11-14 The temperature of a gas stream is to be measured by a thermocouple. The time it takes to register 99

percent of the initial AT is to be determined.

Assumptions 1 The junction is spherical in shape with a diameter of D = 0.0012 m. 2 The thermal
properties of the junction are constant. 3 The heat transfer coefficient is constant and uniform over the
entire surface. 4 Radiation effects are negligible. 5 The Biot number is Bi < 0.1 so that the lumped system

analysis is applicable (this assumption will be verified).

Properties The properties of the junction are given to be k =35 W/m.°C, p =8500 kg/m?, and
c, =320J/kg.°C.

Analysis The characteristic length of the junction and the Biot number are

vV _D’/6 D _0.0012m

L, = —=— =0.0002 m
Asurface 7D 6
hL 2.2C)(0.
Bi = e _ QO W/m”."O)(0.0002m) _ 305101
k (35 W/m.°C)
Since Bi <0.1, the lumped system analysis is applicable. Gas —>
Then the time period for the thermocouple to read 99% of the h, T, > U Junction
initial temperature difference is determined from — D
T(®
TM)-T,
TO-T, =0.01
T, -T,
20
b hA _ h _ 390W/m .°C 016545
eV el (8500 kg/m” ) (320 J/kg.°C)(0.0002 m)
—TT(t)_TT‘” —e ™ 5001=e" "1 ___,1=278s
i~ o
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11-20 The heating times of a sphere, a cube, and a rectangular prism with similar dimensions are to be
determined.

Assumptions 1 The thermal properties of the geometries are constant. 2 The heat transfer coefficient is
constant and uniform over the entire surface.

Properties The properties of silver are given to be k =429 W/m-°C, p = 10,500 kg/m’, and C, =0.235

kJ/kg-°C.

Analysis For sphere, the characteristic length and the Biot number are

o v :ﬂD3/6:2:O.05m:O.008333m Air
Asurface 7D 2 6 6 h, T,

_hL, (12 W/m?.°C)(0.008333 m)

ok (429 W/m.°C)

Since Bi <0.1, the lumped system analysis is applicable. Then the time period for the sphere temperature
to reach to 25°C is determined from

po MA _ h 12 W/m?.°C
eV peple (10,500 kg/m®)(235 J/kg.°C)(0.008333 m)

L

Bi =0.00023<0.1

=0.0005836s™

T(O)-T -
O-T. o 25-33_

e (000058365t oy _ 2408 — 40.5min

T 0-33
Cube:
ube 3 5cm
-2 -5 L 00m_008333m Alr
Auice 62 6 6 5 cm n. T
hL %.°C)(0.
Bi— e _ (12 W/m~.°C)(0.008333 m) _ 0.00023 < 0.1 5cm
k (429 W/m.“C)
20
po M __h 12 Wm~.°C = 0.00058365”

SV peple (10,500 kg/m®)(235 J/kg.°C)(0.008333 m)

TOTe oo 25733 0000365t 4 _ 2498 = 405 min
T T, 0-33
Rectangular prism:
0.04 m)(0.05 m)(0.06
L-—Y (0.04m)(0.05 m)(0.06 m) ~0.008108 m
Armee  2(0.04m)(0.05 m)+2(0.04 m)(0.06 m) + 2(0.05 m)(0.06 m)
hL 2 2C)(0.
g _ e _ (12 W/m® °C)(0.008108m) _ o
k (429 W/m.°C)
hA h 4 cm
b= oV = oL Air
p plzcw 2.°C e "
- = 0.0005998 5! 6 cm

(10,500 kg/m* )(235 J/kg.°C)(0.008108 m)

TO-T, _ w 25-33
T,-T, 0-33

(00005998t 4 _ 93635 —39.4min

The heating times are same for the sphere and cube while it is smaller in rectangular prism.
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11-19

11-36 Tomatoes are placed into cold water to cool them. The heat transfer coefficient and the amount of
heat transfer are to be determined.

Assumptions 1 The tomatoes are spherical in shape. 2 Heat conduction in the tomatoes is one-dimensional
because of symmetry about the midpoint. 3 The thermal properties of the tomatoes are constant. 4 The heat
transfer coefficient is constant and uniform over the entire surface. 5 The Fourier number is T > 0.2 so that
the one-term approximate solutions (or the transient temperature charts) are applicable (this assumption
will be verified).

Properties The properties of the tomatoes are given to be k = 0.59 W/m.°C, a. = 0.141x10° m?/s, p = 999
kg/m’ and ¢, = 3.99 kJ/kg.°C.

Analysis The Fourier number is
ot (0.141x10™° m*/5)(2x3600s)
r} (0.04 m)?>

=0.635

which is greater than 0.2. Therefore one-term solution is
applicable. The ratio of the dimensionless temperatures at
the surface and center of the tomatoes are

TS _Too A e—/ilzr Sin(ﬂl)
O T,-T,, To-T, A sin(y)
Oosph - To— T Tp-T, Ale—ﬂlzr A4
T, -T,
Substituting,
A= in(A
717 _ sin(h) A, =3.0401
From Table 11-2, the corresponding Biot number and the heat transfer coefficient are
Bi=31.1
hr, i . L0 1.1
Bic o p KBI_(09Wm CYSLY _yeq\pym2 oc
k ro (0.04 m)

The maximum amount of heat transfer is

m=8pV =8pmD> /6 =8(999 kg/m*)[7(0.08 m)* / 6]=2.143 kg
Quax =MC,[T; =T, 1= (2.143kg)(3.99 k)/kg.°C)(30 - 7)°C = 196.6 kJ
Then the actual amount of heat transfer becomes
[ Q ] . _3(T0 -T, J sindy 4, c0s Ay _ _{10-7) sin(3.0401) — (3.0401) cos(3.0401)
Quax eyt Ti-T, A7 30-7 (3.0401)°

Q=0.9565Q,,,,
Q =0.9565(196.6 kJ) = 188 kJ

=0.9565
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11-25

11-41 A long cylindrical shaft at 400°C is allowed to cool slowly. The center temperature and the heat
transfer per unit length of the cylinder are to be determined.

Assumptions 1 Heat conduction in the shaft is one-dimensional since it is long and it has thermal symmetry
about the center line. 2 The thermal properties of the shaft are constant. 3 The heat transfer coefficient is
constant and uniform over the entire surface. 4 The Fourier number is T > 0.2 so that the one-term
approximate solutions (or the transient temperature charts) are applicable (this assumption will be verified).

Properties The properties of stainless steel 304 at room temperature are given to be k= 14.9 W/m.°C, p =
7900 kg/m’, ¢, = 477 J/kg.°C, o = 3.95x10° m’/s

Analysis First the Biot number is calculated to be

hr, 2.20)(0. i
i Mo _ (60 W/m~.°C)(0.175m) 0705 Air .
k (14.9 W/m.°C) T, =150°C
The constants A, and A, corresponding to this A
Biot number are, from Table 11-2, Steel shaft
T; =400°C

A, =1.0904 and A, =1.1548

. . A——
The Fourier number is

ot (3.95x107° m*/5)(20x60s)

=0.1548
L2 (0.175m)?

which is very close to the value of 0.2. Therefore, the one-term approximate solution (or the transient
temperature charts) can still be used, with the understanding that the error involved will be a little more
than 2 percent. Then the temperature at the center of the shaft becomes

T,-T
0.0yl — TO TW — Ale—/'leT :(1.1548)e—(1.0904)2(0.1548) =0.9607
i o
T, ~150

——=0.9607——>T, =390°C
400-150

The maximum heat can be transferred from the cylinder per meter of its length is
m = pV = pard L = (7900 kg/m*)[z(0.175 m)? (1 m)] = 760.1 kg
Qmax =M, [T, —Ti]1=(760.1kg)(0.477 kJ/kg.°C)(400—150)°C = 90,640 kJ

Once the constant J;=0.4679 is determined from Table 11-3 corresponding to the constant 4, =1.0904,
the actual heat transfer becomes

T -T -
{ Q J =1_2(ujal(/11)=1_2(390 150)0.4679:0'1761
cyl

T,-T, ) A 400150 1.0904
Q =0.1761(90,640 kJ) = 15,960 kJ

max
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11-30

11-46 A rib is roasted in an oven. The heat transfer coefficient at the surface of the rib, the temperature of the outer
surface of the rib and the amount of heat transfer when it is rare done are to be determined. The time it will take to
roast this rib to medium level is also to be determined.

Assumptions 1 The rib is a homogeneous spherical object. 2 Heat conduction in the rib is one-dimensional because of
symmetry about the midpoint. 3 The thermal properties of the rib are constant. 4 The heat transfer coefficient is
constant and uniform over the entire surface. 5 The Fourier number is T > 0.2 so that the one-term approximate
solutions (or the transient temperature charts) are applicable (this assumption will be verified).

Properties The properties of the rib are given to be k = 0.45 W/m.°C, p = 1200 kg/m’, C,=4.1kJ/kg°C,and a =
0.91x107 m%s.

Analysis (a) The radius of the roast is determined to be

m:p(/—>(/=m=ﬂ:0.002667m3

1200 kg/m*

P
( / 002 :
V:img__)ro :3£:3M:0,08603m
3 4z 4r

The Fourier number is
_ ot (0.91x107 m®/s)(2x 3600 +45x 60)s

2 (0.08603 m)>

which is somewhat below the value of 0.2. Therefore, the one-term approximate solution (or the transient temperature
charts) can still be used, with the understanding that the error involved will be a little more than 2 percent. Then the
one-term solution can be written in the form

T, T _ -1

0T _pehT 60-163

T, -T, 4.5-163

It is determined from Table 11-2 by trial and error that this equation is satisfied when Bi = 30, which corresponds to

A; =3.0372 and A; =1.9898 . Then the heat transfer coefficient can be determined from

_hr  _KBi _ (045 W/m2C)(30)
k r, (0.08603 m)

This value seems to be larger than expected for problems of this kind. This is probably due to the Fourier number being
less than 0.2.
(b) The temperature at the surface of the rib is

Oven
=0.1217 163°C

2
Oo.spn = =0.65= Ae A (1217

Bi =156.9 W/m?.°C

01 1) g = T(r,H-T, _ Ale_’ilzr sin(4f, /) _ (1.9898)e (303727 (0.1217) sin(3.0372 rad)
Ti _'|'OO /11 r, /r0 3.0372
T(r, t)-163
T, H-163 =0.0222 ——T(r,,t) =159.5°C
4.5-163

(c) The maximum possible heat transfer is
Qumax =MC D (T, =T;)=(3.2kg)(4.1kJ/kg.°C)(163 -4.5)°C = 2080 kJ
Then the actual amount of heat transfer becomes
in(4,)—A4 A in(3.0372)—(3.0372 .0372
Q =30, o sin(4,) 31 cos(4;) _1-3(0.65) sin(3.0372)—(3.037 3)cos(3 0372)
Qmax ’ A (3.0372)
Q=0.783Q,,,x =(0.783)(2080kJ) =1629kJ
(d) The cooking time for medium-done rib is determined to be
To—-T, :Ale_ilzr 71-163
T, -T, 4.5-163
ay  (0.1336)(0.08603m)’
a (0.91x107" m?/s)

This result is close to the listed value of 3 hours and 20 minutes. The difference between the two results is due to the
Fourier number being less than 0.2 and thus the error in the one-term approximation.

Discussion The temperature of the outer parts of the rib is greater than that of the inner parts of the rib after it is taken
out of the oven. Therefore, there will be a heat transfer from outer parts of the rib to the inner parts as a result of this
temperature difference. The recommendation is logical.

=0.783

Oo.son = = (1.9898)e GO7'T 57~ 0.1336

t= =10,866s =181 min = 3hr
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11-37

11-53 A person puts apples into the freezer to cool them quickly. The center and surface temperatures of
the apples, and the amount of heat transfer from each apple in 1 h are to be determined.

Assumptions 1 The apples are spherical in shape with a diameter of 9 cm. 2 Heat conduction in the apples
is one-dimensional because of symmetry about the midpoint. 3 The thermal properties of the apples are
constant. 4 The heat transfer coefficient is constant and uniform over the entire surface. 5 The Fourier
number is T > 0.2 so that the one-term approximate solutions (or the transient temperature charts) are
applicable (this assumption will be verified).

Properties The properties of the apples are given to be k = 0.418 W/m.°C, p = 840 kg/m’, c,=3.81
kJ/kg.°C, and a. = 1.3x107 m%s.

Analysis The Biot number is
hry (8 W/m®.°C)(0.045 m)
k (0.418 W/m.°C)

Bi= =0.861

The constants A; and A, corresponding to this
Biot number are, from Table 11-2,

A =1476 and A, =1.2390

The Fourier number is

at _ (1.3x107" m*/s)(1hx3600s/h)

: - =0.231>0.2
I (0.045 m)

Then the temperature at the center of the apples becomes

Ty -T, 52 T, —(-15)
0,sph = L =Ae e .

e 20-C15) = (1.239)e 479°OBD _ g 749 5T =11.2°C
i~ 1o -\

The temperature at the surface of the apples is

T(r,,t)-T, _ _ae sin(Air /1) ~(1.476)>(0.231) sin(1.476 rad)

(T, t) o = Ae =(1.239)e =0.505
(o> Dapn T,-T, ! ATy T, (1:239) 1.476

T(r,,)— (=15

T 0=C1) 5055 7(r,,ty=2.7°C
20— (~15)

The maximum possible heat transfer is

m=pV = pgmg = (840 kg/m® )E 7(0.045 m)3} =0.3206 kg

Qmax =MC, (T; —T,) =(0.3206 kg)(3.81 kJ/kg.°C)[2O - (—15)]°C =42.75k]
Then the actual amount of heat transfer becomes

in(4,)—-4 A in(1. —(1. .
Q —1-305 sin(4;) 31 cos(4;) —1-3(0.749) sin(1.476 rad) —(1.476) cos(1.476 rad)

Qmax P (1.476)°
Q =0.402Q,,, = (0.402)(42.75k)) =17.2kJ

=0.402
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11-90

11-104 Internal combustion engine valves are quenched in a large oil bath. The time it takes for the valve
temperature to drop to specified temperatures and the maximum heat transfer are to be determined.

Assumptions 1 The thermal properties of the valves are constant. 2 The heat transfer coefficient is constant
and uniform over the entire surface. 3 Depending on the size of the oil bath, the oil bath temperature will
increase during quenching. However, an average canstant temperature as specified in the problem will be
used. 4 The Biot number is Bi < 0.1 so that the lumped system analysis is applicable (this assumption will
be verified).

Properties The thermal conductivity, density, and
specific heat of the balls are given to be k = 48 =
W/m.°C, p= 7840 kg/m’, and Cp =440 J/kg.°C.

Analysis (a) The characteristic length of the
balls and the Biot number are

. _ ¥V 18(zDL/4) 1.8D _1.8(0.008 m)
C A 27DL 8 8

hI_ 2 o .
hle _ (800 W/m®.°C)(0.0018m) _ o 0, — "
k 48 W/m.°C

Therefore, we can use lumped system analysis. Then the
time for a final valve temperature of 400°C becomes

b MA _8h 8(800 W/m*.°C)
e,V 1.8pc,D  1.8(7840 kg/m® )(440 J/kg.°C)(0.008 m)
T®)-T, _ ot 400-50 _ (012885
T,-T, 800-50

Oil Engine valve
T, =350°C T; = 800°C

=0.0018m

Bi =

=0.1288s™

——>t=5.9s

(b) The time for a final valve temperature of 200°C is
Tt)-T, _eht 200-50 _ o-(0.12885 )¢
T -T, 800-50

——>t=125s

(c) The time for a final valve temperature of 51°C is
TH-T 1- -
O-T, ot 51-50 o—(0.12885 )¢

T,-T, 80050

——1t=514s

(d) The maximum amount of heat transfer from a single valve is determined from

82D? 1.87(0. 2(0.1
m:pV:plgﬂf L=(7840kg/m3) 8;:(000821) (0.10 m)

Q=mc, [T —T,]=(0.0709 kg)(440 J/kg.°C)(800 — 50)°C = 23,400 J = 23.4kJ (per valve)

=0.0709 kg
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