the surface of a semi-infinite solid, starting at 
time t = 0. Three simplifications will be made in the 
models to follow. so as to yield a closed form solution 
for the temperature in the solid. 

(a) A steady-state temperature field has been 
reached (in a frame of reference fixed to the moving 
heat source). Based on the formulae presented in Jaeger 
[19], numerical calculations show that the steady- 
state assumption is valid provided the heat source 
has moved a distance of the order of a few source 
widths, The exact distance which must be traveled 
depends on the Peclet number, Pe = mjn, where I’ is 
the velocity of the source and s the width of the source 
in the direction of motion. For example, consider a 
band heat source (infinite in the direction per- 
pendicular to the direction of motion). For Pe > 8, 
the surface temperature at the center of the band will 
have redched 95% of its steady-state value after the 
source has moved less than one source width. For 
Fe = 0.8, the source must have traveled 10 source 
widths. 

(b) The rectangular heat source can be approxi- 

mated as a band source, infinite in the direction per- 
pendicular to the direction of motion. For Pe = 8, 
the agreement between the surface temperatures for a 
square and a band heat source appears to be within 
12% (based on a figure presented in Jaeger [19]). 
Agreement improves as the Peclet number increases. 

(c) Conduction in the direction of motion can be 
neglected. This assumption is also best for large Peclet 
number. For Pe = 20, for a band source, the error 
incurred in neglecting conduction in the direction of 
motion is less than 13% (except for very near the 
leading edge of the source, where the temperature is 
low, anyway). 

With these three assumptions, the solution is the 
well-known error function solution for the tempera- 
ture distribution in a semi-infinite solid moving in the 
positive Z-direction with velocity c, past a uniform 
heat source at its surface, starting at .+ = 0. The solu- 
tion for the surface temperature rise is 

o,(.e) = ~“J(4.I?/7tkpc,c) (3) 

where 0, is the surface temperature rise relative to 
r (the temperature of the solid for 1 < 0, before it 
encounters the source), and y” the heat flux at the 
surface. Note that this solution is only valid under- 
neath the source, since beyond the source the tem- 
perature rise decays back to zero. A local heat transfer 
coefficient can then be defined 

h(.i-) = q”/&(1) = J(xkpc;,/~/4.i-). (4) 

Many individual abrasive grains produce heat at 
discrete points on the workpiece surface. An approxi- 
mate model of this which has been justified in the past 
[I IL131 is to consider the temperature distribution to 
be the superposition of a ‘background’ temperature 
rise due to a uniform heat source acting over the entire 
grinding zone, and an ‘individual grain’ temperature 
rise which applies only underneath a grain. While the 
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~1l~t~i~llLlrn workpiece teli~pe~dtur~ occurs ~ind~rn~~th 
:I gl-ain. it is actually the workpicce h~rc/~,~~unt/ tcm- 
pcrature which dctermincs thermal dan~gc to the 
workpiece [ 131. Thcrc arc‘ two rc;~ons for this : f 1) tix 
peak temperature under a grain occurs for ;I short 

time. and thermal damapc requires time to occur, and 

(2) the peak temperature occurs in material which will 

probably bo rcmovcd, so thai it will not affect the 
quality of the finished surface. Iiowcvcr. the peak 

uorkpiecc: tcmpcraturc under ;I grain is still ofimport- 
ante. because the grain is continually cxposcd to this 
t~i~~p~r~Lur~. and thcrcforc this t~llip~r~~tul.~ dcter- 

mines tho heat flus into the grain. 
Roc~l\~g/~rrlrt/ /W~/W~IY/~WC ~i.rr~. 1 {cl-c. the cntirc grind- 

ing zone is modeled as a uniform source of heat acting 

over the region 0 < .v < I, with uniform heat fiux &, 
into the workpiccc. The workplecc mo\cs relative to 

this hat source with velocity I‘,, Since the workpiecc 
is gcneraliy many fi~mx Iongcr than the grinding zone, 

the steady-state assumption is valid except for very 

near the leading edge of the workpiecc. The Peclct 
number for the workpicce. I‘,, /,‘x,, . varies greatly 
between conventional and creep feed prinding. In 

creep grinding, it is not always large enough to justify 

using a band sourcc and ncplecting conduction in tho 
dir&ion of motion. However. for creep fcod grinding. 
heat transfer to the workpiecc is gcncrally a small 

fraction of the total grinding poc\cr. so that a sig- 
nificant error in this portion will not cause ;t large 

error in the tcmpcraturc. Then the local heat transfer 
coctficient corresponding to the workpiccc back- 
ground temperature i< 

modified version of the one presented in ref. fY]. An 
individual grain is modeled as a band heat source of 

width /,. causing a heat flux q:;, into the workpiccc 
surface. Relative to zn individual grain hoat source, 

the workpiccc moves with velocity I‘,--‘,, 2 r‘, (in the 
opposite direction from the wheel). Since the grinding 
zone is usually of the order of ;I millimetsl~ or longer. 
and an individuals ~r~~ill-~\/ork~~i~~c contact area is ol 

the order of 100 jrrn or less. the grain moves at least 
several times its length. and the steady-state assump- 
tion is thcreforc reasonable. The Pcclct number for 
the grain hcnt source. {.,1,:x,. is typically at Icast 20 
or more. so the assumptions of a band heat sourcc 
and no conduction in the direction of motion arc quite 
good. (These last two ~~ssunlpti(~ns wcrc no1 made 
in ref. [Xl. kind the results wcrc within IO’!;, of the 
approximate solution given hcrc, for l,,/,C’r, > 20.) 
The workpiccc surfitcc tcmpcraturc rise due to an 
individual grain heat source is then given by 

il,,,,(.t) = (/I:& (4.i-,‘il(lipc;,),,I.,). (6) 

Note that the individu~~i grain temperature rise is given 
as R function of .?. the coordinate measured relative 
to the leading edge of the grain heat source. Later. the 

rT,,., = (Z&:3),,(4/, n(k[)C,,),,r,,l. (7) 

The heat transfer cocficicnt corresponding to the 

average workpiece temperature underneath ;I grain 
heat SoLil-cc is 

The actual contact area between the workpiecc and 

the grains is typically only a feu pcrccnt of the total 
grinding zone area. so that most of the workpiece 
surface is cxposcd to the grinding fluid. It is assumed 

that there is a uniform heat fux (1;’ into the fluid from 
the workpiccc surface. The grinding fluid is assumed 
to completely fill the space around the wheel grains. 
to a depth greater than the thermal boundary layer 
thickness [20]. It is further assumed that the fluid 

moves past the workpiece with the wheel velocity I’,. 
E‘inally. hased on the Iargc Peclct number (typically 

r,/:r, is of the order of 10‘ or grcatcr). :I band heat 
source is used, and conduction in the direction 01 
motion is ncglectud. The local heat transfer coefficient 
for the tluid is then 

/I,(.\_) = y;‘:o,,, = ,“(7i(kp(;,),1’,~4.\-). (9, 

This solution is not valid if the fluid boils. Later in 
this paper, it will be assumed that when film boiling 

occurs, the heat transfer to the fluid becomes ncgli- 

gihlc. i.e. if, = 0. 

This last model does not build on the classical 
theory of moving heat sources. A grain moves past 
the workpicce surface with velocity r,. If the heat flux 

into the grain at the workpiecc surface is yi. and the 
grain is taken to be a frustum of a cone, then there 

is an exact solution for the cl-ass-sc~tion~ll~ lumped 
grain temperature [7]. The local heat transfer coeffi- 

cicnt for the grain is &en by 

The individual thermal mod& arc coupled by 
requiring that the surface temperatures match. At a 
point on the workpiece surface which is cxposcd to 
the fluid. the workpiece background temperature rise. 

%, ,* equals the fluid temperature i-ix. Or,, 

Underneath a grain. the grain temperature rise, og,. 
equals the sum of the workpiece background tcm- 
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perature rise and the workpiece temperature rise due 
to an individual grain 

(I 3a,b) 

Taking q&, in equation (I) to be known, equations 
(I ). (2). (I 2b). and (13b) are four equations which can 
bc solved for the four heat fluxes (qthr qz,, q;, and 
qi). Then the four temperature rises (n,,,,, ON,.,. U ,,,, 

and IT,,,,) are all known as well. An inconsistency now 

arises. All heat fuxes were taken to be uniform. But 

then equation (l3b) cannot be satisfied, because the 
two sides of the equation do not have the same .Y- 
dependence. This contradiction arises because the 
actual solution to the coupled heat transfer problem 
does not have uniform heat fluxes into each of the 

various components. Some or all of the heat fluxes 
must depend on s. An approximate method for 
handling this problem was detailed in ref. [8]. Only 
the results for the workpiece background temperature 
will be given here, since as mentioned previously, it is 
this temperature which governs thermal damage to the 
workpiece. The workpiece background temperature 
at the workpiecc surface is given by 

(14) 

In this expression, A is the fractional grain-workpiece 
contact area, i.e. A = A,/&,, and q;‘,, is the average 
grinding power flux based on the total grinding zone 
area, i.e. q;b, = qlo,/&,. Here qtot is the total grinding 
power. i.e. the integral of q;llrlnd over the actual contact 
area. The two functions Kg and (h,/17,b) are defined as 
follows : 

(15) 

(/7,/h,,,) = f 

s 
'(h&h,,) d.r. 

0 
(16) 

A non-dimensional temperature rise is now defined 

I 

[ 

17, I[ - 1 I+$ +A(/z&&b) 

(17) 

~~~ ]++-A) 
uh “g 

It has been shown in ref. [S] that CD is a function of 
seven parameters 

Q = @(tip, or, x~:x,,I:~/(.~, A, L = ~#t,, L, = c,l,,‘sc,) 

(18) 

where 

The first three parameters depend only on the material 
properties of the workpiece, grain, and fluid. The last 
four parameters depend as well on operating con- 
ditions and wheel geometry. Of all these parameters, 
A and L, are least accurately known. 

It should be noted that the non-dimensional tem- 

perature rise Q does not depend on X. It can be inter- 

preted in two ways. It is the workpiece surface tem- 
perature normalized by the maximum possible surface 

temperature which would occur if all of the grinding 

power went into the workpiece, i.e. Q = Uub,,/OmLir po\, , 
where Lx po5,. = q;b,//z,,. And, it is the fraction of the 
grinding power which remains in the workpiece, since 

CD = hwbOrb.~;&t = db/q;b,~ 

From the point of view of predicting film boiling 

of the coolant and thermal damage, the dimensional 
temperature will be required. In particular, the 
maximum value of the workpiece background tem- 
perature, at .Y = I. will be used as an indication of 
whether these phenomena occur. 

RESULTS AND DISCUSSION 

The results of the analysis were compared to exper- 

imental data in ref. [8]. The predictions were excellent 
for conventional grinding conditions and for creep 

feed grinding with oil, but were not very good for 

creep feed grinding with water. Considering the fact 
that there are no adjustable constants in the model, 
the agreement is reasonable. The dependence of 4) 
on the seven non-dimensional parameters was also 
investigated in ref. [8]. The results showed a strong 
dependence on the fluid type and abrasive grain type 

(as quantified by the parameters I+, xp, and rel’r,), 
and on the velocity ratio ~,/r,. The remaining par- 
ameters (A, L, and LB) showed smaller, but not neg- 
ligible, effects. (It should be noted that a decrease in 
Q, does not necessarily correspond to a decrease in 
actual dimensional temperature. Recall that 0 = 

%b(.Y)O,b.\(S)iq:l,r and both huh and y::,, depend on 

the various grinding parameters.) 

Film boiling and workpiecr burn 
Previous experimental studies [5, 61 have shown 

that when the grinding zone temperature reaches 
approximately 100-l 30 C for water based grinding 
fluid and 300 C for oil, the temperature of the work- 
piece suddenly increases. This has been attributed to 
film boiling of the fluid. When film boiling occurs, it 
is reasonable to assume that heat transfer to the fluid 
becomes negligible compared to heat transfer to the 
wheel and workpiece. Thus, when film boiling occurs, 
the equations derived previously can be used, with h, 

(or K,) set to zero. The following approach can there- 
fore be used to calculate the workpiece temperature. 
First, it can be calculated assuming the grinding fluid 
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remains liquid. If the temperature calculated in this 
way would exceed the temperature at which film boil- 
ing has been observed to occur, the temperature can 

be recalculated assuming there is no fuid present (i.e. 
dry grinding). (Note that this approach assumes an 
abrupt transition between no boiling and fihn boiling. 
and therefore will cause an overestimate of the tcm- 
perature under conditions for which nucleate boiling 
would actually occur. This flaw is not extremely 
important. because if the fluid is undergoing nucleate 
boiling, the workpiece will remain cool enough to 
avoid thermal damage, and an accurate knowlcdgc of 

the tcmpcrature is not crucial.) 
If film boiling occurs, the resulting temperature cal- 

culated under dry conditions may bc high enough to 
cause thermal damage to the workpiece material. Fat 

instance. ‘workpiece burn’ is observed to occur at a 
temperature of approximately 700-800 C 19. 211. In 
the remainder of this paper, the occurrence of work- 
piece burn will be used as a representative cxamplc of 
thermal damage. 

Figure 4 shows an example of @ vs ([.,;I%,) ’ ’ for an 
aluminum oxide wheel. with a water based grinding 
fluid, oil. and no fluid (dry). These choices determine 
the values of K,, I;,. and a,;‘~, , assuming a steel work- 
piece (see Tabie 2). The wear flat area is taken to be 

A. s L.A\I\E nnd T.-c‘. .Ir\ 

AI,O, CBN Skc?l 

46 I300 60.5 
4000 3450 7854 

770 506 13-l 

0.829 3.32 
0.841 42 

I %. and L, = 200 (see Table I). Two values of L are 

considered. corresponding to typical conditions for 
conventional (I. = 2000) and creep feed (L = 20000) 
grinding (see Table I). It should be recalled that 
typical values of the velocity ratio are lower in 
conventional than in creep feed grinding (see ranges 

indicated on the abscissa of Fig. 4). 
The quantity 0 of course decreases as I‘,,II’, 

increases, since larger r,;‘~,, means more heat is 
removed by the wheel and fluid, relative to the work- 
piece. The effect of the type of grinding fluid is as 
expected. A water based grinding fluid is most effective 

in removing heat from the grinding zone, and there- 

fore yields the lowest value of @,, followed by oil. with 
dry grinding yielding the largest value of 0. 

Two numerical cxamplcs will now be considered for 

typical conventional and creep feed grinding con- 
ditions with a water-based grinding fluid. It should be 
noted that grinding power is actually a dependent 
variable which is determined by the workpiccc 
material. wheel and fluid types, and grinding 
conditions. Generally speaking. grinding power is of 
the same order of magnitude for conventional and 

creep feed grinding, but since the grinding zone area 
is larger by roughly an order of magnitude in creep 
feed grinding, the grinding heat flux. y::,,. is corres- 

Al,O,, A= 0.01, L,= 200 --- L= 2000 

~ L= 20000 

0.6 

0.6 

FKi. 4. CD vs (1.,,P,) ’ ’ ihr aluminum oxide wheel. with water. oil, and without Iluld. 



Coupled heat transfer to workpiece, wheel, and fluid in grinding 989 

pondingly lower in creep feed grinding. In the fol- 
lowing numerical example, the grinding power will be 

chosen somewhat arbitrarily (although not unre- 
alistically), to force film boiling to occur. The objective 
is to see whether or not workpiece burn then occurs. 
Recall that @ = ~~~.~~~~~~~ pnps., where O,,, ~“Fc_ = 
&J&,. For typical conventional grinding conditions 
(see Table I), with &, = 100 W mm- * it is calcu- 

lated that O,,;,, po,, (l) = 780°C. Then from the graph, 
with (~‘,/t’,)“’ = 17 and L = 2000, Q’,,,,, = 0.23. 

and thus O,,,(I) = I80 C, which is well over the film 
boiling temperature. Therefore, the temperature 

should actually be calculated from the upper dashed 
curve, which gives Qdr> = 0.63 and &.,,,(I) = 490 C. 
At this temperature,- the workpiece would not 

undergo workpiece burn. Next. a typical creep feed 
grinding case is considered (see Table 1). With 

c&, = IO W mm ‘, O,,, Poi\.(I) = 25OO’C. Then. since 

(I~,/P,) “’ = 170 and L = 20 000, a,,.,,,, = 0.038 and 
thus O,+,,(I) = 95 C, which again is above the film 
boiling temperature (taking into account an ambient 

temperature T, = 30 C or so). Thus the temperature 
should be calculated from the upper solid line 

(I, = ZOOOO), for which Qdry = 0.28, O,,,,(1) = 7OU C, 
and workpiece burn would probably occur. 

In the example given above, when film boiling 
occurred in conventional grinding, workpiece burn 
did not occur, but when film boiling occurred in creep 
feed grinding, workpiece burn did occur. These results 
are fairly typical for grinding with an aluminum oxide 
wheel [22]. and can be explained as follows. Since 

workpiece speeds are much lower in creep feed than 
in conventional grinding, the heat transfer to the 
workpiece is much lower. Therefore, heat transfer to 

the fluid is relatively more important, and when it is 
reduced due to film boiling, the temperature rise is 

greater in creep feed grinding than in conventional 
grinding. 

These same concepts can be illustrated in a different 
way. Note that the workpiece surface temperature rise 
at the end of the grinding zone can be rewritten as 
follows : 

Thus the grinding power (per unit depth of the grind- 

ing zone) is given by 

Therefore, the critical grinding power corresponding 
to film boiling of water is 

and similarly for oil 

For workpiece burn to occur. the critical grinding 
power is 

These quantities are plotted in Fig. 5 as a function 
of (r:Jz:,) 1.2. The graph is for an aluminum oxide 

wheel. Once again, the values of A and L, are held 
fixed, as indicated, and two values of I, are presented. 

The values of Ofh,unrci. (lfh,o,lr and Ohurn are taken to be 

100. 270, and 7OOC, respectively. For the parameter 
values considered here, the critical grinding power for 

film boiling of oil is usually slightiy greater than that 
for water. However, this is not always the case, 
because there are two competing effects at work (see 
equation (23)). Since the temperature at which oil 

undergoes film boiling is higher than for water, there 

is a tendency for the critical grinding power to be 
higher for oil. On the other hand, the fact that oil does 
not remove heat from the grinding zone as effectively 
as water (i.e. @ is higher) causes the critical grinding 
power to be lower for oil. As t:,/r, increases. heat 

removed by the fluid becomes a larger fraction of the 
total, and so this latter effect becomes more important. 

Thus, it can be seen that as l’,/z’,,. increases, the two 
curves become closer, and they cross in the case of 
L = 2000. The graph also demonstrates the point 

made earlier concerning the occurrence of workpiece 
burn when film boiling occurs. For small rl,ipw. the 

critical grinding power for burn is greater than that 
for film boiling (of either water or oil). Thus when 

(L&& is exceeded, film boiling occurs, but burn does 
not immediately occur (if it is assumed that the grind- 
ing power does not change much when the fluid 

undergoes film boiling). For large P,/P,, the opposite 
is true. Thus, when (q;&, is exceeded, film boiling 
occurs, and immediately causes burn. 

Also shown on Fig. 5 are three points taken from 

experimental results. Yasui and Tsukuda [6] indicated 
that when the grinding power exceeded about 
5.2 x 10” W m- ’ for grinding with a water based 
fluid, with (r,/r,+) ’ ’ = 25. the workpiece temperature 

suddenly increased to the value it had in dry grinding. 
but burn did not occur. This point is indicated with 
an octagon, and is seen to coincide very closely with 
the curve for film boiling of water (for L = 2000, 
which approximately coincides with the conditions of 
Yasui and Tsukuda’s experiment). Since the curve for 
workpiece burn lies above the curve for film boiling 
of water, the workpiece would not be expected to burn 
under these conditions, as was found in the exper- 
iments. Also shown are two points from Oh&hi and 
Furukawa’s experiment fj]. They indicated the con- 
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o :water, onset of film boiling [6] 
o :water, onset of burn [s] 
x : oil, onset of burn [s] I 

\” p.._-‘l fb,oil 
fb;atFr=--“,= - - - - - - - - - - ’ 
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FIG. 5. Critical grindmg power for tilm boiling and burning, for aluminum oxide wheel. 

ditions under which burn occurred for grinding with 

water based fluid and oil, as shown by the diamond 
and four pointed star. The point for oil coincides 

quite closely with the curve for film boiling of oil (for 
I. = 20000. which approximately coincides with the 

conditions of the experiment). Since this curve lies 

above the curve for workpiece burn, burn would occm 
as soon as film boiling occurred, in agreement with 
the experimental results. The point for water does 
not agree with the curve for film boiling of water. 

The reasons for this discrepancy arc currently under 
investigation. 

An alternative to aluminum oxide abrasives is to 

use CBN (cubic boron nitride) or diamond abrasive 
grains. There arc two advantages of these so-called 
superabrasives. Because they are very hard. they 
remain sharp. and thercforc tend to grind with lower 

grinding power than aluminum oxide abrasives. In 
addition. both of these materials have a very large 
thermal conductivity. so that the grains rcmovc more 

heat from the grinding zone than alutninum oxide 

grains. It is difficult to determine the thermal con- 
ductivity of a single grain. but the values may be as 
high as 2000 W m ’ K ’ for diamond and I300 W 
111 ' K ’ for CBN, as compared to 46 W m ’ K ’ 
for aluminum oxide [23]. The cffcct of the thermal 
properties of CBN will now be illustrated. 

Figure 6 shows @ as a function of (1.,/l.,,) ’ ’ for CBN 
abrasives and water, oil, or dry grinding. This graph 
demonstrates that 0 is significantly lower for CBN 
abrasives than for aluminum oxide abrasives (com- 
pare to Fig. 4), due to the fact that the CBN abrasives 
remove a significant amount of heat from the grinding 
zone. This also results in less of a spread in the values 
of D for water. oil. and dry grinding. since the con- 

tribution of the grinding fluid to the heat transfer is 
comparatively less significant. 

Figure 7 shows the critical grinding power values 

for grinding with CBN abrasives. The CBN abrasives 
yield higher critical grinding powers for film boiling 

and burn, due to the lower values of Q,. Over the entire 
range of L’JI’,~ shown, there is no crossover of the 
curves (for a fixed value of L). That is. over the cntirc 
range, when film boiling occurs for either water or oil. 

workpiece burn would not occur at that same value 
of grinding power. The lack of crossover in the case 
of CBN abrasives is because the heat removed by the 

grinding fluid is relatively less important compared to 
the heat removed by the CBN abrasives. 

CONCLUSIONS 

A model of heat transfer in the grinding process 

has been used to predict the maximum grinding zone 

temperature. and thereby to explore the occurrcncc of 
film boiling and thermal darnage to the workpicce (i.e. 

workpiece burn). The occurrence of film boiling was 
modeled by assuming that when a critical temperature 
is reached (approximately 100 130 C for water and 
300 C for oil). the heat transfer to the fluid becomes 
negligible. This of course causes a sharp rise in the 
workpiecc background tempcraturc. For aluminum 
oxide wheels, this rise is typically insufticicnt to cause 
workpiecc burn in conventional grinding, but does 
cause workpiece burn in creep feed grinding. For CBN 
wheels, the heat removed by the abrasive grains is 
significant. As a consequence. higher grinding power 
is required to cause film boiling, and it is predicted 
that workpiece burn would usually not occur cvcn 
after film boiling occurs. 
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TRANSFERT THERMIQUE COUPLE ENTRE LA PIECE, LE FORET ET LE FLUIDE 
PENDANT LE PERCAGE ET APPARITION DU BRULAGE DE LA PIECE 

RksumC-Un modkle de transfert thermique dans le perGage a &t- prtc&demment dkveloppi pour prtdire 
la tempkrature dans la zone du perfage. Cc modtle est utilisi. ici pour prkdire I’apparition de I’ttbullition 
en film du fluide et pour dkterminer si la pi&ce brfile ou non. L’kbullition en film et le brCllage de la pi&ce 
sent tous deux supposks apparaitre dans la zone des temptratures critiques. Les effets de diffkrents 
paramttres sont explorks tels que les types de fluide et de grains abrasifs et les conditions conventionnelles 

ou de grande vitesse de perqage. 

GEKOPPELTER WARMEUBERGANG ZWISCHEN WERKSTOCK, SCHLEIFSCHEIBE 
UND FLiiSSlGKEIT BEIM SCHLEIFEN UND DAS ENTSTEHEN VON ZUNDER 

Zusammenfassung-In einer friiheren Arbeit wurde ein Model1 fiir den Wgrmetibergang beim Schleifen 
entwickelt, das die Berechnung der Temperaturverteilung in der Schleifzone erlaubt. Dieses Model1 wird 
jetzt dazu verwendet, urn das Auftreten von Filmsieden im Schleifmittel vorauszuberechnen und urn 
festzustellen, ob infolgedessen am Werkstiick Verzunderungen auftreten werden. Es wird angenommen, 
da0 sowohl das Filmsieden als such die Verzunderung bei kritischen Temperaturen auftretcn. Der EinfluB 
verschiedener Gr(il3en wird untersucht: Art von Schleiffliissigkeit und -kern. herkammliche Schleifbeding- 

ungen, Schleifen mit geringem Vorschub. 

B3AMMOCBII3AHHbI~ TEl-IJIOI-IEPEHOC K OPPASATbIBAEMO~ JJETAJIH, KOJIECY M 
XKMAKOCTW l-IPR IIIJIH@OBKE ki B03MOXHOCTb I-IPOrOPAHMX AETAJIll 

AtmoTa~Pa3pa60TaHHan paHee Moaenb TeILIIOnepeHoCa npH UlnHQOBKe n03aOnaeT OnpenenHTb 
TCMrICpaTypy B 30He llLi’IU+OBaHHI. B AaIiHOii pa6oTe 3Ta MOLlCnb HCnOnb3yeTCK AJIK npCnCKa3aHHK 
~CHOSHO~O KaneHHK B uLne@oaanbHoii ~R(IZIILOCTH, a TaKme onpenene.H~in B~~MO~HO~TU nocnenyIouler0 
nporopaHaR o6pa6aTbmaehfoti fle~a~I&i. npennonaraeTcn, 4~0 KaR ILJIeHOPHOe KmeH&ie, TaK u nporopa- 
HHC n‘?TmH ITpOHCXOIlKT ITpH KpHTHseCKHX TCMnCpaTypaX a 30HC mHl$OBaHIiII. &CnenyIOTCK 3+@KTbl 
pa3nnqHblx napaMeTpoa, TaKax KaK BH~~I xmoc~~ B a6pa3HeHbIx rpaeyn, a TaKxce ycnonHn -B- 

@BKW c 06bISHOti nnn nonsyseir IIOAa‘refi. 


