PROBLEM 5.59
KNOWN: Diameter and initial temperature of ball bearings to be quenched in an oil bath.

FIND: (a) Time required for surface to cool to 100°C and the corresponding center temperature, (b)
Oil bath cooling requirements.

SCHEMATIC:

St.St (AISI304)ball
D=20mm, 7:=850°C

To=40C
h=1000W/m2-K

ASSUMPTIONS: (1) One-dimensional radial conduction in ball bearings, (2) Constant properties.

PROPERTIES: Table A-1, St. St., AISI 304, (T ~ 500°C): k = 22.2 W/m-K, ¢, = 579 J/kg-K, p =
7900 kg/m®, o = 4.85x10° m?/s.

ANALYSIS: (a) To determine whether use of the lumped capacitance method is suitable, first
compute

h(ry/3) 1000 W/m?-K (0.010 m/3)
k 22.2 W/m-K

Bi = =0.15.

We conclude that, although the lumped capacitance method could be used as a first approximation, the
exact solution should be used in the interest of improving accuracy. We assume that the one-term
approximation is valid and check later. Hence, with

hry 1000 W/m?-K (0.01 m)
k 22.2 W/m-K

Bi= =0.450

from Table 5.1, {; = 1.1092, C, = 1.1301. Then

T(ty,t) =T, 100°C—40°C

0" (r*=1,Fo) = _
Ti-T,  850°C—40°C

=0.0741

and Equation 5.50b can be solved for & :

0% =0 cyr*/sin(Cyr*) = 0.0741x1.1092x1/sin(1.1092) = 0.0918

Then Equation 5.50c can be solved for Fo:

Fo= —izln (49; /C1) = —;2 In (0.0918/1.1301) =2.04
cjl 1.1092
2 2
0.01m)~(2.04
_Bro_(otmP(20n) <

@  485x10%m?/s
Note that the one-term approximation is accurate, since Fo > 0.2.

Continued .....
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PROBLEM 5.59 (Cont.)

Also,

0o =To — T =0.0918(Tj - T,, ) = 0.0918(850 - 40) = 74°C

To =114°C <
(b) Equation 5.52 can be used to calculate the heat loss from a single ball:
Q :1—%[sin(§1) —£105(47) ] :1—M[sin(l.1092) —1.1092¢0s(1.1092)] = 0.919
QW 1.1092°
Hence, from Equation 5.44,

Q=0.919 PCpV(Ti —TOO)

Q=0.919x7900 kg/m3 x579 J/kg-K x%(0.0Z m)3 x810°C

Q=1.43x10%J

is the amount of energy transferred from a single ball during the cooling process. Hence, the oil bath
cooling rate must be

q=10Q/3600 s
q=4x10*W = 40 kW. <

COMMENTS: If the lumped capacitance method is used, the cooling time, obtained from Equation
5.5, would be t = 39.7 s, where the ball is assumed to be uniformly cooled to 100°C. This result, and
the fact that T, - T(r,) = 15°C at the conclusion, suggests that use of the lumped capacitance method

would have been reasonable.
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