Chapter 2

PROBLEM 2.1

Theheat conduction equation in cylindrical coordinatesis
2 2 2
PSR LIRSV L LI LI
1t Lqr2 rIr r29F2 124
(a) Simplify this equation by eliminating terms equal to zero for the case of steady-state
heat flow without sources or sinks around a right-angle corner such as the one in the
accompanying sketch. It may be assumed that the corner extends to infinity in the
direction perpendicular to the page. (b) Solve the resulting equation for the temperature

distribution by substituting the boundary condition. (c) Deter mine the rate of heat flow
from Ty to To. Assume k =1 W/(m K) and unit depth perpendicular to the page.

GIVEN

Steady state conditions

Right-angle corner as shown below
No sources or sinks

Thermal conductivity (k) = 1 W/(m K)

FIND

(@) Simplified heat conduction equation
(b) Solution for the temperature distribution
(c) Rateof heat flow from Ty t0 T

ASSUMPTIONS

e Corner extends to infinity perpendicular to the paper
e No hest transfer in the z direction
e Heat transfer through the insulation is negligible

SKETCH
Ty =100°C —
Insulated
_‘7 r
1Jri1 ¢
T,=0°C
SOLUTION

The boundaries of the region are given by

Im<r>2m
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p
0<¢p>=
¢ 2

Assuming thereis no heat transfer through the insulation, the boundary condition is

E =0ar=1m
r
E =0ar=2m
r

T, =100°C at ¢ =0
T,=0°Cat ¢= %

(@) The conduction equation is simplified by the following
Steady state

AL
Mt

No sources or sinks
q =0

No heat transfer in the z direction

7T
L = O
122

Since g = 0 over both boundaries, 1111—1; = 0 throughout the region

2
(Maximum principle); therefore, 1111—1 = 0 throughout the region also.
r

Substituting these simplifications into the conduction equation

2
0=k 0+0+i2g+0
b r<yf 1
2
g :O
Tf
(b) Integrating twice
T=C1¢+C2

The boundary condition can be used to evaluate the constants
At ¢ =0, T=100°C: 100°C =¢;,

At § = %,T:O°C:O°C:cl(7r/2)+100°C

200°C
p

SC, =—
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Therefore, the temperature distribution is

T(¢) =100 - % ¢°C

(c) Consider adlice of the corner asfollow

¢+49

rA¢

The heat transfer flux through the shaded element in the ¢ direction is

"no— _kDT — _k(Tf _Tf+Df)
thickness r DF
Inthelimitas A¢ — 0, q"'= -k L
rdf

Multiplying by the surface area drdz and integrating along the radius

_ 200°CK 1, dr _ 200°Ck | o
nor p A

q= :’qwdrdz

_200°Ck

[1W/(m K)] In(2 m/1 m) =44.1 W/m 44.1W per meter in the z direction

COMMENTS
Due to the boundary conditions, the heat flux direction is normal to radia lines.
PROBLEM 2.2

Write Equation (2.20) in a dimensionless form similar to Equation (2.17).
GIVEN
e Equation (2.20)

19 T G _19T
rrt rd k 1t

FIND

e Dimensionless form of the equation
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SOLUTION

Let

T:l:>t—‘[tr
tr
=1 ~T=0T
Tr
c=1 —r=¢R
- - r
R

Where T,, R, and t, are reference temperature, reference radius, and reference time, respectively.
Substituting these into Equation (2.20)

1 ZR 1@QT) + % _ 1 1(Ta)
zR 1@zR)t 1zR)t k a fe(tt,)
19,09 % _ 1%
zRfzt "Mzt ka1t

19 ,19 , R _ R g
zYzt gzt T k t, t

r R
19,99 ,5 - 17
zﬂztzﬂz’r+QG F, 1t

PROBLEM 2.3

Calculate therate of heat loss per foot and the thermal resistance for a 6 in. schedule 40
steel pipe covered with a 3in. thick layer of 85% magnesia. Super heated steam at 300°F

flows inside the pipe [ h, = 30 Btu/(h ft* °F)] and still air at 60°F is on the outside [ h,
= 5 Btu/(h ft? °F)].

GIVENS

A 6 in. standard steel pipe covered with 85% magnesia
Magnesiathickness= 3in.

Superheated steam at 300°F flows inside the pipe
Surrounding air temperature (T,,) = 60°F

Heat transfer coefficients

Inside (b ) = 30 Btu/(h ft* °F)

Outside (h,,) = 5 Btu/(h ft* °F)

FIND

(@
(b)

The thermal resistance (R)
The rate of heat loss per foot (g/L)

ASSUMPTIONS

Constant thermal conductivity
The pipe is made of 1% carbon steel
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SKETCH

Steel Pipe

o Magnesia Insulation
T.=60°C(

n

PROPERTIESAND CONSTANTS

From Appendix 2, Tables 10, 11, and 41

For a6 in. schedule 40 pipe

= Inside diameter (D;) = 6.065in.

= Qutside diameter (D,) = 6.625in.

Thermal Conductivities

= 85% Magnesia (k) = 0.034 Btu/(h ft °F) at 68°F
= 1% Carbon stedl (k;) = 24.8 Btu/(h ft °F) at 68°F

SOLUTION
Thethermal circuit for the insulated pipe is shown below
T. Ts
AN—OANN—OAMA—OANN—O
Reo Ry Rxs Rei
(@) Thevaluesof the individua resistances can be calculated using Equations (1.14) and (2.39)
=t -1 . L oo =1 00704 (hit BB
ho A MoPDL  [5Ruy(nft2 Fp, > fiL b
L 12 1
InLLi’r InL(G.(SZGSZ;?)m% 1
Rg = — o' = 22 7 - 2 1748 (hftop/B
2pLk  2p0.035Btu/(hft*F) L
ry 6.625in
"t "t 6.625int 1
R = = : = — 0.000567 (h ft °F)/Btu
2pLks 2p248Btu/(hftF) L
R = _1 = = 1 = 1 5065 -1 0.0210 (h ft °F)/Btu
A MWPDL [30Buw(hft? TP, g Ty L L

The total resistance is
Riota = Reot+ R + Rie + Ry

Ro = % (0.0794 + 1.748 + 0.000567 + 0.021) (h ft °F)/Btu

% 1.85 (h ft °F)/Btu

Rtotal
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(b) Therate of heat transfer is given by

DT 300°F - 60°F
R %1.85(hft°F)/Btu

q:

% = 130 Btu/(hft)

COMMENTS

Note that amost all of the thermal resistance is due to the insulation and that the thermal resistance of
the stedl pipeisnegligible.

PROBLEM 2.4

Suppose that a pipe carrying a hot fluid with an external temperature of T; and outer
radius r; is to be insulated with an insulation material of thermal conductivity k and
outer radiusr,. Show that if the convective heat transfer coefficient on the outside of the
insulation is h and the environmental temperature is T, the addition of insulation can

actually increase the rate of heat loss if r, < k /h and that maximum heat loss occurs
when r, = k/'h . Thisradius, r., isoften called the critical radius.

GIVEN

e Aninsulated pipe

e External temperature of the pipe=T,
e Outer radius of the pipe=r;

e Outer radius of insulation =,

e Thermal conductivity = k

e Ambient temperature =T,

Convective heat transfer coefficient = h

FIND
Show that

(@ Theinsulation can increase the heat lossif r, < k/'h
(b) Maximum heat loss occurswhen r, = k/ h

ASSUMPTIONS

The system has reached steady state
The thermal conductivity does not vary appreciably with temperature
Conduction occurs in the radial direction only

SKETCH

Insulation
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SOLUTION
Radial conduction for acylinder of length L is given by Equation (2.37)

T -T,
q =27Lk—>2

r
In-2

fi

Convection from the outer surface of the cylinder is given by equation (1.10)
g =h AAT=h 2zr,L (T,-T.)

For steady state

T-T, _ -
27Lk———2 =R 27r,L (To—To)
rO
In2
fi

The outer wall temperature, T,, isan unknown and must be eliminated from the equation
Solving for T; — T,

h

r r
T-To=—21In-2 (T,-T,)

k r

T=T, = (Ti=To) + (To—T.) = h—kro In rr—° (To=T.) + (To—T.)

h
T-T, = ilnr—°+1+ (To-T.)

t ko
or '|'0_'|'OO = Tlﬁ_—T¥
l+ilnLO
k 1
Substituting this into the convection equation
) g
E Ti-Ty ¢
= =h 3 n ®
A=q.=h 27l ¢ Nl foy
g k ri ﬁ
q= T -Ty
rO
l In?

—+
p 201, Lh 2p Lk,

Examining the above equation, the heat transfer rate is a maximum when the term

Ink
! — + i is aminimum, which occurs when its differential with respect tor, iszero
p 20, Lh 2oLk,

1 d k [
———— —+In2 =0
2pkLdr, trh i
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ii i + i(mr_o) =0
hdr brgd drg V' f
£ —i + i =0
ht 2t 1,
(=K
°h
The second derivative of the denominator is
k2 1
hrd 12

which is greater than zero at r, = k/h, therefore r, = k/h is a true minimum and the maximum heat loss
occurs when the diameter is r, = k/h. Adding insulation to a pipe with a radius less than k/h will
increase the heat loss until the radius of k/h is reached.

COMMENTS

A more detailed solution taking into account the dependence of h. on the temperature has been
obtained by Sparrow and Kang, Int. J. Heat Mass Transf., 28: 2049-2060, 1985.

PROBLEM 2.5

A solution with a boiling point of 180°F boils on the outside of a 1-in. tube with a No. 14
BWG gauge wall. On the inside of the tube flows saturated steam at 60 psia. The
convective heat transfer coefficients are 1500 Btu/(h ft* °F) on the steam side and 1100
Btu/(h ft? °F) on the exterior surface. Calculate the increase in the rate of heat transfer
for a copper over a steel tube.

GIVEN

Tube with saturated steam on the inside and solution boiling at 180°F outside
Tube specification: 1 in. No. 14 BWG gauge wall

Saturated steam in the pipeis at 60 psia

Convective heat transfer coefficients

Steam side (b ) : 1500 Btu/(h ft* °F)

= Exterior surface (hy, ) : 1100 Btu/(h ft* °F)

FIND
e Theincreasein the rate of heat transfer for a copper over a steel tube
ASSUMPTIONS

e Thesystemisin steady state
e Constant thermal conductivities

SKETCH
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PROPERTIESAND CONSTANTS:

From Appendix 2, Tables 10, 12, 13 and 42

Temperature of saturated steam at 60 psia (T¢) = 291°F
Thermal conductivities

Copper (ko) = 226 Btu/(h ft °F) at 261°F

1% Carbon steel (k) = 25 Btu/(h ft °F) at 68°F

e Tubeinside diameter (D;) =0.834 in.

SOLUTION

The thermal circuit for the tube is shown below

The individual resistances are:
1 1 1

WA PDiL psooBtu(hft*F)lp,

l o
. oga - T 0.00305 (h ft °F)/Btu
Rl
12 t

1 1 1

= — = — = L=
P PoPDIL [1200Btw/(hft? F)]p L%th,‘

0.00347 (h ft °F)/Btu

'CO

[l =Y

@in
In(= InL oy

Re = () . Mossaint _1 0.000128 (h ft °F)/Btu
2Lk,  2p 226BWhHtF L

@in

In(® N 0.834int
_ (%) - 10834int _ 1400116 (hftoRyBiu
2p Lk,  2p 25BWhitF L

The rate of heat transfer is

Rie

DT T, -Ty
q = =
Roa RitR*+ Ry
For the copper tube
% _ 291°F - 180°F - 16,700 Btu/h
L (0.00305+0.00128 + 0.00347) (h ft°F)/Btu
For the stedl tube
9 291°F - 180°F = 14,450 Btuh

L  (0.00305+ 000116+ 0.00347)( h f*F)/Btu
Theincreasein the rate of heat transfer per unit length with the copper tubeis

=% O _

Increase 2250 Btu/ft

Percent increase = @ x 100 = 16%
14,450
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COMMENTS

The choice of tubing material is significant in this case because the convective heat transfer
resistances are small making the conductive resistant a significant portion of the overall thermal
resistance.

PROBLEM 2.6

Steam having a quality of 98% at a pressure of 1.37 x 10° N/m? is flowing at a velocity of
1 m/sthrough a steel pipe of 2.7 cm OD and 2.1 cm ID. The heat transfer coefficient at
the inner surface, where condensation occurs, is 567 W/(m? K). A dirt film at the inner
surface adds a unit thermal resistance of 0.18 (m? K)/W. Estimate the rate of heat loss
per meter length of pipeif; (a) the pipeisbare, (b) the pipeis covered with a5 cm layer
of 85% magnesia insulation. For both cases assume that the convective heat transfer
coefficient at the outer surfaceis 11 W/(m? K) and that the environmental temperature
is21°C. Also estimate the quality of the steam after a 3-m length of pipein both cases.

GIVEN

e A stedl pipe with steam condensing on the inside
e Diameters

=  Qutside (Dy) =2.7cm=0.027 m

= |nside(D)=21cm=0.021m

e Vdocity of the steam (V) = 1 m/s

e Initial steam quality (X)) = 98%

e Steam pressure = 1.37 x 10° N/m?

e Heat transfer coefficients

» Inside (hg) = 567 W/(m? K)

= Outside (he) = 11 W/(m? K)

e Thermal resistance of dirt film on inside surface (R;) = 0.18 (m? K)/W
e Ambient temperature (T,,) = 21°C

FIND

The heat loss per meter (g/L) and the change in the quality of the steam per 3 m length for
(@) A barepipe
(b) A pipeinsulated with 85% Magnesia: thickness (L;) = 0.05 m

ASSUMPTIONS

Steady state conditions exist

Constant thermal conductivity

Steel is 1% carbon steel

Radiative heat transfer from the pipeis negligible
Neglect the pressure drop of the steam

SKETCH
Steel Pipe
T.=21°C
D,=.021m Insulation
)——D,=.027m
Dirt Film -
Dirt Film
Case (a) Case (b)
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PROPERTIESAND CONSTANTS

From Appendix 2, Tables 10, 11, and 13
The thermal conductivities are: 1% carbon steel (k) = 43 W/(m K) at 20°C
85% Magnesia (k) = 0.059 W/(m K) at 20°C
For saturated steam at 1.37 x 10° N/m*  Temperature (Tg) = 107°C
Heat of vaporization (hy) = 2237 kJ/Kkg
Specific volume (ve) = 1.39 m*/kg
SOLUTION

(@) Thethermal circuit for the uninsulated pipe is shown below

T Two Twi Ts

Reo Rks Ry Rei

Evaluating the individual resistances

R 1 =1 1072 (myw
ho, hePD,L  [11W/(m?K)]p (0.027m)L L
ol n, 0.027* 1
Re = —\1) = 0021 _ 2 (00003 (mKyw
2pLk  2p[43W/(mK)] L
r r 2
Rzt =t - 1OBMIW_1, 208 meyw
A 2DL L p(002im) L
R = _l = — 1 = 3 1 = i 0.0267 (mK)/W
h,A hpDL  [567WI(M2K)lp (0.021m)L L

The rate of heat transfer through the pipeis

q= DT _ Tq - Ty
Roa R tRstR*R;
q _ 107°C- 21°C — 22 5W/m
L (1.072+0.00093+ 2.728 + 0.267) (mK)/W
Thetotal rate of transfer of athree meter section of the pipeis
g=225W/m@3m)=674W
The mass flow rate of the steam in the pipeis
, % DAV 0.021m)? (1m/s
" = AL;S ) p4u.s ) 4(125(9m3/kg))(1lig/10()30g) = 024995

The mass rate of steam condensed in a 3 meter section of the pipe is equal to the rate of heat transfer
divided by the heat of vaporization of the steam

h,  22374g(Wsd)

g

The quality of the saturated steam is the fraction of the steam which is vapor. The quality of the steam
after a3 meter section, therefore, is
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(original vapor mass) - (mass of vapor condensed) _ X g, - m,

X =
' total mass of steam M,
X, = 0.98(0.249¢/s) - 0.030g/s — 0.86 = 86%
0.249¢g/s

The quality of the steam changed by 12%.
The thermal circuit for the pipe with insulation is shown below

T Two Twi Ts
Reo R Res Ry Ra

The convective resistance on the outside of the pipe is different than that in part (a) because it is based
on the outer area of the insulation

_ 1 1 _ 1
" hoA hoP(D, +2L)L  [LIW/(m2K)]p (0.027 m+0.1m)L

CO

= % 0.228 (MK)/W

The thermal resistance of the insulation is

In D, + 2L, 0 0.027+0.1
13 I t t o027 #

Rq = =
X 2p Lk 2p [0.059W/(mK)]

% 4.18 (MK)/W

The rate of heat transfer is

DT Ty - Ty
q = =
Roa RetRi+RstR + Ry
S 107°C - 21°C = 12.0W/m
L~ (0.228+ 4.18+0.00093 + 2.728 + 0.0267)(mMK)/W

Therefore, the rate of steam condensed in 3 metersis

=—=————— =0.01649/s
"™ T he | 22373g(Wsl) g
The quality of the steam after 3 meters of pipeis
X, = 0.98(0.249g/s) - 0.016g/s _ 0.92 = 92%
0.249g/s
The change in the quality of the steam is 6%.

COMMENTS

Notice that the resistance of the steel pipe and the convective resistance on the inside of the pipe are
negligible compared to the other resistances.

The resistance of the dirt film is the dominant resistance for the uninsulated pipe.
PROBLEM 2.7

Estimate the rate of heat loss per unit length from a 2 in. ID, 2°/8 in. OD stesl pipe
covered with high temperature insulation having a thermal conductivity of 0.065 Btu/(h ft)
and a thickness of 0.5 in. Steam flowsin the pipe. It hasa quality of 99% and isat 300°F.
The unit thermal resistance at the inner wall is 0.015 (h ft* °F)/Btu, the heat transfer
coefficient at the outer surfaceis 3.0 Btu/(h ft* °F), and the ambient temper atureis 60°F.

99

© 2011 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



GIVEN

e Insulated, steam filled steel pipe

e Diameters

= |D of pipe(D;)) =2in.

= OD of pipe (Do) =2.375in.

e Thicknessof insulation (Lj) = 0.5in.

e Steam quality = 99%

e  Steam temperature (T) = 330°F

e Unit thermal resistance at inner wall (A R) = 0.015 (h ft? °F)/Btu
e Heat transfer coefficient at outer wall (h,) = 3.0 Btu/(h ft? °F)

e Ambient temperature (T.,) = 60°F

e Thermal conductivity of the insulation (k) = 0.065 Btu/(h ft °F)
FIND

e Rateof heat loss per unit length (g/L)

ASSUMPTIONS

e 1% carbon steel
e Constant thermal conductivities
o Steady state conditions

SKETCH
D;=2in

D,=2.375in

T.=60°F D,=D,+2L;=3375in

PROPERTIESAND CONSTANTS
From Appendix 2, Table 10
The thermal conductivity of 1% carbon steel (ko) = 24.8 Btu/(h ft* °F) at 68 °F

SOLUTION

The outer diameter of the insulation (D) = 2.375in. + 2(0.51n) =3.3751n.
The thermal circuit of the insulated pipe is shown below

Ts T.
AMNW—oANN—OANN—OAMA—O
R; Rs Ra Reo

The values of the individual resistances are

) ) 20
rR=2R_AR _ 0'015(hft2 AIBU _ 102865 (h ft °F/Btu
ATPOLT o Zn L
t12 4
InL%’r ”L3'27-5m+ 1
Re = 1% n = = 0.001103 (h ft °F)/Btu
opLk,  2p248BW/(hft°F) L
| D| 3.375in
"Dt "} 2.375int 1
Ry = —0° = : = 1 08604 (hft °FyBLU
JpLk  2p0065BW/(hft°F) L
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CO

-1 -1t . ! s L= 1 03773 (hft °FyBI
hoA,  hoP DL [3B/(hf*Fp, == =1ty L

The rate of heat transfer is

DT T, - Ty
q: =

Roa  R*Rs*Rq+Ry
q 300 F-60 F

= 189 Btu/ft

"L " (0.02865+0.8604 +0.001103+ 0.3773)(hft °F )/Btu
PROBLEM 2.8

The rate of heat flow per unit length g/L through a hollow cylinder of inside radius r;
and outsideradiusr,is

gL = (AKAT)/(ro—r17)
where A = 27 (r, — 1;)/In(ro/r;). Determine the percent error in the rate of heat flow if the

arithmetic mean area z (r, + r;) is used instead of the logarithmic mean area A for ratios
of outside to inside diameter s (D,/D;) of 1.5, 2.0, and 3.0. Plot the results.

GIVEN

A hollow cylinder

Inside radius = r;

Outsideradius=r,

Heat flow per unit length as given above
FIND

(@) Percent error in the rate of heat flow if the arithmetic rather than the logarithmic mean areais
used for ratios of outside to inside diameters of 1.5, 2.0, and 3.0.
(b) Plot the results

ASSUMPTIONS

e Radia conduction only
e Constant thermal conductivity
e Steady state prevails

SKETCH
&
SOLUTION
The rate of heat transfer per unit length using the logarithmic mean areais
q _2p(r,-r) kDT _ 2p kDT
N e S
brt trt

101

© 2011 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



The rate of heat transfer per unit length using the arithmetic mean areais

+r
oy =+ KOT _ fpar o*h
L al’lth o - rl ro - rl
The percent error is
+r
9 _q 2pkrDT_ka_|_ Iy +,
o ot L+Iog bt 100~ In(T‘j) fo =1 100
b error = q x = 20 KDT X
t I-I'Iog In(%)
) [ g
€ —tle
% error = (El—lln fo utﬁ x 100
€ 2 trtr, e
§ br 4R
For aratio of outside to inside diameters of 1.5
g, 1 15+1 4
0, = - N = 0,
Yo error 61 2|n(1'5)t1,5_1+f§ x 100 =-1.37%

The percent errors for the other diameter ratios can be calculated in a similar manner with the
following results

Diameter ratio % Error
15 -1.37
2.0 -3.97
3.0 -9.86
(b)
10 Percent Error vs Diameter Ratio
P
- 8 1
©
£ 7y
£ 61
o0 i
5§ °
235 4]
g= 3
[
g8 29
g 1
00 04 08 12 16 2 24 28
Diameter ratio ——
COMMENTS

For diameter ratios less than 2, use of the arithmetic mean area will not introduce more than a 4%
error.

PROBLEM 2.9

A 2.5-cm-OD, 2-cm-1D copper pipe carriersliquid oxygen to the storage site of a space
shuttle at —183°C and 0.04 m*min. The ambient air is at 21°C and has a dew point of
10°C. How much insulation with a thermal conductivity of 0.02 W/(m K) is needed to
prevent condensation on the exterior of the insulation if he + h, = 17 W/(m? K) on the
outside?
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GIVEN

Insulated copper pipe carrying liquid oxygen

Inside diameter (D;) =2cm=0.02m

Outside diameter (Dy) =2.5cm=0.025m

LOX temperature (Toy) = — 183°C

LOX flow rate (M) = 0.04 m*/min

Thermal conductivity of insulation (k) = 0.02 W/(m K)
Exterior heat transfer coefficients (h, = he + hy) = 17 W/(m* K)
Ambient air temperature (T,,) = 21°C

Ambient air dew point (Ty,) = 10°C

FIND
e Thickness of insulation (L) needed to prevent condensation
ASSUMPTIONS

Steady-state conditions have been reached

Thethermal conductivity of the insulation does not vary appreciably with temperature

Radial conduction only

The thermal resistance between the inner surface of the pipe and the liquid oxygen is negligible,
therefore Tyi = Tox

SKETCH

D;=0.02m

D,=0.025m
0.

Two = D,

Copper Pipe

Insulation

PROPERTIESAND CONSTANTS
From Appendix 2, Table 12, thermal conductivity of copper (k;) =401 W/(m K) at 0°C
SOLUTION

The thermal circuit for the pipe is shown below

T. Tx Two Twi= Tox

Re Ry Ryc

The rate of heat transfer from the pipeis
DT T¥ - TOX

R(otal 1 |n(%')) A In(%?)
hA 2p Lk 2pLk;
The rate of heat transfer by convection and radiation from the outer surface of the pipeis

_ DT _Tx-T

R 1
hA

q
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Equating these two expressions
D D, =
1, In(D') N In(i) h‘jA.
hA 2pLk 2pLk,

1, (), n(3)
Ty-Tox _ NbPDL 2pLk  2pLk

h,pD, L
D D,
Ty - Tox :1+EDI In(ﬁ;)_,_ln(Di)
D,
DI Ir-]D| +InD0 +In(ﬁ) - 3 T¥ _TOX -1
Lk K ko Ry tTe-T %
Irl0.025
D, InD, . In(0.025) 0.02 _ 2

0.02W/(mK) 0.02W/(mK)  401W/(m K)* 17WImZ K)
t

o _ 0
2LC-(183C) | Dy, 1844+ 0.00056, =2.064 (m? K)/W
t 21°C-10°C £ 0.02 1

Solving this by trial and error

D, =0.054 m=54cm
Therefore, the thickness of the insulation is

D, -D, _ 54cm-25cm
2 2

L =

=15cm

COMMENTS

Note that the thermal resistance of the copper pipe is negligible compared to that of the insulation.
PROBLEM 2.10

A salesman for insulation material claims that insulating exposed steam pipes in the
basement of alarge hotel will be cost effective. Suppose saturated steam at 5.7 bar s flows
through a 30 cm OD steel pipewith a 3 cm wall thickness. The pipeissurrounded by air
at 20°C. The convective heat transfer coefficient on the outer surface of the pipe is
estimated to be 25 W/(m? K). The cost of generating steam is estimated to be $5 per 10° J
and the salesman offersto install a 5 cm thick layer of 85% magnesia insulation on the
pipes for $200/m or a 10 cm thick layer for $300/m. Estimate the payback time for these
two alternatives assuming that the steam line operates all year long and make a
recommendation to the hotel owner. Assume that the surface of the pipe aswell as the
insulation have a low emissivity and radiative heat transfer isnegligible.

GIVEN

Steam pipein ahotel basement

Pipe outside diameter (D,) =30cm=0.3m
Pipewall thickness (L) =3cm=0.03 m
Surrounding air temperature (T,,) = 20°C
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e Convective heat transfer coefficient (hy) = 25 W/(m? K)
¢ Cost of steam = $5/10°J
e |nsulation is 85% magnesia

FIND

Payback time for
(& Insulationthickness (L)) =5cm=0.05m;  Cost = $200/m

(b) Insulation thickness (Lip) =10cm=0.10m; Cost = $300/m
Make a recommendation to the hotel owner.

ASSUMPTIONS

e Thepipeandinsulation are black (¢ = 1.0)

e The convective resistance on the inside of the pipeis negligible, therefore the inside pipe surface
temperature is equal to the steam temperature

e The pipeismade of 1% carbon steel

e Constant thermal conductivities

SKETCH
e b
@ <7 Scm 10 cm
Uninsulated (a) 5 cm Thick (a) 10 cm Thick
Pipe Insulation Insulation *k

PROPERTIESAND CONSTANTS

From Appendix 1, Table 5: The Stefan-Boltzmann constant (o) = 5.67 x 107 W/(m* K%
From Appendix 2, Table 10 and 11
Thermal conductivities: 1% Carbon Steel (k) = 43 W/(m K) at 20°C
85% Magnesia (k) = 0.059 W/(m K) at 20°C
From Appendix 2, Table 13
The temperature of saturated steam at 5.7 bars (Ts) = 156°C
SOLUTION

The rate of heat loss and cost of the uninsulated pipe will be calculated first.
The thermal circuit for the uninsulated pipe is shown below

Ts T
OANMN—OANN—0AMA—O
Rep=0 Rks Reo

Evaluating the individual resistances

in fo 0.15
brt InLo 124 1
ke = — = ; == 0.000826 (M K)/W
2pLky  2p[43W/(MmK)] L
Ro= —0 =1 - . ! =10.0424(mK)/vv
h A h2pr,L  [25W/(m“K)]2p (0.15m)L L
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The rate of heat transfer for the uninsulated pipeis

DT _ T,-Ty
q = =

I:etotal Rks + I%:0
q 156°C - 20°C

S = 3148 W/m
L~ (0.000826+0.0424) (K m)/W

The cost to supply this heat lossis
cost = (3148 w/m) (JW s) (3600 g/h) (24 h/day) (365 days/yr) ($5/109J) = $496/(yr m)
For the insulated pipe the thermal circuit is
Ts To
ANWN—OANN—0ANMN—O

Ry=0 Rxs Reo

Theresistance of the insulation is given by:

I rla 0.2
nLT} InL 0.15% 1
Raa = °_ = \ == 0.776 (M K)/W
2p Lk, 2p[0.059W/(mK)] L
In Tio In 0.25
trot to.15t

Ruap = ‘% 1.378 (m K)/W

20 Lk,  2p[0.059W/(MK)]
(@) Therate of heat transfer for the pipe with 5 cm of insulation is

DT T, - Ty
q= =
R(otal I:?ks-l-F?kla-l-R:o
0~ _ 9N
q _ 156°C - 20°C 166 W/m

"L~ (0.000826 + 0.776 + 0.0424) (Km)/W

The cost of this heat lossis
cost = (166 w/m) (JW s) (3600 s/h) (24 h/day) (365 days/yr) ($5/10°J) = $26/yr m
Comparing this cost to that of the uninsulated pipe we can cal culate the payback period

Cost of installation _ $200/m
uninsulated cost - insulated cost ~ $496/(yr m) - $26/(yr m)

Payback period =

Payback period = 0.43 yr = 5 months
(b) Therate of heat loss for the pipe with 10 cm of insulation is

DT T,-Ty
q = =
Roa R * Rap ¥ Ro
0 O
a 10 € - 20¢ = 95.7 W/m

"L~ (0.000826 +1.378+0.0424) (Km)/W

The cost of this heat loss
cost = (95.7 w/m) (JW s) (3600 s'h) (24 h/day) (365 days/yr) ($5/10° J) = $15/yr m
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Comparing this cost to that of the uninsulated pipe we can calculate the payback period

Payback period = $300/m =0.62 yr = 7.5 months
$496/yrm - $15/yrm

COMMENTS

The 5 cm insulation is a better economic investment. The 10 cm insulation still has a short payback
period and is the superior environmental investment since it is a more energy efficient design.
Moreover, energy costs are likely to increase in the future and justify the investment in thicker
insulation.

PROBLEM 211

A hollow sphere with inner and outer radii of R; and Ry, respectively, is covered with a
layer of insulation having an outer radius of Rs. Derive an expression for therate of heat
transfer through the insulated sphere in terms of the radii, the thermal conductivities,
the heat transfer coefficients, and the temperatures of the interior and the surrounding
medium of the sphere.

GIVEN

An insulated hollow sphere
Radii

Inner surface of the sphere=R;

Ouiter surface of the sphere= R,
Outer surface of the insulation = Rs

FIND

e Expression for therate of heat transfer
ASSUMPTIONS

o Steady state heat transfer
e Conduction in theradial direction only
e Constant thermal conductivities

SKETCH
Sphere Material
Insulation
3 I
4
SOLUTION

Let ki = the thermal conductivity of the sphere
ko3 = the thermal conductivity of the insulation
h; = the interior heat transfer coefficient
h; = the exterior heat transfer coefficient
T; = the temperature of the interior medium
T, = the temperature of the exterior medium
The thermal circuit for the sphere is shown below

107

© 2011 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



Ti  Res Rk 12 Rk 13 T,

The individual resistances are

-1 1
Rcl = = — >
hA h4pRL
From Equation (2.48)
Rk12 = ﬂ
4p ki RRy
Ros= 8~ R
4p ky3ReR,
1 1
Res = = == >
hyA;  hydp RiL
The rate of heat transfer is
q= DT _ DT
Rota Rt Raz * Rzt Rg
q= DT
1 1 R-R_ R-R, 1
4p LR kKRR KRR REhgt
q= 4p DT

1 R-R_R-R_ 1
R koRR  kxRR, RN,

PROBLEM 2.12

The thermal conductivity of a material may be determined in the following manner.
Saturated steam 2.41 x 10° N/m? is condensed at the rate of 0.68 kg/h inside a hollow
iron sphere that is 1.3 cm thick and has an internal diameter of 51 cm. The sphere is
coated with the material whose thermal conductivity isto be evaluated. The thickness of
the material to be tested is 10 cm and there are two thermocouples embedded in it, one
1.3 cm from the surface of the iron sphere and one 1.3 cm from the exterior surface of
the system. If the inner thermocouple indicates a temperature of 110°C and the outer
themocouple a temperature of 57°C, calculate (a) the thermal conductivity of the
material surrounding the metal sphere, (b) thetemperatures at the interior and exterior
surfaces of the test material, and (c) the overall heat transfer coefficient based on the
interior surface of the iron sphere, assuming the thermal resistances at the surfaces, as
well asthe interface between the two spherical shells, are negligible.

GIVEN

e Hollow iron sphere with saturated steam inside and coated with material outside

Steam pressure = 2.41 x 10° N/m?

Steam condensation rate (r1,) = 0.68 kg/h

Inside diameter (D;) =51 cm=0.51m

Thickness of theiron sphere (Ls) =1.3cm=0.013m

Thickness of material layer (L) =10cm=0.1m

Two thermocouples are located 1.3 cm from the inner and outer surface of the material layer
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e Inner thermocouple temperature (T;) = 110°C
e Outer thermocouple temperature (T,) = 57°C

FIND
(@ Thermal conductivity of the material (k)

(b) Temperatures at the interior and exterior surfaces of the test materia (Tri, Trmo)
(c) Overall heat transfer coefficient based on the inside area of the iron sphere (U)

ASSUMPTIONS

Thermal resistance at the surface is negligible
Thermal resistance at the interfaceis negligible
The system has reached steady-state

The thermal conductivities are constant

One dimensional conduction radially

SKETCH

Iron (Thickness = 1.3 cm)
Material (Thickness = 0.1 m)
T,=110°C

T,=57°C

PROPERTIES AND CONSTANTS

From Appendix 2, Table 13: For saturated steam at 2.41 x 10° N/m?,
Saturation temperature (T;) = 125°C
Heat of vaporization (hy) = 2187 kJ/kg

SOLUTION

(@) Therate of heat transfer through the sphere must equal the energy released by the condensing

steam:
h

Q = thyhg = 0.68 kg/h (2187 kikg) (1000 Jki), - (WS)/J) = 413.1W

The thermal conductivity of the material can be calculated by examining the heat transfer between the

thermocoupl e radii

Raz lh-n
tdpk,r,nt

Solving for the thermal conductivity

q(r - )

Km = ——————
dr,n (T, -T)

D, .
- +L:+0013m= 0.51m

r
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D, .
T +Let Lp-0013m= 0.51m

+0.013m+ 0.1 m-0.013m=0.355

I

413.1W(0.355 m - 0.281 m)
4p (0.355m) (0.281m) (110°C - 57°C)

= 0.46 W/(m K)

(b) Thetemperature at the inside of the material can be calculated from the equation for conduction
through the material from the inner radius, the radius of the inside thermocouple

_ DT _ Ty-T
Ra1 -
tdpk, it

Solving for the temperature of the inside of the material

q(r, =1)

T, =T+
" ' 4p km M f
D, .
=Ly 051m | 5013 m=0268m
o 110Cs 413.1W (0.013m) 1o

4p [0.46W/(mK)] (0.281 m) (0.268m)

The temperature at the outside radius of the material can be calculated from the equation for
conduction through the material from the radius of the outer thermocouple to the outer radius

F2k20 -1
tdp k,r,ryt

Solving for the temperature of the outer surface of the material

q(ro B r2)

To =T2—
™ ? 4p I(m fol2
D, :
ro = 7‘ +Le+Ly= 051m +0.013m+ 0.01 m=0.368 m
T =57°C- 413.1W(0.013m) N,

4p [0.46 W/(mK )] (0.368 m) (0.355m)

(c) The heat transfer through the sphere can be expressed as
q=UAAT=U zDs* (Te— Top)
_ q _ 413.1W
pD?(T,-T,,) p(0.51m)?(125C -50 C)

= 6.74 W/(m?K)

PROBLEM 2.13

A cylindrical liquid oxygen (LOX) tank has a diameter of 4 ft, a length of 20 ft, and
hemispherical ends. The boiling point of LOX is— 297°F. An insulation is sought which
will reduce the boil-off rate in the steady state to no more than 25 Ib/h. The heat of
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vaporization of LOX is92 Btu/lb. If the thickness of thisinsulation isto be no morethan
3in., what would the value of it’sthermal conductivity have to be?

GIVEN

Insulated cylindrical tank with hemispherical ends filled with LOX
Diameter of tank (Dy) =4 ft

Length of tank (L;) = 20 ft

Boiling point of LOX (Ty,) = -297°F

Heat of vaporization of LOX (hy) = 92 Btu/lb

Steady state boil-off rate (m) = 251b/h

Maximum thickness of insulation (L) = 3in. = 0.25 ft

FIND

e Thethermal conductivity (k) of the insulation necessary to maintain the boil-off rate below 25
Ib/h.

ASSUMPTIONS

¢ Thelength given includes the hemispherical ends

o Thethermal resistance of the tank is negligible compared to the insulation

¢ Thethermal resistance at the interior surface of the tank is negligible

SKETCH
m
’I=2ﬂ T To=70°F Lt=20ﬂ
r,=2.251 i Ti=Tgp=—297°F | ¥
L=3in=0.251t 3
D,=4ft
SOLUTION

The tank can be thought of as a sphere (the ends) separated by a cylindrical section, therefore the total
heat transfer is the sum of that through the spherical and cylindrical sections. The steady state
conduction through a spherical shell with constant thermal conductivity, from Equation (2.47), is

O = 4p I'<r0ri (To _T|)

S

o =1
The rate of steady state conduction through acylindrical shell, from Equation (2.37), is
O =2 wlck To T, (Le=L - 4ft=161t)
r‘O
In =
trt
Thetotal heat transfer through the tank is the sum of these
g g
qzqtgez PRI 4o p g o= B) o g neqr,-y _2r0rr, * Li .
] s o~ i o
In = In =
brt 5 tr HE
Therate of heat transfer required to evaporate the liquid oxygen at mism hg, therefore
) g
€ ]
Mg =2 7k (To—To) Eﬂw»Lm
o~ F h €
| 9
br, t
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iy,

k=
g g
€ ®
2r,r L

20K(T, ~T)Ee + e

Er, -1, In T €

5 b i

‘= 251b/h (92 Btu/1b)
) g
E2(2.25ft)(2.0ft)  16ft
2p[70 F-(-297 +

Pl ( F)]E 0.25ft 225 ¢
In, /=, ¢
6 L o ip

k = 0.0058 Btu/(h ft °F)
COMMENTS

Based on data given in Appendix 2, Table 11, no common insulation has such low value of thermal
conductivity. However, Marks Standard Handbook for Mechanical Engineers lists the thermal
conductivity of expanded rubber board, ‘ Rubatex’, at —330°F to be 0.004 Btu/(h ft °F).

PROBLEM 2.14

The addition of insulation to a cylindrical surface, such as a wire, may increase the rate
of heat dissipation to the surroundings (see Problem 2.4). (a) For a No. 10 wire (0.26 cm
in diameter), what is the thickness of rubber insulation [k = 0.16 W/(m K)] that will
maximize the rate of heat loss if the heat transfer coefficient is 10 W/(m? K)? (b) If the
current-carrying capacity of this wire is considered to be limited by the insulation
temperature, what percent increase in capacity isrealized by addition of the insulation?
State your assumptions.

GIVEN

e Aninsulated cylindrical wire
e Diameter of wire (D) = 0.26 cm =0.0026 m
e Thermal conductivity of rubber (k) = 0.16 W/(m K)

o Heat transfer coefficient (h, ) = 10 W/(m? K)
FIND

(&) Thickness of insulation (L;) to maximize heat |0ss
(b) Percent increase in current carrying capacity

ASSUMPTIONS

e Thesystemisin steady state
e Thethermal conductivity of the rubber does not vary with temperature

SKETCH

Rubber ’
Wire ‘
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SOLUTION

(@) From Prablem 2.4, the radius that will maximize the rate of heat transfer (r) is:

h  10W/(m?K)

The thickness of insulation needed to make thisradiusis

Li=r—-r,=0.016 m- % =0.015m=15cm
(b) Thethermal circuit for the insulated wire is shown below
Tli Tlo Tw
AW —AMAN—O
'ntrﬁ 1 1
where Ry = L andR.= —— = —
2p Lk hA h2prlL

The rate of heat transfer from the wireis
_ DT _Ti-Ty _ 20L(T -Ty)
Roa Ra tR

q
To

tr
+

ir, 1
ko her,

If only a very thin coat of insulation is put on the wire to insulate it electrically then r, = r; = D,/2 =
0.0013 m. The rate of heat transfer from the wire is

In

9. 20 (T ~Tv) = 0.082 (T; - T.)
L o4 1
10W/(m?K)(0.0013m)
For the wire with the critical insulation thickness
9= 2 (T~ ) = 0.286 (Tji - T..)
0.016 ' .
L In(5oats) + 1

10W/(mK)  10W/(m?K)(0.016m)

The current carrying capacity of the wire is directly related to the rate of heat transfer from the wire.
For a given maximum allowable insulation temperature, the increase in current carrying capacity of
the wire with the critical thickness of insulation over that of the wire with a very thin coating of
insulation is

_a
LEL L PN _0.286- 0.082

a x 100
q 0.082

Lt

q
LL

% increase = x 100 = 250%

thin coat

COMMENTS

This would be an enormous amount of insulation to add to the wire changing athin wire into a rubber
cable over an inch in diameter and would not be economically justifiable. Thinner coatings of rubber
will achieve smaller increases in current carrying capacity.
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PROBLEM 2.15

For the system outlined in Problem 2.11, determine an expression for the critical radius
of the insulation in terms of the thermal conductivity of the insulation and the surface
coefficient between the exterior surface of the insulation and the surrounding fluid.
Assume that the temperature difference, Ry, R,, the heat transfer coefficient on the
interior, and the thermal conductivity of the material of the sphere between R; and R,
are constant.

GIVEN

An insulated hollow sphere

Radii

Inner surface of the sphere=R;
Ouiter surface of the sphere= R,
Outer surface of the insulation = Rg

FIND
e Anexpression for the critical radius of the insulation
ASSUMPTIONS

e Constant temperature difference, radii, heat transfer coefficients, and thermal conductivities
e Steady state prevails

SKETCH
Sphere
Matekial
Insulation
SOLUTION
Let ki, = thethermal conductivity of the sphere

ko3 = the thermal conductivity of the insulation
h; =theinterior heat transfer coefficient
hs = the exterior heat transfer coefficient
T, = the temperature of the interior medium
T, = the temperature of the exterior medium
From Problem 2.11, the rate of heat transfer through the sphereis

_ 4p DT
"1 R-R_R-R,1
R koRR KRR RN,

The rate of heat transfer is a maximum when the denominator of the above equation is a minimum.
This occurs when the derivative of the denominator with respect to R is zero

dR;  tRZh  kpRR  kpRsR, R3hgt
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The maximum heat transfer will occur when the outer insulation radiusis equal to 2 Kya/ha.
COMMENTS

A more redlistic analysis should take the dependence of h, on temperature into account. Such an
analysis was made for a pipe by Sparrow and Kang, Int. J. Heat Mass Transf., 28: 2049-2060, 1985.

PROBLEM 2.16

A standard 4 in. stedl pipe (ID = 4.026 in., OD = 4.500 in.) carries superheated steam at
1200°F in an enclosed space where a fire hazard exists, limiting the outer surface
temperature to 100°F. In order to minimize the insulation cost, two materials are to be
used; first a high temperature insulation (relatively expensive) applied to the pipe and
then magnesia (a less expensive material) on the outside. The maximum temper ature of
the magnesiaisto be 600°F. The following constants are known.

Steam-side coefficient h =100 Btu/(h ft °F)
High-temperatureinsulation conductivity k =0.06 Btu/(h ft °F)
M agnesia conductivity k =0.045 Btu/(h ft °F)
Outside heat transfer coefficient h = 2.0 Btu/(h ft* °F)
Steel conductivity k =25Btu/(h ft °F)
Ambient temperature T, =70°F

(a) Specify thethicknessfor each insulating material.

(b) Calculatethe overall heat transfer coefficient based on the pipe OD.

(c) What fraction of the total resistance is due to (1) steam-side resistance, (2) steel pipe
resistance, (3) insulation (combination of the two), and (4) outside resistance?

(d) How much heat istransferred per hour, per foot length of pipe?

GIVEN

Steam filled steel pipe with two layers of insulation
Pipeinside diameter (D;) = 4.026 in.

Pipe outside diameter (D,) = 4.500 in.

Superheated steam temperature (Ts) = 1200°F
Maximum outer surface temperature (Tg,) = 100°F
Maximum temperature of the Magnesia (T,,) = 600°F
Thermal conductivities

High-temperature insulation (k) = 0.06 Btu/(h ft °F)
Magnesia (k) = 0.045 Btu/(h ft °F)

Stedl (ko) = 25 Btu/(h ft °F)

Heat transfer coefficients

=  Steamside (hy ) = 100 Btu/(h ft* °F)

= Outside (h,,) = 2.0 Btu/(h ft* °F)

e Ambient temperature (T,) = 70°F

FIND

(@) Thicknessfor each insulation material
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(b) Overall heat transfer coefficient based on the pipe OD
(c) Fraction of the total resistance due to

= Steam-sideresistance

= Steel pipe resistance

= Insulation

= Qutside resistance
(d) Therate of heat transfer per unit length of pipe (g/L)
ASSUMPTIONS

e Thesystemisin steady state
e Constant thermal conductivities
e Contact resistance is negligible

SKETCH
T.=T70°F

Steel: ID = D,, OD = D,

High Temp. Insulation
OD =D,

T, = 600° F Magnesia OD = D,

T,=100°F

SOLUTION

Thethermal circuit for the insulated pipe is shown below
T L Ts T T Ts

Reo Rim Rin Ris Rei
The values of the individual resistances can be evaluated with Equations (1.14) and (2.39)
1 1

R = —— = —
hco’Ab hco 2p r4|-

R =

R

1 1
RCi ===
hiA  hi2pnl
The variables in the above equations are
r, =2.013in
r,=225in
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"
7/

ry =7
Mg =%
ke = 0.045 Btu/(h ft °F)
ke = 25 Btu/(h ft °F)
k, = 0.06 Btu/(h ft °F)
h, =2 Btu/(hft® °F)
hy =100 Btu/(h ft* °F)

The temperatures for this problem are
T, = 1200 °F
T, =%
T, =%
T3 =600 °F
T4 =100 °F

There are five unknowns in this problem: g/L, Ty, T», s, and r4. These can be solved for by writing the
equation for the heat transfer through each of the five resistances and solving them simultaneously.

1. Steam side convective heat transfer

_ DT _

"R - 27 by 1L (Te=T) =2 7L [100 Btu/(hf*°F)], 2.013

ft, (1200°F-Ty)

% = 126,480 — 105.4T; Btu/(h ft) [1]
2. Conduction through the pipe wall
DT _ 2pkiL 2p L[25Btu/(hft® F
q=—= = P (Ti-Ty) = pL L ) (T1-To)
Re ) 2.25
In 2 In, 2
bt 2.013
% = 1411 (T, - T,) Btu/(h ft) 2]

3. Conduction through the high temperature insulation

DT _ 2pk,L 2p L[0.06Btu/(hft °F
e p h (TZ_TB): p [ (h )] (TZ_GOOOH
In = In = -ln, ——
byt trt b2t
q _ 0.377 o
— = —— (T,-600 Btu/(h ft 3
L~ Inr, +1.674 (T2 F) Buithy 3]
4. Conduction through the magnesiainsulation
20
q= DT _ 2pk,lL (Ta=Ts) = 2p L[0.045Btu/(h ft“°F)] (600 °F — 100 °P)
Ran in 4 In(ry) - In(r3)
tryt
9 __ M4 aonnty [4]

L In(r,) +In(ry)
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5. Air side convective heat transfer
q= % =2r E ralL(Ts=Ty)=2rLry (20 Btu/s(hft2°F)) (100 °F-70°F)

% = 377 r, Btu/(h ft) [5]

To maintain steady state, the heat transfer rate through each resistance must be equal. Equations [1]
through [5] are a set of five equations with five unknowns, they may be solved through numerical
iterations using a ssmple program or may be combined algebraically as follows

Substituting Equation [1] into Equation [2] yields
T, =1.075T, - 89.64
Substituting thisinto Equation [3] and combining the result with Equation [1]

0.405T, - 260.0

= - 1674
126,480 - 105.4T,

Inrs

Substituting thisinto Equation [4] and combining the result with Equation [1]

0 0.405T, -1186 1674

s =ex
+ = %P 126,480 -105.4T, B

Finally, substituting this into Equation [5] and combining the result with Equation [1]

0 0.405T, -118.6

126,480 — 105.4 T, = 377 exp g126 280 10547
y - g

]
1674
i

Solving this by trial and error: T, = 1197°F
This result can be substituted into the equations above to find the unknown radii

r; =0.382ft=4.6inr,=0597ft=7.2in

The thickness of the high temperature insulation =rz—r, =2.3in
The thickness of the magnesiainsulation=r;—rz=2.61in

(b) Substituting T; = 1197°F into [1] yields a heat transfer rate of 316.2 Btu/(h ft). The overall heat
transfer coefficient based on the pipe outside area must satisfy the following equation

q=UA;(Tc-Ta) =U 7D, L (Tc-To)
1
ft, (1200 F-70 A

— q 1 - 20
U LpDy(T.-T) 316.2 Btu/(h ft“ °F) ) 5
t12
U =0.238 Btu/(h ft*°F)
(c) Theoveral resistance for the insulated pipeis

1 1
UA  [0.238Btu/(hft? I'—)]pti—';ft* L

R = = % 3.57 (h ft)/Btu

(4) The convective thermal resistance onthe air sideis

_ 1 1 _ 1

" hoA  he2pr,L  (2Btul(hft F))2p (0.597ft)L
The fraction of the resistance due to air side convection = 0.133/3.57 = 0.04.
(3) Thethermal resistance of the magnesiainsulation is

% 0.133 (h ft)/Btu

'CO
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n ., 0597
Lr, 0382
SEELLLIS t0.3824 -1 158 (hfiyBu
2p Lk,  2p L[0.045Btu/(hft F)] L

km

The thermal resistance of the high temperature insulation is

In I3 4.6
Lr, 4 InL 2 o5t 1
= 2- - - ==190 (h ft)/BtU
2p Lk, 2pL[0.06Btu/(hft F)] L

Rin

The fraction of the resistance due to the insulation = 3.48/3.57 = 0.97.
(2) Thethermal resistance of the stedl pipeis

L3 In 225
__tob t20i3t  _1 0007 (hityBiu
2p Lk,  2pL[25Btu/(hft F)] L
The fraction of the resistance due to the steel pipe = 0.0007/3.57 = 0.00.
(1) Thethermal resistance of the steam side convection is
_ 1 1 _ 1
. hi2prL 2 2.013
A L0B(hf> P)2p, T,
The fraction of the resistance due to steam side convection = 0.0095/3.57 = 0.00.
(d) Therate of heat transfer is
g=UA(Tc-Ty)=UzD,L (Tc-T,)

q — 2 (o] 2'25 (e} o —
9 —238BtU/(hf2° ) 2 7 S22 (1200°F — 70°F) = 317 (h ft)/Btu
L (WP 2m, ot R (hfo)

In

ks

:% 0.0095 (h ft)/Btu

Ci

COMMENTS

Notice that the insulation accounts for 97% of the total thermal resistance and that the thermal
resistance of the stedl pipe and the steam side convection are negligible.

PROBLEM 2.17

Show that the rate of heat conduction per unit length through a long hollow cylinder of
inner radiusr; and outer radiusr,, made of a material whose thermal conductivity varies
linear ly with temperature, is given by

q_k - TI _To

L (r,-1r)/k,A

where T; =temperature at theinner surface
T, =temperatureat the outer surface

A =27 (ro—r)In (;—)
km =Ko [1+ B (Ti + To)/2]
L =length of cylinder
GIVEN

e A long hollow cylinder
e Thethermal conductivity varies linearly with temperature
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e |nnerradius=r;

e Quterradius=r,

FIND

e  Show that the rate of heat conduction per unit length is given by the above equation
ASSUMPTIONS

e Conduction occursin theradial direction only

e Steady state prevails

SKETCH

SOLUTION
Therate of radial heat transfer through a cylindrical element of radiusr is

k| =kA ar =k2xr ar = a constant

L dr dr
But the thermal conductivity varies linearly with the temperature

k=k (1+pT)
9 o pn I
L dr

%%dr =27k, (L+BT) dT

Integrating between the inner and outer radii:
q rO 1 f— TO
e dr =27k, T (1+bT)dt

b
2

T2-T - b 20

g
%(Inro—lnri)=2nk06To+ i

q o _ g b 2 2
T, =2ek 41, T+ S T
g g
_r) €
a :GM@ Ko (To—Ti) 21+R(T0_'|'i)g
L (Elnr—o(r—r-)m 2 g
g I] o] i ﬁ
q_ A
— = To-Ti
L (ro—r,)km(o )
9 - To-T
L Iy =
Lk A4
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PROBLEM 2.18

A long, hollow cylinder is constructed from a material whose thermal conductivity is a
function of temperature according to k = 0.060 + 0.00060 T, where T isin °F and k isin
Btu/h °F. Theinner and outer radii of the cylinder are 5 and 10 in., respectively. Under
steady-state conditions, the temperature at the interior surface of the cylinder is 800°F
and thetemperature at the exterior surfaceis 200°F.

(a) Calculate the rate of heat transfer per foot length, taking into account the variation
in thermal conductivity with temperature. (b) If the heat transfer coefficient on the
exterior surface of the cylinder is 3 Btu/(h ft* °F), calculate the temper atur e of the air on

the outside of the cylinder.

GIVEN

A long hollow cylinder

Thermal conductivity (k) = 0.060 + 0.00060 T [T in °F, k in Btu/(h ft °F)]
Inner radius (r;) =5in.

Ouiter radius (ro) = 10in.

Interior surface temperature (T,;) = 800°F

Exterior surface temperature (T,,) = 200°F

Exterior heat transfer coefficient (h,) = 3 Btu/(h ft? °F)

Steady-state conditions

FIND

(@) Therate of heat transfer per foot length (g/L)
(b) Thetemperature of the air on the outside (T.,)

ASSUMPTIONS

e Steady state heat transfer
e Conduction occursin theradial direction only
SKETCH
T,
T,;=800°F (’
Two=200° F ™ 70
SOLUTION

(@) Therate of radia conduction is given by Equation (2.37)

=—kA d_T
dr

q=-(0.06+0.0006T)2zr L :I—I
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S|

dr = % (0.06 +0.006 T) dT

Integrating this from the inside radius to the outside radius

oL g = 2 2PL w006+ 0.0006T)dt
h r q TW|

Inro—Inr =- % [0.06 (Two — Twi) + 0.0003 (Tuo? — Twid)]

In =2z % [0.06 (Tuo — Tai) + 0.0003 (Tu? = Tid)]

=

2 [0.06 (Tyo— To) + 0.0003 (T = Tuid)]

r
In -©
brt

rla

220 [0.06 (800 — 200) + 0.0003 (8007 — 200%)] Btu/(h ft)

N5t

rla

% = 1958 Btu/(h ft)

(b) The conduction through the hollow cylinder must equal the convection from the outer surfacein
steady state

% =, AcAT =y 2776 (Tuo—T.)
Solving for the air temperature

Ty = Tuo - % _ 1 o00°F- 1958 Btu/(h ) 1 .
o 2pto B2 F)2p, - fty

= 75°F

PROBLEM 2.19
A planewall 15 cm thick hasa thermal conductivity given by the relation
k =2.0+0.0005 T W/(m K)

where T isin degrees Kelvin. If one surface of thiswall is maintained at 150 °C and the
other at 50 °C, determine the rate of heat transfer per square meter. Sketch the
temperature distribution through the wall.

GIVEN

A planewall

Thickness (L) =15cm=0.15m

Thermal conductivity (k) = 2.0 + 0.0005 T W/(m K) (with T in Kelvin)
Surface temperatures: T, = 150 °C T, =50 °C

FIND

(@) Therate of heat transfer per square meter (g/A)
(b) The temperature distribution through the wall
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ASSUMPTIONS

e Thewall hasreached steady state
e Conduction occursin one dimension

SKETCH
L=015m
fe—>
Th=423 k — ~—~T,=323k
=qlA
> x
SOLUTION

Simplifying Equation (2.2) for steady state conduction with no internal heat generation but allowing

for the variation of thermal conductivity with temperature yields
i k d_T =0
dx dx

with boundary conditions. T=423K atx=0
T=323Kax=0.15m
The rate of heat transfer does not vary with x

—kd—T -4 = constant
dx A
— (2.0+0.0005T) dT = ﬂA dx

Integrating
2.0T+0.00025T2 = - % x+C
The constant can be evaluated using the first boundary condition
2.0 (423) + 0.00025 (423)°=C - % (0) = C=890.7
(@) Therate of heat transfer can be evaluated using the second boundary condition:

2.0 (323) + 0.00025 (323)* = 890.7 — ﬂA (0.15m) = q, = 1457 W/’

(b) Therefore, the temperature distribution is
0.00025 T %+ 2.0 T=890.7 — 1458 x
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430 Temperature Distribution in the Wall

420 -
410 ~
400 -
490 -
380 -
370 -
360 -
350 -
340 -
330 -
320

Temperature (K)

0 0.02 0.04 008 010 012 0.14

Distance x (meters)

COMMENTS

Notice that although the temperature distribution is not linear due to the variation of the thermal
conductivity with temperature, it is nearly linear because this variation is small compared to the value
of the thermal conductivity.

If the variation of thermal conductivity with temperature had been neglected, the rate of heat transfer
would have been 1333 W/m?, an error of 8.5%.

PROBLEM 2.20

A plane wall 7.5 cm thick, generates heat internally at the rate of 10° W/m?. One side of
the wall is insulated, and the other side is exposed to an environment at 90°C. The
convective heat transfer coefficient between the wall and the environment is 500 W/(m? K). I f

the thermal conductivity of thewall is 12 W/(m K), calculate the maximum temperature
in thewall.

GIVEN

e Planewall with internal heat generation

e Thickness(L) =7.5cm=0.075m

e Internal heat generation rate (g ) = 10° W/m®

e Onesdeisinsulated

e Ambient temperature on the other side (T.,) =90 °C

e  Convective heat transfer coefficient (h, ) = 500 W/(m? K)
e Thermal conductivity (k) = 12 W/(m K)

FIND

e  The maximum temperature in the wall (Tax)

ASSUMPTIONS

e The heat loss through the insulation is negligible
e The system has reached steady state
¢ Onedimensional conduction through the wall
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SKETCH

<L =0.075 m |
k: 4~ T.=93°C
® fc =
S SN
2 v
X
SOLUTION
The one dimensional conduction equation, given in Equation (2.5), is
°T 1T
Kk — + =pC —
T T
1T _
For steady state, W = 0 therefore
d?T
k— +¢; =0
e e
T %
dx? k

Thisis subject to the following boundary conditions
No heat loss through the insulation

d—T=Oattx=0
dx
Convection at the other surface
aT —
-k— = T-T, a x=L
o SR -

Integrating the conduction equation once

dT _ o5

- __+C1
dx k

C, can be evaluated using the first boundary condition
= % 0 +Ci= C =0
Integrating again
T=_%

— X2+C2
2k

The expression for T and its first derivative can be substituted into the second boundary condition to

evaluate the constant C,

L — gl? . 1. L

-k, = = -———+C,-Ty =>C=0¢L =+— +T,
e P S !
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Substituting thisinto the expression for T yields the temperature distribution in the wall

_% 2, . 1 L
TX) = = X"+ L =+— +T,
TR T
Ty =T+ J 2,2

2k t h, 1
Examination of this expression reveals that the maximum temperature occurs at x = 0

Trox = T + % 2, 2K
2k £ h#
5 3
T —epcs 1W/m 0.075m)? + 2A12W/(mK)] (2.075m) _ 1ogeC
2[12W/(mK)] £ 500W/(mPK)  +

PROBLEM 2.21

A small dam, which may be idealized by a large dab 1.2 m thick, is to be completely
poured in a short period of time. The hydration of the concrete resultsin the equivalent
of a distributed source of constant strength of 100 W/m®. If both dam surfaces are at
16°C, determine the maximum temperature to which the concrete will be subjected,
assuming steady-state condition. The thermal conductivity of the wet concrete may be
taken as 0.84 W/(m K).

GIVEN

e Largedab withinternal heat generation
e Internal heat generation rate (g5 ) = 100 W/m

e Both surface temperatures (Ts) = 16°C
e Thermal conductivity (k) = 0.84 W/(m K)

FIND
e The maximum temperature (Tax)
ASSUMPTIONS

3

e Steady state conditions prevail

SKETCH

2L =1.2m—

To=16°C ~_| i | T.=16°C
po
A NSO AN
/(iG\ E
F>x

SOLUTION

The dam is symmetric, therefore x will be measured from the centerline of the dam. The equation for
one dimensional conduction is given by Equation (2.5)
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2
T g —pe T

1x? Mt
T _
For steady state, ﬁ = 0 therefore
d?T
k— +¢; =0
e e

Thisis subject to the following boundary conditions

1. Bysymmetry, dT/dx=0atx=o0
2. T=Tsatx=L
Also note that for this problem ¢ is aconstant.

Integrating the conduction equation

The constant C; can be evaluated using the first boundary condition
= % (0)+Ci=C,=0
Integrating once again
T= % X2 +C,
2k
The constant C, can be evaluated using the second boundary condition
=B 240G T B2
2k 2k
Therefore, the temperature distribution in the damiis
T=T.+ & (2.}
2k
The maximum temperature occursat X =0

100W/m?®

— (0.6 m)?=37°C
2[0.84W/(m K)]

Tow = Te+ 22 (L= (0)) = 16°C +

COMMENTS

This problem is simplified significantly by choosing x = 0 at the centerline and taking advantage of
the problem’ s symmetry.

For a more complete analysis, the change in thermal conductivity with temperature and moisture
content should be measured. The system could then be analyzed by numerical methods discussed in
chapter 3.

PROBLEM 2.22

Two large steel platesat temperatures of 90° and 70°C are separated by a steel rod 0.3 m
long and 2.5 cm in diameter. The rod is welded to each plate. The space between the
platesisfilled with insulation, which also insulates the circumference of the rod. Because
of a voltage differ ence between the two plates, current flows through the rod, dissipating
electrical energy at arate of 12 W. Determine the maximum temperaturein therod and
the heat flow rate at each end. Check your results by comparing the net heat flow rate at
the two endswith the total rate of heat generation.
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GIVEN

e Insulated steel rod with internal heat generation
e Length(L)=0.3m

e Diameter (D) =25cm=0.025m

e Internal heat generation rate (g5 V) = 12W

e Endtemperature of therod: T; =90°C T, =70°C
FIND

(@ Maximum temperature in the rod (Tiax)
(b) Heat flow rate at each end (g and q,)
(c) Check the results by comparing with the heat generation

ASSUMPTIONS

The system has reached steady state

The heat loss through the insulation is negligible
The steel is 1% carbon steel

Constant thermal conductivity

The plate temperatures are constant

Heat is generated uniformly throughout the rod

SKETCH

L=03m

90°C T,=70°C

l
T

D=0.026m

Insulation

PROPERTIESAND CONSTANTS:

From Appendix 2, Table 10
Thermal conductivity of 1% carbon steel (k) = 43 W/(m K) at 20°C

SOLUTION
The heat generation per unit volume of therod is

6 =%Y - %Y . 12W = 81,487 W/m’®
Voo PpzL Pooosm)?(0.3m)
4 4
(a) Thetemperature distribution in the rod will be evaluated from the conduction equation, Equation
(2.5), and the boundary conditions. The one dimensional conduction equation is

L T
k — + =pC —
0 0 =p 0t
1T
For steady state, T = 0 therefore

128

© 2011 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



Thisis subject to the following boundary conditions
T =T1atx=0andT=T2atx=L
Integrating the conduction equation yields

d_T =$X+C1

dx k
Integrating a second time

T=-% 2.icx+G
2k
The constant C, can be evaluated using the first boundary condition
_ % 2 _
Ty = K O +C1(0)+Co=>Co=T
Therefore, the temperature distribution becomes
T=-% 2icix+T,
2k
The second boundary condition can be used to evaluate the constant C,

_ O 2 _1 gL
To,=—=L"+C,L+T =C==(T,-T) + =
2 oK 1 1Y 1 L(z 1) ok

The temperature distribution in the rod is
_ G 2, 01 Gsle
T=-=2Xx+—(TL,-T)+—=—p x+T
A TR AT Rl

The maximum temperature in the rod occurs where the first derivative of the temperature distribution
iszero

dx K 2k
Xo = (=T + £ = BWM 7500 _g00c)+ 23M _ 91148 m
Lo 2 0.3m (8L487TW/m®)

Evaluating the temperature at this value of x

_% 2, 010 1, Glo
Tmax—2k Xm+@|_(T2 T1)+ 2kEXm+T1
3 3
#90°C - 70° ) g
- 81,847 W/m (01148 m)? + CE90 C-70°C , 81,847 W/m’ (0 3m)0e (0.1148m) + 90°
2(43 W/(mK)) s 03m 2(43W/(MK))
Tmax =102°C
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(b) The heat flow from therod at x = 0 can be calculated from Equation (1.1)

aT los 1 dsLo
S NS-LI VN EVIIE % S AL <L
q, XmX_O gkx L(z 1) ok Exzo
P 2 Lo
g, =-k, 5D Jfgl_(T ST+ fi
3
q =—43WImK) P ©o2sm?, L1 (70 c-g0 )+ ELBT WM (03m)s __ /oy
0 t4 t50.3m 2(43W/(mK)) g

(The negative sign indicates that heat is flowing to the left, out of the rod)

The heat flow fromtherod at x =L is

dT 06 1 Lo
Y LI TRy H LY, S AL L
ac X k=t g K L(Tz 1) 2k§
_P 200 k(T -T))e
=P p2Pc 227
W=% " 6 L &
81,847 Wim?)(0.3m 90 Q)8
qL___ (0025’ ( °)(03m)  (43wimK))(70 C- 90 0 L aw
: 2 0.3m :

(The positive value indicates that heat is flowing to the right, out of the rod)
(c) Thetotal heat lossisthe sum of the loss from each end

Ghota = | Qo | + | a | =4.6W + 7.4W = 12.0W

Thetotal rate of heat lossis equal to the rate of heat generation within the rod.

PROBLEM 2.23

The shield of a nuclear reactor can beidealized by alarge 10 in. thick flat plate having a
thermal conductivity of 2 Btu/(h ft °F). Radiation from the interior of the reactor
penetrates the shield and produces heat generation in the shield which decreases
exponentially from a value of 10 Btu/(h in®). at the inner surface to a value of 1.0 Btu/(h in®)
at adistanceof 5in. from theinterior surface. If the exterior surfaceis kept at 100°F by
forced convection, determine the temperature at the inner surface of the shield. Hint:
First set up the differential equation for a system in which the heat generation rate
variesaccording to g (x) = ¢ (0)e .

GIVEN

Large flat plate with non-uniform internal heat generation
Thickness (L) =10in.

Thermal conductivity (k) = 2 Btu/(h ft °F)

Exterior surface temperature (T,) = 100°F

Heat generation is exponential with values of

10 Btu/(h ingg at theinner surface

1.0Btu/(hin”) at 5in. from the inner surface
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FIND
e Theinner surface temperature (T;)
ASSUMPTIONS

e Onedimensional, steady state conduction
e Thethermal conductivity is constant
e No heat transfer at the inner surface of the shield

SKETCH
L=10in
|<_ _.I Internal Heat Generation vs Distance x
“““““““““““ 10
““““ ol
T.=2_ | . .. .. = °
AN | To=100°F 8 G(x) = G(0)e ~
“““““““““““ 71
B - 8]
Qe () 51
TN S 4]
““““ oo 3l
“““““““““““ 2.
““““ 1 v
““““ 0 2 4
X )
SOLUTION

From the hint, the internal heat generation is
q(x) = ¢ (0) €™ where ¢(0) = 10 Btu/(h in®)
Solving for the constant ¢ using the fact that q(x) = 1 Btw/hin® at x = 5in = 0.417 ft
__ L, 400 1 1Bw(hind) 1

x tq(O)t ~ 0417ft  t10Btw(hin®)t  ft

The one dimensional conduction equation is given by Equation (2.5)

2
k% + s :pch—-lt- = 0 (steady state)

d’T _ (0 _ 49 o
dx® k k

The boundary conditions are
ar =0ax=0
dx

T(L) =T,=100°Fatx =L
Integrating the conduction equation
ar __ 40O o, g,

dx ck
The constant C; can be evaluated by applying the first boundary condition

0=_40 0L, —C = -4(9
ck ck
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Integrating again

_-49(0 .« 9
T(X) _—czk € 21

The constant C, can be evaluated by applying the second boundary condition

X+ G

~400) o _ 40 q(0) —ol
TL =T. = L+C Co=To+ L +— e
(L) o~ Zk ck 2 =L 0 ok L c }
Therefore, the temperature distribution is
T(X) = T 4+ A\ q(o) [ —CL _ e—CX + C(L _ X)]
c’k

Solving for the temperature at the inside surface (x = 0)

T =10 =T, + 9O (¢ _1 4]
c’k

17,280 Btu/(hft®) ¢ o (552 Bit 110

_1+552= = ft,? = 1104°F
§€
552(2 Btu/(hft°F)) ftt12 ”g

T, = 100°F +

PROBLEM 2.24

Derive an expression for the temperature distribution in an infinitely long rod of
uniform cross section within which there is uniform heat generation at the rate of
1 W/m. Assume that the rod is attached to a surface at T and is exposed through a
convective heat transfer coefficient h to afluid at T;.

GIVEN

e Aninfinitely long rod with internal heat generation
e Temperature at oneend = T,

e Heat generation rate (g; A) = 1 W/m

e Convective heat transfer coefficient = h,

e Ambient fluid temperature = T;

FIND
e Expression for the temperature distribution
ASSUMPTIONS

e Therodisin steady state
e Thethermal conductivity (k) is constant

SKETCH

= Constant
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SOLUTION

Let A = the cross sectional area of the rod = 7 D%/4
An element of the rod with heat flowsis shown at the right

ﬁ

le— AX —>|

dT P — 1 —_ —kA‘ﬂ-
_kAdX X e dx X+ Ax

e =hDAX(T-T,)

Conservation of energy requires that
Energy entering the element + Heat generation = Energy leaving the element

_ka 9T +qGADx:—kAd—T + h, 7D AX[T(x) - T
dx |x X |x+Dx
dT daT|  — .
L bxeox el b =h 7D AX(T-Tp) - g AAX
Dividing by Ax and letting Ax — 0 yields
2 _
kAd—I =h 7D (T-T)- G, A
dx
d’T _ 4h, s
- =4 T_T -
v Dk( ) ”
Let 6=T-Tandnt= 1t

(DKk)

ﬂ - m2 0 = _ qG

dx? k
This is a second order, linear, nonhomogeneous differential equation with constant coefficients. Its
solution is the addition of the homogeneous solution and a particular solution. The solution to the
homogeneous equation

2
d—cz‘ —m =0
dx

is determined by its characteristic equation. Substituting 6 = €™ and its derivatives into the
homogeneous equation yields the characteristic equation

Ve*-me®=0=>2=+m
Therefore, the homogeneous solution has the form
6 =C1me+Cze_mx
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A particular solution for this problem is simply a constant
0 =a,
Substituting thisinto the differential equation
0- m2 a, = ﬁ = an= i
(0] k 0 n12k
Therefore, the general solution is
q=C,e™+Ce™+ %
With the boundary conditions
6 = afinite number as X —
0= Te—-Tratx= 0

From the first boundary condition, as x — o €™ — oo, therefore C; = 0
From the second boundary condition

T—-T,=C,+ % ~C, :TS—Tf—%

The temperature distribution in the rod is

— — G X 4
q=T(X) If_LIS If *e +
— ) X .
T =T LTS Tf qG* Os

PROBLEM 2.25

Derive an expression for the temperature distribution in a plane wall in which there are
uniformly distributed heat sour ceswhich vary according to thelinear relation

G = G [1-B(T - Tu)]

where q, is a constant equal to the heat generation per unit volume at the wall
temperature T,,. Both sides of the plate are maintained at T,, and the plate thickness is
2L.

GIVEN

e A planewall with uniformly distributed heat sources asin the above equation
e Both surface temperatures =T,
e Thickness=2L

FIND

e Anexpression for the temperature distribution
ASSUMPTIONS

e Constant thermal conductivity (k)
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SKETCH

——2L—
Twgw = i s Twgw
Ny
| ;de
POy
F>x
SOLUTION
The equation for one dimensional, steady state (dT/dt = 0) conduction from Equation (2.5) is
dT _ -G _ -G G g
= = 1- T-Ty =" (T-T,) - W
dx? k K =5 ) k ( k
With the boundary conditions
ar =0ax=0
dx
T=T,ax=L

This is a second order, linear, nonhomogeneous differential equation with constant coefficients. Its
solution is the addition of the homogeneous solution and a particular solution. The solution to the
homogeneous equation

2
99 _nte=o
dx

is determined by its characteristics equation. Substituting 6 = €* and its derivatives into the
homogeneous equation yields the characteristics equation
e -me* =0=>A=m
Therefore, the homogeneous solution has the form
6 =C1me+Cze_mx

A particular solution for this problem is simply a constant: 0 = a,
Substituting thisinto the differential equation

Therefore, the general solution is
6 =Cie™+Ce™+
1 2 m2k
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With the boundary condition

99=0atx=0
dx
0=0ax=L

Applying the first boundary condition:

g_q =c,me?-c,m?%=0=cC,=C,=C
X

From the second boundary condition

0=CE+e™+ I - ~ G

The temperature distribution in the wall is

_ _ _qw mx —mx qw
0=TX)-Ty= e +e )+ ——
( ) m2k (emL +e—mL) ( ) m2k

G 1 g™ +e™™

TX) =T, +
%0 =T mkt e™+e ™}

G, cosh(mY

TX) =Ty +
) m’k £~ cosh(mL)+

PROBLEM 2.26
A planewall of thickness2L hasinternal heat sour ceswhose strength varies according to
G = G oS (ax)
where ¢, isthe heat generated per unit volume at the center of thewall (x =0) and aisa

constant. If both sides of the wall are maintained at a constant temperature of T,,, derive
an expression for thetotal heat lossfrom thewall per unit surface area.

GIVEN

e A planewall with internal heat sources

e Heat source strength: ¢; = ¢, cos (ax)

o Wall surface temperatures =T,

o Wall thickness= 2L

FIND

An expression for the total heat loss per unit area (g/A)
ASSUMPTIONS

e Steady state conditions prevail
¢ Thethermal conductivity of the wall (k) is constant
e Onedimensiona conduction within the wall
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SKETCH

2]

SR N

D N S
i~y
i
o

SOLUTION

Equation (2.5) gives the equation for one dimensional conduction. For steady state, dT/dt = O,
therefore

2
k 1111712- +0; =pC 1%—1- =0
d’T _ -G _ -G cos(ax)
dx? K k
With boundary conditions:
dT

— =0at x =0 (by symmetry)
dx

T =Ty ax=L (given)
Integrating the conduction equation once

a _ %

—_— sin(ax) + C
dx ak (&) !

Applying thefirst boundary condition yields: C; =0
The rate of heat transfer from one side of thewall is
dT f G g_ QA

q, =—kA &L_L:—kA g—gsn(aL)fg: a

sin(aL)

The total rate of heat transfer is twice the rate of heat transfer from one side of the wall

a2,
Lt At

sin(al)

total

An alternative method of solution for this problem involves recognizing that at steady state the rate of
heat generation within the entire wall must equal the rate of heat transfer from the wall surfaces

L.
A | G(¥dx =q

Ao _LL cos (ax) dx =

> |a
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1. Cnr q
;[sm(aL) sin(-aL)] A

9 - 2% g an)
A a

COMMENTS

The heat loss can be determined by solving for the temperature distribution and then the rate of heat
transfer or via the conservation of energy which alows us to equate the heat generation rate with the
rate of heat loss.

PROBLEM 2.27

Heat is generated uniformly in the fuel rod of a nuclear reactor. The rod has a long,
hollow cylindrical shape with itsinner and outer surfaces at temperatures of T; and T,
respectively. Derive an expression for thetemperature distribution.

GIVEN

e Along, hollow cylinder with uniform internal generation
e Inner surface temperature = T;
e Outer surface temperature = T,

FIND

e Thetemperature distribution

ASSUMPTIONS

e Conduction occurs only in the radial direction
e  Steady state prevails

SKETCH
(B
e
SOLUTION
Let r; =theinner radius

ro, = the outer radius
G; = therate of internal heat generation per unit volume

k = the thermal conductivity of the fuel rod

The one dimensional, steady state conduction equation in cylindrical coordinates is given in Equation
(2.22)
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1d dT | 4

- r— + = =0
rart drt kK
d 4T _-re
drt art K
With boundary conditions
T=Tiar=r;
T=Tear=r,
Integrating the conduction equation once
- 2
rd—T = % +C1
dr 2k
- 2
= 1% +& dr
L 2k ri
Integrating again
2 .
_r %
T= +CiIn(r)+C
7K 1In(r) + G

Applying the first boundary condition

2.

LS
Ti=—% +CIn(r)+C
4K 1 () 2

2 .

% ~ ,
2K CiIn(r)

C =T+

Applying the second boundary condition
2 .

=T
T, = quG +CLIn(ry) + G
1o G G
To=—/ = +Cin(r) +Ti+ — = -CiIn(r)
T =T+ o =)
Clz p
In -2
trt
Substituting the constants into the temperature distribution
g T T ) g TomTr )
T= + In(r) + Ty + —=-
4k In Ty 4k In Ty
t brt t t brt t
2 .2 r r
ry -r)In — T,-T)In —
G L Ut DU
T=-" ————— L +(5"-r°) +— 1 +T,
4k In fo In fo
t trt t brt
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PROBLEM 2.28

Show that the temperature distribution in a sphere of radius ro,, made of a homogeneous
material in which energy isreleased at a uniform rate per unit volume ¢, is

5 2 2y
TN =To+ Blo g L

6k [ b Iy 1 R
GIVEN
¢ A homogeneous sphere with energy generation
e Radius=r,
FIND

e  Show that the temperature distribution is as shown above.
ASSUMPTIONS

e Steady state conditions persist
e Thethermal conductivity of the sphere material is constant
e Conduction occursin theradial direction only

SKETCH

SOLUTION

Let k =thethermal conductivity of the material
To= the surface temperature of the sphere

Equation (2.23) can be simplified to the following equation by the assumptions of steady state and
radial conduction only

1d LdT 4
- rfF—_+= =0
r2drt drt Kk

2

d rzd_T _ g
drt adrt k
With the following boundary conditions
ar =0ar=a0
dr
T=Teatr=r,
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Integrating the differential equation once

— 3 0
r2 d—T = Y% + Cl
dr 3k
From the first boundary condition
Cl =0
Integrating once again
- 2
= M % + C2
6k
Applying the second boundary condition
2 . 2 .
_ "% - %
To=—2=+C=>Co=To+ —2
¢} 6k 2 2 o 6k

Therefore, the temperature distribution in the sphere is

2. 2.
T=_r OG +TO+ _rOOG
6k 6k

. 2 g Zg
Ty =T, + o g- L

(0]

PROBLEM 2.29

In a cylindrical fuel rod of a nuclear reactor, heat is generated internally according to
the equation

01 r Zﬂ
o =0 B1- — @
Ue %6 Lot g

where ¢, =local rate of heat generation per unit volumeat r

ro, = outsideradius
g, =rateof heat generation per unit volume at the centerline
Calculate the temperature drop from the center line to the surface for a 1 in. OD rod

having a thermal conductivity of 15 Btu/(h ft °F) if the rate of heat removal from its
surface is 500,000 Btu/(h ft?).

GIVEN

e A cylindrica rod with interna generation and heat removal from its surface
e Outside diameter (Do) = 1in

e Rate of heat generation is as given above

e Thermal conductivity (k) = 15 Btu/(h ft °F)

e Heat removal rate (g/A) = 500,000 Btu/(h ft%)

FIND

e Thetemperature drop from the center line to the surface (AT)
ASSUMPTIONS

e The heat flow has reached steady state
e Thethermal conductivity of the fuel rod is constant
¢ Onedimensional conduction intheradial direction
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SKETCH

ﬁ a/A = 500,000 Btu/(h ft?)

SOLUTION
The equation for one dimensional conduction in cylindrical coordinatesis given in Equation (2.21)
Eg rd_T & =0
rdrt drt k
d of _-r 0 %
— —, =—q; 8- — ¢
art'art Tk Mg it g
With the boundary conditions
ar =0ar=0
dr
T=Tcatr=r,

Integrating once

_r2 4
rd—T_—rql'Frql‘"Cl

dr 2k 4kr02
From the first boundary condition: C; = 0, therefore
a_a
a2k t2r? 4
Integrating again
0 r* r?
— — - +
2k t8r2 2%
Evaluate this expression at the surface of the cylinder and at the centerline of the sphere and
subtracting the results gives us the temperature drop in the cylinder
4 2 4 2 2
AT = TO_ Tr - & (O) _ (0) _ rO +ri - B(Jﬂ.ro
° 2kigrZ 2 82 2+ 16k
The rate of heat generation at the centerline (q;) can be evaluated using the conservation of energy.

The total rate of heat transfer from the cylinder must equal the total rate of heat generation within the
cylinder

G

ﬂ _ r=ry @ _ﬁﬂ
LA’rA_L r:Oqlgl rozm 2mr dr
9 2rroL =27Lq (E—Z—iﬂro
tat 7 te2  arZf,
q 02 r2o 2

— fqa = — —_- = —
tar T HE T TRy
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4 q 4 2 7 2
Lgq== 9 =2 (500,000 Btu/(h ft2)] = 4.8 x 107 Btu/(h f)
r,t At 005 ft
12

Therefore, the temperature drop within the cylinder is
3[4.8 - 10 Btu/ (hft®)] 054 i
' L1204

AT = = 1042°F

16[15Btu/ (hft°F)]

PROBLEM 2.30

An electrical heater capable of generating 10,000 W is to be designed. The heating
element is to be a stainless steel wire, having an electrical resistivity of 80 x 10°° ohm-
centimeter. The operating temperature of the stainless steel is to be no more than
1260°C. The heat transfer coefficient at the outer surface is expected to be no less than
1720 W/(m? K) in a medium whose maximum temperature is 93°C. A transformer
capable of delivering current at 9 and 12 V is available. Deter mine a suitable size for the
wire, the current required, and discuss what effect a reduction in the heat transfer
coefficient would have. Hint: Demonstrate first that the temperature drop between the
center and the surface of the wire isindependent of the wire diameter, and determine its
value.

GIVEN
e A stainless steel wire with electrical heat generation
e Heat generation rate (Qg) = 10,000 W

e Electrical resistivity (p) = 80 x 10" ohms-cm
e  Maximum temperature of stainless steel (Ta) = 1260°C

e Heat transfer coefficient (h,) = 1700 W/(m® K)

e  Maximum temperature of medium (T,,) = 93°C
e Voltage(V)=9o0r 12V

FIND

() A suitable wire size: diameter (d,,) and length (L)
(b) The current required (1)
(c) Discussthe effect of reduction in the heat transfer coefficient

ASSUMPTIONS

e Variation in the thermal conductivity of stainless steel is negligible
e Thesystemisin steady-state
e Conduction occursin the radial direction only

SKETCH

T(rw)
T, y—
©) o
V =6 or 12 Volts

PROPERTIESAND CONSTANTS
From Appendix 2, Table 10, Thermal conductivity of stainless steel (k) = 14.4 W/(m? K)
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SOLUTION
The rate of heat generation per unit volumeis
qG = QG = Q(ZB
volume prg.L

The temperature distribution in a long cylinder with internal heat generation is given in
Section 2.3.3

)
T(r) =Co- 7

where C, is aconstant determined by boundary conditions. Therefore
Gla? _ Gl _ Qo
4k § 4k 4pkL
The convective heat transfer from the outer surface must equal the internal heat generation
G = R A[T(w) - T.] = Qg

TO) - () - =[G, 0] - §C; -

ST -Te = _ %
2pryLh
Adding the two temperature differences calculated above yields

% , %
4pkL  2pr,Lh,

[T0) = T(rw)] +[T(rw) - T =

_Q 1,1
2p L2kL r,Lh.t
The wire length and its radius are related through an expression for the electric power dissipation
vz _VvZ  VPpr} L= pvzprﬁ
rL rQg

Qir 1,1
2pAV2 L2kr?  riht
QGr o, 1 _g
2pV2 L2k ht

S T(0)-T, =

r [T(0) - T -

For the 12 volt case

(10,000W)?(80 - 107® ohm-cm) » . 1 0
2p?(12V?) (100cm/m) £2(14.4WI(MK)) 1700 (W/(m?K))+
After checking the units, they are dropped for clarity
1167 r, —0.0281(0.0347 r? + 0.000581) = 0

Solving by trial and error

r,=0.0025m=25mm
For the 12 volt case, the suitable wire diameter is

dw=2(ry) =5mm
The length of the wire required is

L= p (12V)?(0.0025m)? - (100 cm/m) _

80 - 107® ohm-cm (10,000W)
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re’ (1260°C — 90°C) —

0.353m




The electrical resistance of thiswireis
_ rL _ 80-107° ohm-cm(0.353m)
* pr2  p(0.0025m)? - (100 c/m)
Therefore, the current required for the 12 volt caseis

=0.0144 ohm

vV 12v
= — = ———— =833amps
R.  0.01440hm
This same procedure can be used for the 9 volt case yielding
dy, =6.3mm
L =0.306 m
R. =0.0081 ohm
| =1111 amps

COMMENTS

The 5 mm diameter wire would be a better choice since the amperage is less. However 833 amps is

still extremely high.

The effect of alower heat transfer coefficient would be an increase in the diameter and length of the

wire aswell as an increase in the surface temperature of the wire.
PROBLEM 2.31

The addition of aluminum fins has been suggested to increasetherate of heat dissipation
from one side of an electronic device 1 m wide and 1 m tall. The fins are to be
rectangular in cross section, 2.5 cm long and 0.25 cm thick. There are to be 100 fins per
meter. The convective heat transfer coefficient, both for the wall and the fins, is
estimated at 35 W/(m? K). With this infor mation, determine the percent increase in the

rate of heat transfer of the finned wall compared to the bare wall.
GIVEN

Aluminum fins with a rectangular cross section
Dimensions. 2.5 cm long and 0.25 mm thick
Number of fins per meter = 100

The convective heat transfer coefficient (E ) = 35 W/(m? K)

FIND

e The percent increase in the rate of heat transfer of the finned wall compared to the bare wall

ASSUMPTIONS
e Steady state heat transfer
SKETCH
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PROPERTIESAND CONSTANTS

From Appendix 2, Table 12
The thermal conductivity of aluminum (k) = 240 W/(m K) at 127°C

SOLUTION

Since the fins are of uniform cross section, Table 2.1 can be used to calculate the heat transfer rate
from asingle fin with convection at thetip

sinh(mL) + (nhi) cosh(mL)

qf =M F]C
cosh(mL) + L mkh sinh(mL)
where M = JR PKA 6 = /R, 2(t+w)k(tw) 6.
95 :TS_Tw

Foral mwidth (w=1m)
M = \/(35W/(m2K))2(1.0025m) (240W/(m K))(0.025 m?) 6, = 6.49 6, W/K

h h 2
mL = [P _ | R2Atrw) oo \/(35W/(m K))2(1.0025m)
kA k (tw) (240W/(mK)) (0.0025 m?)

Lm=0.025m 10.81% =0.270

t t
h _ 35W/(m3K) - 0.0135
mK 1 '
L1081 - (240 W/(m K))

Therefore, the rate of heat transfer from one fin, 1 meter wideis:

sinh(0.27) + 0.0135 cosh (0.27)
cosh(0.27) + +0.0135sin h(0.27)

o = 1.792 6. WIK

In 1 m® of wall areathere are 100 fins covering 100 tw = 100 (0.0025 m) (1 m) = 0.25 m? of wall area
leaving 0.75 m? of bare wall. The total rate of heat transfer from the wall with fins is the sum of the
heat transfer from the bare wall and the heat transfer from 100 fins.

G = 6.49 6. W/K

Otot = Opare + 100 Qrin = F]Abare 6 + 100 Gin
Chot = (35 W/(mZK)) (0.75 m?) 6. + 100 (1.792) 6 W/K = 205.3 6, W/K
The rate of heat transfer from the wall without finsis
Gbare = Mo A 6:= (B5W/(M?K)) (1) 6= 35.0 WIK

The percent increase due to the addition of finsis
% increase = 2053-35 x 100 = 486%
35
COMMENTS
This problem illustrates the dramatic increase in the rate of heat transfer that can be achieved with
properly designed fins.
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The assumption that the convective heat transfer coefficient is the same for the fins and the wall isan
oversimplification of the real situation, but does not affect the final results appreciably. In later
chapters, we will learn how to evaluate the heat transfer coefficient from physical parameters and the
geometry of the system.

PROBLEM 2.32
The tip of a soldering iron consists of a 0.6-cm-OD copper rod, 7.6 cm long. If the tip
must be 204°C, what is the required minimum temperature of the base and the heat
flow, in Btu's per hour and in watts, into the base? Assumethat h =22.7 W/(m?K) and
Tar = 21°C.

GIVEN

Tip of soldering iron consists of copper rod
Outside diameter (D) = 0.6 cm =0.006 m
Length (L) =7.6cm=0.076 m

Temperature of thetip (T,.) = 204°C

e Heat transfer coefficient (h) = 22.7 W/(m® K)
e Ambient temperature (T,,) = 21°C

FIND

(8 Minimum temperature of the base (T)
(b) Heat flow into the base (q) in Btu/h and W

ASSUMPTIONS

e Thetipisin steady state
e Thethermal conductivity of copper is uniform and constant, i.e., not afunction of temperature
e The copper tip can betreated asafin

SKETCH

T, =204°C

— R/LD=0.6 cm

T==21°C

PROPERTIESAND CONSTANTS

From Appendix 2, Table 12
The thermal conductivity of copper (K) = 388 W/(m K) at 227°C

SOLUTION

(@) From Table 2.1, the temperature distribution for afin with a uniform cross section and convection
fromthetipis

h .
cosh[m(L - x)] + L@*smh[m(L - X)]

h .
cosh(mL) + t mkh sinh(mL)
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where 0=T-T,and ;= 6(0) =TT,

— p— 2
hpD _ \/E —oo7em \/ 4(22.7Wi(mK))
kD (388W/(m K))(0.006m)

Lm=0.076 m 6.25i =0.475
b m#t

22.7 WI(m?K)

h
mK 1
(625 (388W/(mK) )

= 0.00936

Evaluating the temperature at x = L

g _Ti-Ty _  cosh(0)+000936sinh(0)  _ ooo,
g T.-T,  cosh(0.475) + 0.00936sinh(0.475)

Solving for the base temperature

T -T °c-21°
T =T,+ ¥ =21°C+ M = 226°C
0.8932 0.8932

(b) To maintain steady state conditions, the rate of heat transfer into the base must be equal to the rate

of heat loss from the rod. From Table 2.1, the rate of heat lossis

sin h(mL) +LL cosh(mL)

2
G =M mﬁk* where M = \/hPkAq, = ﬁkaD3 (Te=T.)
cosh(mL) + L ik sinh(mL)

2
M = \/(22.7W/(m2K))(388W/(m K) )%(0.006 m)® (226°C - 21°C) = 14.045 W

sinh (0.475) +.00936cosh (0.475) _

: =6.3W
cosh(0.475) +.00936sinh(0.475)

o = 14.045 W

6.3W 3412Bw/h =21.5Btu’h
b W 1

COMMENTS
A small soldering iron such as this will typically be rated at 30 W to allow for radiation heat losses
and more rapid heat-up.

PROBLEM 2.33

One end of a 0.3 m long steel rod is connected to a wall at 204°C. The other end is
connected to a wall which is maintained at 93°C. Air is blown across the rod so that a
heat transfer coefficient of 17 W/(m? K) is maintained over the entire surface. If the
diameter of therod is5 cm and the temperature of the air is 38°C, what isthe net rate of

heat lossto the air?

GIVEN

A steel rod connected to walls at both ends
Length of rod (L) =0.3m

Diameter of therod (D) =5cm=0.05m
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e Wall temperatures: T, = 204°C T, = 93°C
o Heat transfer coefficient (h,) = 17 W/(m’ K)
e Air temperature (T,,) = 38°C

FIND
The net rate of heat lossto the air (qy)
ASSUMPTIONS
e Thewall temperatures are constant
e Thesystemisin steady state
e Therodis 1% carbon steel
e Thethermal conductivity of the rod is uniform and not dependent on temperature
¢ Onedimensional conduction along the rod
SKETCH
Air
T.=38°C
T,=204C || ¥ '/'/ / | TL=9%C

TD=50m

«— L=03m ———>
|—>X

PROPERTIES AND CONSTANTS

From Appendix 2, Table 10
The thermal conductivity of 1% carbon steel (k) = 43 W/(m K) (at 20°C)

SOLUTION

The rod can be idealized as a fin of uniform cross section with fixed temperatures at both ends. From
Table 2.1 the rate of heat lossis

cosh(mL) - o
tg.t
g =M -
sin h(mL)
where 6. =T, - T,, = 93°C - 38°C = 55°C and 6. = T.— T,, = 204°C — 38°C = 166°C
h h h 4(17 Wi(m? K
Lm:LJQ:L 17 AL 1 S (17 wim’ K)) — 1,687
KA P p2 kD 4(17 W/(m K))(0.05 m)
4

2 2
M = hPkA 6.= ,/h% D%k 6.= J(l?W/(mZK))pT(O.OB m)*( 43W/(mK) ) (166°C) = 78.82W

cosh (1.687) - >

G =7882W —— 166 - 744w
sinh(1.687)
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COMMENTS

In areal situation the convective heat transfer coefficient will not be uniform over the circumference.
It will be higher over the side facing the air stream. But because of the high thermal conductivity, the
temperature at any given section will be nearly uniform.

PROBLEM 2.34

Both ends of a 0.6 cm copper U-shaped rod, as shown in the accompanying sketch, are
rigidly affixed to a vertical wall, the temperature of which is maintained at 93°C. The
developed length of the rod is 0.6 m and it is exposed to air at 38°C. The combined
radiative and convective heat transfer coefficient for this system is 34 W/(m? K). (a)
Calculate the temperature of the midpoint of the rod. (b) What will the rate of heat
transfer from therod be?

GIVEN

U-shaped copper rod rigidly affixed to awall
Diameter (D) = 0.6 cm =0.006 m
Developed length (L) =0.6 m

Wall temperature is constant at (T.) = 93°C
Air temperature (T,,) = 38°C

e Heat transfer coefficient (h) = 34 W/(m? K)

FIND

(@) Temperature of the midpoint (Ty)
(b) Rate of heat transfer from the rod (M)

ASSUMPTIONS

e Thesystemisin steady state

e Variation in the thermal conductivity of copper is negligible

e The U-shaped rod can be approximated by a straight rod of equal length

e Uniform temperature across any section of the rod

SKETCH

. . \

L=06m g=0AtCenter; _ g3 Insulated End
D=0.6cm

PROPERTIESAND CONSTANTS
From Appendix 2, Table 12, thermal conductivity of copper (K) = 396 W/(m? K) at 64°C
SOLUTION

By symmetry, the conduction through the rod at the center must be zero. Therefore, the rod can be

thought of as two pin fins with insulated ends as shown in the sketch above.

(@ From Table 2.1, the temperature distribution for afin of uniform cross section with an adiabatic
tipis

ds cosh(mL)

q _ coshim(L, - X)
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where 6=T-T,, 6. = T,—T,, and L = length of thefin
/EP

m=,— =
kA

Evaluating the temperature of the tip of the pin fin
a(Ly) _ cosh[m(L¢ - L¢)] _ 1
Qs cosh(mL;) cosh(mL;)

hpD  _
P2
kL4D

an \/ a(awmk))
kD~ \(396W/(mK))(0.006m) ~  m
}

The length of the fin is half of the wire length (L; = 0.3 m)

L -
q(le) _ T(LH)-Ty _ 1 0205

ds Ti-Ty coshg7.57%(0.3m)§

T(Ly) =0.205 (T - T.) + T,, = 0.205 (93°C — 38°C) + 38°C = 49.2°C

The temperature at the tip of the fin is the temperature at the midpoint of the curved rod (49.2°C).
(b) From Table 2.1, the heat transfer from thefin is
Gin =M tanh (m Lf)

whereM = (hPkA 6, = /ﬁ(pD)kL%Dz,f (Ts—To)

M = \/%(34W/(m2K))( 396W/(mK) )(0.006m)* (93°C - 38°C) = 4.653 W

. Qrin = 4.653 W tanh Jr_7.57i,r (0.3m)=456W
m

The rate of heat transfer from the curved rod is approximately twice the heat transfer of the pin fin
Orod = 2 Grin = 2(4.56 W) =9.12 W

PROBLEM 2.35

A circumferential fin of rectangular cross section, 3.7 cm OD and 0.3 cm thick
surrounds a 2.5 cm diameter tube. The fin is constructed of mild steel. Air blowing over
the fin produces a heat transfer coefficient of 28.4 W/(m? K). If the temperatures of the
base of the fin and the air are 260°C and 38°C, respectively, calculate the heat transfer
rate from thefin.

GIVEN

A mild steel circumferential fin of arectangular cross section on atube
Tube diameter (D)) =2.5cm=0.025m

Fin outside diameter (D) = 3.7cm=0.037 m

Fin thickness (t) = 0.3cm=0.003 m

o Heat transfer coefficient (R, ) = 28.4 W/(m’ K)

e Fin base temperature (T) = 260°C

e Air temperature (T,,) = 38°C

FIND

e Therate of heat transfer from the fin (gyin)
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ASSUMPTIONS

The system has reached steady state

The mild steel is 1% carbon steel

Thethermal conductivity of the steel isuniform

Radial conduction only (temperature is uniform across the cross section of the fin)

The heat transfer from the end of the fin can be accounted for by increasing the length by half the
thickness and assuming the end is insulated

SKETCH

N\

PROPERTIESAND CONSTANTS
Thermal conductivity of 1% carbon steel (k) = 43 W/(m K) at 20°C
SOLUTION

The rate of heat transfer for the fin can be calculated using the fin efficiency determined from the
efficiency graph for this geometry, Figure 2.17.

Thelength of afin (L) = (Ds— Dy)/2=0.006 m

The parameters needed are

D
r = j =0.125m lo= j +L =0.125m+ 0.006 m = 0.0185m

3 — 1 3
3 5 L _ 3
calin e 2 F 6 0g15m e 200 60105 m ¢
te 2 " pkt(r,-r)t t 2 t
1
2(28.4w/(m*K)) . 0176
¢ (43W/(mK))(0.003 m)(0.0185m - 0.0125m) e
Lt
to*5F _ 00185m +0.0015m _ 16
r 0.0125m '
From Figure 2.17, the fin efficiency for these parametersis:

nr = 98%
The rate of heat transfer from the fin is
2

_ _ ) t g
Ofin = 7k h; Asin (Te=To) = ¢ hc 27 ¢ ht-p - rizue (Te—Ty)
ot 2t R
Gin = (0.98) (28.4W/(M?K)) 277 [(0.085 m + 0.0015 m)? - (0.0125 m)?] (260°C — 38°C) = 9.46 W
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PROBLEM 2.36

A turbine blade 6.3 cm long (see sketch on p. 156), with cross-sectional area A = 4.6 x 107 m?
and perimeter P =0.12 m, is made of stainless steel (k = 18 W/(m K). The temper ature of
theroot, T, is 428°C. The blade is exposed to a hot gas at 871°C, and the heat transfer
coefficient h is 454 W/(m? K). Deter mine the temper atur e of the blade tip and the rate of
heat flow at the root of the blade. Assumethat the tip isinsulated.

GIVEN

Stainless steel turbine blade

Length of blade (L) =6.3cm=0.063 m
Cross-sectional area (A) = 4.6 x 107 m?
Perimeter (P) =0.12 m

Thermal conductivity (k) = 18 W/(m K)
Temperature of the root (Tg) = 482°C
Temperature of the hot gas (T,,) = 871°C

o Heat transfer coefficient () = 454 W/(m’ K)

FIND

(@) The temperature of the blade tip (T.)
(b) Therate of heat flow (q) at the roof of the blade

ASSUMPTIONS

Steady state conditions prevail
Thethermal conductivity is uniform
Thetip isinsulated

The cross-section of the blade is uniform
One dimensional conduction

SKETCH

T..=871°C
Area (A)=4.6 x 10 =4 m?
/( &/ Perimeter (P) =0.12m

/
T, =482°C
L=6.3cm
SOLUTION

(@) Thetemperature distribution in afin of uniform cross-section with an insulated tip, from Table
2.1,is

q _ cosh[m(L - x)]

Qs cosh(mL)
. 2
where m = /h_P _ [ 45AW(m’K)(0.12m) _ oo o1
KA \18W/(mK)(4.6 - 10™* m?) m
0=T-T,

At the bladetip, x = L, therefore
153

© 2011 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



Q. _ T -Ty _coshim©O)] _ 1

Qs B T, - Ty cosh(mL) cosh(mL)
- o _ 0
T-Ty _ 871°C + 482°C-871°C — 866°C
cosh(mL)

T =T, + 0 1
g
cosh ﬁt81.1E } (0.063m) 8

(b) Therate of heat transfer from the fin is given by Table 2.1 to be
g=Mtanh(mL)

where M = JhPkA 6

M = /454W/(m2K)(0.12 m) (18W/(m K)) (4.6 - 10 m?) (482°C — 871°C) = — 261 W

- q = (- 261 W) tanh 281.1% (0.063 m)g = _ 261 W (out of the blade)

COMMENTS

In ared situation, the heat transfer coefficient will vary over the surface with the highest value near
the leading edge. But because of the high thermal conductivity of the blade, the temperature at any
section will be esentially uniform.

PROBLEM 2.37

To determine the thermal conductivity of a long, solid 2.5 cm diameter rod, one half of
the rod was inserted into a furnace while the other half was projecting into air at 27°C.
After steady state had been reached, the temperatures at two points 7.6 cm apart were
measured and found to be 126°C and 91°C, respectively. The heat transfer coefficient
over the surface of the rod exposed to the air was estimated to be 22.7 W/(m? K). What is
the thermal conductivity of the rod?

GIVEN

A solid rod, one half inserted into a furnace
Diameter of rod (D) =2.5cm=0.25m

Air temperature (T,,) = 27°C

Steady state has been reached

Temperatures at two points 7.6 cm apart
T,=126°C

T,=91°C

e Theheat transfer coefficient (R, ) = 22.7 W/(m’ K)

FIND
e Thetherma conductivity (k) of the rod
ASSUMPTIONS

e Uniform thermal conductivity
¢ Onedimensional conduction along the rod
e Therod approximates afin of infinite length protruding out of the furnace

SKETCH
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7.6cm D=25cm

SOLUTION
This problem can be visualized as the following pin fin problem shown below

/Tw=T1=126°C Ti=Tp=91C
[ d—» oo

«— L=76cm—> T.=27°C

Thefinisof uniform cross section, therefore Table 2.1 can be used. The temperature distribution for a
fin of infinite length, from Table 2.1, is

i = e_mx

s

wherem =

P _ [RPD _ Jﬂ

kA kP p2 kD
2

Substituting this into the temperature distribution and solving for k

i:exp _ﬂx 3|(:—4hC >
ds £ VKD '}

q
5 In(qs)
b X
ax=L 6, =T, -T,=91°C-27°C=64°C
0. = Tw—T,, = 126°C — 27°C = 99°C
9 = % _geaes
gs 99
Therefore
4(22.7wi(m?K))
K > =110 W/(m K)
0.025?”(0'6465)“
0.076m §
COMMENTS

Note that this procedure can only be used if the assumption of an infinite length fin is valid.
Otherwise, the location of the temperature measurements along the fin must be specified to determine
the thermal conductivity.

PROBLEM 2.38

Heat is transferred from water to air through a brass wall (k = 54 W/(m K)). The
addition of rectangular brass fins, 0.08 cm thick and 2.5 cm long, spaced 1.25 cm apart,
is contemplated. Assuming a water -side heat transfer coefficient of 170 W/(m? K) and an
air-side heat transfer coefficient of 17 W/(m? K), compare the gain in heat transfer rate
achieved by adding finsto: (a) the water side, (b) the air side, and (c) both sides. (Neglect
temperature drop through thewall.)

GIVEN
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A brass wall with brass fins between air and water
Thermal conductivity of the brass (k) = 54 W/(m K)

Fin thickness (t) = 0.08 cm = 0.0008 m

Finlength (L) =2.5cm=0.025m

Finspacing (d) =1.25cm=0.125m

e Water-side heat transfer coefficient (h, ) = 170 W/(m? K)

e Air-side heat transfer coefficient (h,) = 17 W/(m? K)

FIND

Compare the heat transfer rate with fins added to
(@ thewater side, g

(b) theair side, g,

(c) both sides, g

ASSUMPTIONS

e Thethermal resistance of thewall is negligible
e Steady state conditions prevail
e Constant thermal conductivity
e Onedimensiona conduction
e Heat transfer from thetip of the finsis negligible
SKETCH
L=25cm
l_}_ir W_’a_ter Air | =/ Water Air « ' Water
a w
d=1.25cm
t=0.08 cm
Case (a) Case (b) Case (c)

SOLUTION

The fins are of uniform cross-section, therefore Table 2.1 may be used. To simplify the analysis, the
heat transfer from the end of the fin will be neglected. For a fin with adiabatic tip, the rate of heat
transfer is

Of = Mtanh (mL)

where M= JhPKA 6.= \[h.(2wk(wt) 6.=w 2Rkt 6.
SN LS TN
kA kwt kt
The number of fins per square meter of wall is
number of fins _ .1 . _ 752 fingm?
m? (0.0133m/fin)Imwidth)

Fraction of the wall area not covered by finsis
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Awe _ 1M? - 75.2(Imwidith) (0.008m)
A, m?

The rate of heat transfer from the wall with fins is equal to the sum of the heat transfer from the bare
wall and from the fins

=0.939~0.94

q = R, Apae 6 + (number of fins) [M tanh (mL)]

_ 0= M g _0s
q - ghcpbare + 75'2A\N qs tanh (mL)ﬁqs - F%
where A,, isthe total base area, i.e., with fins removed.

Therefore, the thermal resistance of awall with fins based on a unit of base areais
1

R, =

Poare 752M h(mL
ANghc + 0 tanh(m )fi

For fins on the water side

Mw _ 1 mwidth J170WI(m2K)(2) (54W/(mK)) (0.0008 m) = 3.832 W/K

S

\/ 2(170W/(m?K)) 1
mN = =88.72 —
54W/(mK)(.0008 m) m

tanh (my L) =tanh 88 72— (0.025 m) =0.977

For fins on the air side

':'a = 1 mwidth \/(17W(m2K))(2) (54W/(MK))(0.0008) = 1.212 W/K
2
. \/ 2(17Wi(m?K)) cppos L
(54W/(mK))(0.0008 m) m

tanhmy, L =tanh JL28.05%+ (0.025 m) = 0.605

The thermal circuit for the problemis

The values of thermal resistances with and without fins are

(R ) L= 1 = 1 = i
ca/nofins Aerca AN (17W/(m2K)) AN

0.0588 (m?K)/W
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- = 1 = 1 = i 2
(Row)nofins AR A (170W/(m2K)) A 0.00588 (m? K)/W
(Rea)fins = ! - -1 oom (M?K)/W
A, 817 W/(m?K)(0.94) + 75.2 m? (L212W/K) (0.605)f A,
(Row)fins = 5 = - - L 000227 (m? K)/W
A, 8170 W/(mK)(0.94) + 75.2 m™*(3.832W/K) (0.977) A,

(@) Therate of heat transfer with fins on the water side only is
DT
(Rca)nofins + (va)fins

o) =

Y% _ DT
A,  (0.0588+0.00227)(m? K)/W

=164AT W/(M?K)

(b) Therate of heat transfer with fins on the air side only is

an = DT
(b) —
(Rca)fins + (Rcw)nofins
% _ oT =50.1 A T W/(M2K)
Ay (0.0141+0.00588)(m“ K)/W
(c) Withfins on both sides, the rate of heat transfer is
o = DT
(© —
‘ (Rca)fins + (Rcw)nofins
o _ DT =611 A T W/(MPK)

A,  (0.0141+ 0.00227)(m?K)/W

Asabasis of comparison, the rate of heat transfer without fins on either sideis:

g = °T 155 TW(MK)
A,  (0.0588+ 0.00588)(M“W)/K
The following percent increase over the no fins case occurs
Case % Increase
(a) fins on water side 5.8
(b) finson air side 223
(c) fins on both sides 294

COMMENTS

Placing the fins on the side with the larger thermal resistance, i.e., the air side, has a much greater
effect on the rate of heat transfer.
The small gain in heat transfer rate achieved by placing fins on the water side only would most likely
not be justified due to the high cost of attaching the fins.
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PROBLEM 2.39

The wall of a liquid-to-gas heat exchanger has a surface area on the liquid side of
1.8 m? (0.6m x 3m) with a heat transfer coefficient of 255 W/(m? K). On the other side of
the heat exchanger wall flows a gas, and the wall has 96 thin rectangular steel fins0.5 cm
thick and 1.25 cm high [k = 3 W/(m K)]. The fins are 3 m long and the heat transfer
coefficient on the gas side is 57 W/(m? K). Assuming that the thermal resistance of the
wall is negligible, determine the rate of heat transfer if the overall temperature
differenceis 38°C.

GIVEN

Thewall of a heat exchanger has 96 fins on the gas side

Surface areaon the liquid side (A ) = 1.8 m* (0.6 m x 3 m)

Heat transfer coefficient on the liquid side (hy) = 255 W/(m? K)
Thewall has 96 thin steel fins 0.5 cm thick and 1.25 cm high

Thermal conductivity of the steel (k) =3 W/(m K)
Finlength (w) =3 m, Fin height (L) = 1.25cm = 0.0125m
Fin thickness (t) = 0.5cm = 0.005m

Heat transfer coefficient on the gas side (he) = 57 W/(m? K)
The overall temperature difference (AT) = 38°C

FIND
e Therate of heat transfer (q)
ASSUMPTIONS

e Thethermal resistance of thewall is negligible
e The heat transfer through the wall is steady state
e Thethermal conductivity of the steel is constant

SKETCH
- /-L =.0125m
I + t=0.005m
Gas
Liquid
A Section of the Wall

SOLUTION
The heat transfer from a single fin can be calculated from Table 2.1 for afin with convection from thetip

snh(mL)+ * cosh(mL)

t mkt
=M h;
LU
cosh(mL) L mkjrsmh(mL)
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where m = FkP _ \/I‘_IC(2t+2W) _ \/57W/(m2K)(6m+o_01m) _ 1

87.25 =
kA Kk (wt) 3W/(m K)(3m)(0.005 m) m

=0.2178

h 2
mL = 87.25 - (0.0125 m) = 1,091 and & =2/ WIM'K)
m mk  87.25.1(3W/(mK))

M = JRPKA 6. = /(57 Wim?K)) (6.01m) (3W/(MK)) (3m)(0.005m) (Te = Tg) = 3.926 (Tc - TYW/K

sinh(1.091) + 0.2178cosh (1.091)
cosh (1.091) + 0.2178sinh (1.091)

o = (3.926(T, - Ty )W/K) =3.395 (T. - Ty) WIK

The rate of heat transfer on the gas side is the sum of the convection from the fins and the convection

from the bare wall between the fins. The bare areais
Abare = Awai — (number of fins) (Area of onefin)
= 1.8 m? - (96 fins) [(3 m) (0.005 m)/fin] = 0.36 m*
Thetotal rate of heat transfer to the gasis

Og = Goare + (NUMber of fins) gr = hyy Avare (Te = Tg) + 96(3.395) (Te— T) WIK

Gg = 857 W/(m°K) (0.36m?) + 96(3.395)g (Tc— Tg) W/K = 346.4 (T — Tg) W/K = SRg 9

The thermal resistance on the gas side is

1

R, = ———— =0.002887 K/W
346.4 KIW

The thermal resistance on the liquid sideis
1 1

RL==—— = > o = 0.002179 K/W
hyA, 255W/(m“K)(1.8 m?)
The rate of heat transfer is
(6]
q:EZ DT 38C = 7500 W
Reot

R,+R_ (0.002887+0.002179)K/W

COMMENTS

Note that despite the much lower heat transfer coefficient on the gas side, the thermal resistance is no
larger than on the liquid side. This is the result of balancing the fin geometries which is a desirable
situation from the thermal design perspective. Adding fins on the liquid side would not increase the

rate of heat transfer appreciably.
PROBLEM 2.40

Thetop of a 12 in. I-beam is maintained at a temperature of 500°F, while the bottom is
at 200°F. Thethickness of theweb is 1/2 in. Air at 500°F is blowing along the side of the
beam so that h = 7 Btu/(h ft? °F). The thermal conductivity of the steel may be assumed
constant and equal to 25 Btu/(h ft °F). Find the temperature distribution along the web
from top to bottom and plot theresults.
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GIVEN

A steel 12in. I-beam

Temperature of the top (T.) = 500°F

Temperature of the bottom (Tg) = 200°F

Thickness of theweb (t) =0.5in.

Air temperature (T,,) = 500°F

o Heat transfer coefficient (h,) = 7 Btu/(h ft° °F)

e Thermal conductivity of the steel (k) = 25 Btu/(h ft °F)

FIND

e Thetemperature distribution along the web and the plot the results
ASSUMPTIONS

e Thethermal conductivity of the steel isuniform
e The beam has reached steady state conditions
e Onedimensiona through the web
e Thebeamisvery long compared to the web thickness
SKETCH
T, = 500°F
[ ]
—{ | t=051n.
L=12in. T_=500°F
‘[x
[ r ]
N T, =200°F
SOLUTION

The web of the | beam can be thought of as a fin with a uniform rectangular cross section and a fixed
tip temperature. From Table 2.1, the temperature distribution along the web is

AL sinh(mx) +sinh[m(L - X)]
q _ tg.t
Qs sinh (mL)
where 6=T-T,
o [P _ [R2w+y _\/g | 2(7Btu(hft®°F)) _ags L
kA kwt Kt 25 Btu/(htt °F), 21t fi
t12
mL = 3.666 sinh (ML) = 19.54
6. =T,—T,=200°F-500°F = - 300°F 6-T -T,=0
Substitute these into the temperature distribution
T(X)-Ty

] = 0.0512 sinh [3.666 (1 - X)]
S

T =500°F —15.353 sinh [3.66 (1 — x)]
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This temperature distribution is plotted below

Temperature Distribution Along the Web
500
480 -
460 -
440 -
420 -
400 -
380 -
360 -
340 -
320
300 -
280+
260 -
240 -
220 -
200 T T T T T T T T T
0 0.2 0.4 0.6 0.8 1
Distance x (ft)

Temperature (Degree F)

COMMENTS

In areal situation, the heat transfer coefficient is likely to vary with distance and this would require a
numerical solution.

PROBLEM 2.41

The handle of a ladle used for pouring molten lead is 30 cm long. Originally the handle
was made of 1.9 x 1.25 cm mild steel bar stock. To reduce the grip temperature, it is
proposed to form the handle of tubing 0.15 cm thick to the same rectangular shape. If
the average heat transfer coefficient over the handle surfaceis 14 W/(m? K), estimate the
reduction of the temperature at thegrip in air at 21°C.

GIVEN

A steel handle of aladle used for pouring molten lead
Handlelength (L) =30cm=0.3m

Original handle: 1.9 by 1.25 cm mild stedl bar stock
New handle: tubing 0.15 cm thick with the same shape

e Theaverage heat transfer coefficient (h,) = 14 W/(m? K)
e Airtemperature (T,,) = 21°C

FIND

e Thereduction of the temperature at the grip
ASSUMPTIONS

Thelead is at the melting temperature

The handle is made of 1% carbon steel

Theladleis normally in steady state during use

The variation of the thermal conductivity is negligible
One dimensiona conduction

Heat transfer from the end of the handle can be neglected

SKETCH
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}«1.9 cm>

\V‘/ Solid Hollow

\\\\\\\\

PROPERTIES

From Appendix 2, Tables 10 and 12
Thermal conductivity of 1% carbon steel = 43 W/(m K) at 20°C
Melting temperature of lead (T) = 601 K = 328°C

SOLUTION
The ladle handle can be treated as a fin with an adiabatic end as shown below

| T,=328°C

T.=21°C
The temperature distribution in the handle, from Table 2.1 is

q _ cosh[m(L - x)]
Qs B cosh(mL)

where 60 =T(X)-T., 0. =T.-T,=328°C-21°C =307°C
= [P
kA
where P =2w + 2t = 2(0.019 m) + 2(0.0125 m) = 0.063 m
The only differencein the two handlesis the cross-sectional area

Solid handle

A =wt = (0.019 m) (0.0125 m) = 0.0002375 m*

=2.788

2
mL =03m 14W/(m*K)(0.063 m)
43 W/(m K)(0.0002375 m?)

a. __cosh(0) _ ;1065 6 =T -T,=0.1226 6.
gs  Ccosh(2.788)

< TL =T, +0.1266 6. = 21°C + 0.1266 (307°C) = 60°C
Hollow handle

Ay =Wt — [w — 2(0.0015 m)] [t - 2(0.0015 m)]

= (0.019 m) (0.0125 m) — (0.016) (0.0095 m) = 0.0000855 m”

2
mL =03m |14 W/(m“K)(0.063 m) _
43 W/(m K)(0.0000855 m?)
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a. __0sh(0  _ 55100
g,  cosh(4.647)

T. =T, +0.01919 6. = 21°C + 0.0192 (307°C) = 27°C

The temperature of the grip is reduced 33°C by using the hollow handle.

COMMENTS

The temperature of the hollow handle would be comfortable to the bare hand, therefore no insulation
isrequired. Thiswill reduce the cost of the item without reducing utility.

PROBLEM 2.42

A 0.3-cm thick aluminum plate has rectangular fins on one side, 0.16 x 0.6 cm, spaced
0.6 cm apart. Thefinned sideisin contact with low pressure air at 38°C and the average
heat transfer coefficient is 28.4 W/(m? K). On the unfinned side water flows at 93°C and
the heat transfer coefficient is 283.7 W/(m? K). (a) Calculate the efficiency of the fins
(b) calculate the rate of heat transfer per unit area of wall and (c) comment on the
design if thewater and air wereinterchanged.

GIVEN

Aluminum plate with rectangular fins on one side
Plate thickness (D) = 0.3cm = 0.003m

Fin dimensions (t x L) = 0.0016 m x 0.006 m

Fin spacing (s) = 0.006 m apart

Finned side

Air temperature (T,) = 38°C

Heat transfer coefficient (h,) = 28.4 W/(m’ K)
Unfinned side

Water temperature (T,,) = 93°C

Heat transfer coefficient (R, ) = 283.7 W/(m’ K)

FIND

(@ Thefin efficiency ()
(b) Rate of heat transfer per unit wall area (g/A,)
(c) Comment on the design if the water and air were interchanged

ASSUMPTIONS

The aluminum is pure

Width of finsis much longer than their thickness
The system has reached steady state

The thermal conductivity of the aluminum is constant
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SKETCH

D=0.3cm *IMF;/ w/"‘t}\
L=06m

e ~+t=016m

T,=93°C T,=38°C

P
TSW

" Tsa

PROPERTIESAND CONSTANTS

From Appendix 2, Table 12

The thermal conductivity of aluminum (k) = 238 W/(m K) at 65°C
SOLUTION

(@) Thefin efficiency is defined as the actual heat transfer rate divided by the rate of heat transfer if
the entire fin were at the wall temperature. Since the fin is of uniform cross section,
Table 2.1 can be used to find an expression for the heat transfer from a fin with a convection from
thetip

smh(mL)+( )cosh(mL)
cosh (mL) + (h,mk) sinh (mL)
_hP _ h2w _ _ﬁa

where —_a - _a%" _
kA Kk (wt) kt

h,PKA 0s=w 2htk 6
Whae 95 = Tsa - Ta
If the entire fin were at the wall temperature (Tg,) the rate of heat transfer would be

= ﬁaAf (Ta—Ta) = EaW(ZL +1) (Tea—Ta)

G =M

Thefin efficiency is

g smh(mL)+( )cosh(mL)ﬂ
Enm
P g cosh(mL)+( )s;mh(mL)E
T RWEL+D(TL+T)
= 2
R \/ 2(28.4 Wi(mK)) Cpo
kt 238 W/(m K)(0.0016 m) m

mL =122 % (0.006 m) = 0.0733

M=w(Ta-Ts) \/ 2(28.4W/(m?K)) (0.0016 m) (238W/(M?K)) = 4.65 W (Tea — Tu)s W/(MK)
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2
o BAWIMK) oo

mK 12.2%(238W/(m K))

4.esWi(mek) SN(C.0733) +0.00077 cosh (0.0733)
= L cosh (0.0733) +0.00977sinh (0.0733)F _ oo
f 28.4 W/(m?K) [(2)0.006 m+0.0016m] '

(b) The heat transfer to the air is equal to the sum of heat transfer from the fins and the heat transfer
from the wall area not covered by fins.

The number of fins per meter height is

Im

———— = 131.6fins
0.076 m/fin

The wall area not covered by fins per m? of total wall areais

Apxe =1 m”—(131. 6fing) (0.0016 m/fin) (1 mwidth) = 0.789 m?

The surface area of the fins per m® of wall areais
Avins = 131.6 fins (2(0.006 m) + 0.0016 m) (1 m width) = 1.79 m?
Therate of heat transfer to the air is
Oa = My Avare (Tea = Ta) + P, 7 Avine (T = To)

_ T., -T
Oa = ha (Abare + s Afins) (Tsa - Ta) == a
Ra
Therefore, the resistance to heat transfer on the air side (Ry) is
1 1
Rca = = R =
ha(Abare + hf AYins) haAotal
The thermal circuit for the wall is shown below
Ry Ry Rz
- A\N—ANA—-ANA—0
Tw T
Theindividual resistance based on 1 m? of wall area are
Rew = _l = 12 5 =0.00419 K/W
A,  238.7 W/(m“K)(1m?)
Ro= == 008M ____ 45000106 kw
kA, 238.7W/mK(1m?)
Res ! 0.003m = 0.0137 K/W

 P(Ae N Ains)  28.4 W/(m?2K) [0.789m? + (0.998)(1.79m?)
The rate of heat transfer through the wall is

T _ T,-T, 93°C - 38°C
Ry Ry,*+R +R, (0.00419+0.0000126+0.0137)K/W

(c) Notethat the air side convective resistance is by far the dominant resistance in the problem.
Therefore, the fins will enhance the overall heat transfer much less on the water side.
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For fins on the water side

2(283.7 Wi(mK)) 1 1
= =386 — andmL =38.6 — (0.006m) = 0.2316
238W/(m K) (0.0016 m) m m

M =W (Tew = To) \/2(283.7 W/(m?K)) (0.0016 m)2(238 W/(MK)) =14.70 W (Tsy - Tu)W/m K

283.7 W/(m?K)

. = 0.0309
38.6 = (238 W/(mK))
m

hy
mk

gsinh (0.2316) + 0.0309cosh (0.2316) g

14.70 W/(m K
( )ﬁcosh(o.zsls) +0.0309sinh (0.2316)

ne = > =0.978
283.7 W/(m?K) [2 (0.006 m) + 0.0016 m
q _ TW _Ta _ 9300—380(:
1.D,. 1 (0.0352 + 0.0000126 + 0.00139) (MK )/W
h, k h,,(0.089+h1.79)
= 1502 W/m?

COMMENTS

The fins are most effective in the medium with the lowest heat transfer coefficient.

With no fins, the rate of heat transfer would be 1419 W/m?. Fins on the water side increase the rate of heat
transfer 6%. Fins on the air side increase the rate of heat transfer 116%. Therefore, installing fins on the
water side would be a poor design.

PROBLEM 243

Compare the rate of heat flow from the bottom to the top in the aluminum structure shown
in the sketch with the rate of heat flow through a solid dab. The top is at —10°C, the bottom
at 0°C. The holes arefilled with insulation which does not conduct heat appreciably.

GIVEN

The aluminum structure shown in the sketch below

Temperature of the top (T) =—10°C

Temperature of the bottom (Tg) = 0°C

The holes are filled with insulation which does not conduct heat appreciably

FIND
e Comparethe rate of heat flow from the bottom to the top with the rate of heat flow through a solid slab
ASSUMPTIONS

The structureis in steady state

Heat transfer through the insulation is negligible

The thermal conductivity of the aluminum is uniform
The edges of the structure are insulated

Two dimensional conduction through the structure
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SKETCH
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>
D)
,

2.5 cm Diameter

1.25¢cm
PROPERTIES AND CONSTANTS

The thermal conductivity of aluminum (k) = 236 W/(m K) at 0°C
SOLUTION

Because of the symmetry of the structure, we can draw the flux plot for just one of the twenty-four
equivalent sections

(@) Thetotal number of flow lanesin the structure, (M) = (12) (4) = (48). Each flow lane consists of
12 curvilinear squares (6 on top as shown, and 6 on bottom. Therefore, the shape factor is

M _ 48
N2
The heat flow per meter, from Equation (2.80), is

g = kSAToveran = 236 W/m K (4) (0°C - (- 10°C)) = 9440 W/m
The total rate of hesat flow is

Ghor = q (length of structure) = (9440 W/m) (3 m) = 28,320 W
(b) For asolid aluminum plate, the total heat flow from Equation (1.2), is

S

Gror = Ak AT = (3m) (0.3m)[236 W/(mK)] (10 C) = 42,500 W
t 0.05
Therefore, the insulation filled tubes reduce the heat transfer rate by 33%.

COMMENTS
The shape factor was determined graphically and can easily be in error by 10%.

Also, the surface temperature will not be uniformin the insulated structure.
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PROBLEM 2.44

Determine by means of a flux plot the temperatures and heat flow per unit depth in the
ribbed insulation shown in the accompanying sketch.

GIVEN
e The sketch below
FIND

(@) Thetemperatures
(b) The heat flow per unit depth

ASSUMPTIONS
o Steady state conditions
e Two dimensional heat flow
e The heat loss through the insulation is negligible
e Thethermal conductivity of the material is uniform
SKETCH
100°C
Insulated Boundaries
g
2
- X 28 cm

o .

o

©

=]

2

16 cm
30°C i A
! 24 cm i

SOLUTION

The total number of heat flow lanes (M) = 11
The number of curvilinear squares per lane (N) = 8
Therefore, the shape factor is
11
8
The rate of heat transfer for unit depth is given by Equation 2.80

g = kSAT = (0.5 W/(m K)) (1.38) (100°C - 30°C) = 48.3 W/m

S:MZ =138
N

PROBLEM 2.45

Use a flux plot to estimate the rate of heat flow through the object shown in the sketch.
The thermal conductivity of the material is 15 W/(m K). Assume no heat islost from the
sides.

GIVEN

e The shape of object shown in the sketch
e Thethermal conductivity of the material (k) = 15 W/(m K)
e Thetemperatures at the upper and lower surfaces (30°C & 10°C)
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FIND
e Therate of heat flow through the object (By means of aflux plot)
ASSUMPTIONS

No heat islost from the sides and ends
Uniform thermal conductivity

Two dimensiona conduction

Steady state

SKETCH

Insulation

Insulation

SOLUTION
The flux plot is shown below

<

Insulated

I |

[ UL

Insulated (By Symmetry)

The number of heat flow lanes (M) =2 x 10=20
The number of curvilinear squaresin each lane (N) = 12
Therefore, the shape factor for this object is

Therate of heat transfer per unit length from Equation (2.80) is
g = kSAToveran = [15 W/(m K)] (1.67) (20°C) = 500 W/m
The total rate of hesat transfer is
Ot = gL = (500 W/m) (20 m) = 10,000 W
PROBLEM 2.46

Determinetherate of heat transfer per unit length from a 5-cm-OD pipe at 150°C placed
eccentrically within alarger cylinder of 85% Magnesia wool as shown in the sketch. The
outside diameter of thelarger cylinder is 15 cm and the surface temperatureis 50°C.
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GIVEN

e A pipeplaced eccentrically within alarger cylinder of 85% Magnesiawool as shown in the sketch
e Outside diameter of the pipe (Dy) =5¢cm=0.05m

e Temperature of the pipe (T¢) = 150°C

e Outside diameter of the larger cylinder (Dg) =15cm=0.15m
e Temperature of outer pipe (T,) = 50°C

FIND

e Therate of heat transfer per meter length (q)
ASSUMPTIONS

e Two dimensional heat flow (no end effects)

e Thesystemisin steady state

e Uniform thermal conductivity

SKETCH

PROPERTIESAND CONSTANTS

From Appendix 2, Table 11
The thermal conductivity of 85% Magnesiawool (k) = 0.059 W/(m K) (at 20°C).

SOLUTION
Therate of heat transfer can be estimated from a flux plot

The number of flow lanes (M) =2 x 15=30
The number of squares per lane (N) =5
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Therefore, the shape factor is
s=M_30_g
N 5
Equation (2.80) can be used to find the rate of heat transfer per unit length
g =kSAT = k(T - T,) =[0.059 W/(m K)] (6) (150°C — 50°C) = 35.4 W/m
COMMENTS
This problem can also be solved analytically (see Table 2.2)

S = Dip o =653
Cog’]_l ;

2Dd

(z = the distance between the centers of the circular cross sections)
- g =kSAT =385 W/m
The answer from the graphical solution is 8% less than the analytical value.

PROBLEM 2.47

Determinetherate of heat flow per foot length from the inner to the outer surface of the
molded insulation in the accompanying sketch. Use k = 0.1 Btu/(h ft °F).

GIVEN

e The object with a cross section as shown in the sketch below
e Thethermal conductivity (k) = 0.1 Btu/(h ft °F)

FIND
e Therate of heat flow per foot length from the inner to the outer surface (q)
ASSUMPTIONS

e The system has reached steady state
e Thethermal conductivity does not vary with temperature
e Two dimensiona conduction

SKETCH

This Face is Insulated Temperature of
this Surface

|-— 3 in.—>| is 450°F

k—3in.—

— Temperature of these Surfaces is 100°F
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SOLUTION
A flux plot for the object is shown below

Insulated

The number of heat flow lanes (M) =2 x 8=16
The number of curvilinear squares per lane (N) =4
Therefore, the shape factor is

16
4
The heat flow per unit length, from equation (2.80) is

g = kSATgveran = [0.1 Btu/(h ft °F)] (4) (350°F) = 140 Btu/(h ft)

s== =4

COMMENTS
The problem can aso be solved analytically. From Table 2.2

S= ” = T =408
In(1L08W/D) | (1 0812) '
6

q = kSAT = 143 Btu/(h ft)

The analytical solution yields a rate of heat flow that is about 2% larger than the value obtained from
the flux plot.

PROBLEM 2.48

A long 1-cm-diameter electric copper cable is embedded in the center of a 25 cm square
concrete block. If the outside temperature of the concrete is 25°C and the rate of
electrical energy dissipation in the cable is 150 W per meter length, determine the
temperatures at the outer surface and at the center of the cable.

GIVEN

A long electric copper cable embedded in the center of a square concrete block
Diameter of the pipe (D) =1cm=0.01m

Length of aside of theblock =25cm=0.25m

The outside temperature of the concrete (T,) = 25°C

e Therateof electrical energy dissipation (Qg/L) = 150 W/m

FIND
e Thetemperatures at the outer surface (T¢) and at the center of the cable (T)
ASSUMPTIONS

e Two dimensional, steady state heat transfer
e Uniform thermal conductivities
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SKETCH

|<—S =25 cm—-l

a
3

T,=25°C — o S=25cm

e

PROPERTIESAND CONSTANTS

From Appendix 2, Table 11

The thermal conductivity of concrete (k,) = 0.128 W/(m K) at 20°C
From Appendix 2, Table 12

The thermal conductivity of copper (kc) = 396 W/(m K) at 63°C

SOLUTION

For steady state, the rate of heat transfer through the concrete block must equal the rate of electrical
energy dissipation. The heat transfer rate can be estimated with aflux plot of one quarter of the block:

The number of flow lanes(M) =4 x 6 =24
The number of squares per lane (N) = 10
Therefore, the shape factor is

The rate of heat flow per unit length is given by Equation (2.80)

0 = SAT = kST~ T = 20
Solving for the surface temperature of the cable
Q
L Lt
Te=To+ = 25°C + 150W/m = 513°C
k,S [0.128W/(m K)](2.4)
From Equation (2.51) the temperature in the center of the cableis
L L2
T, =T.+ Jfo
4ke

%
proL

Where ¢ = heat generation per unit volume
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Q@
E L+
=513°C + 150W/m =513°C + 0.03°C ~ 513°C

TC = Ts +
4p ke 4p (396W/(m K))

COMMENT

The thermal conductivity of the cable is quite large and therefore its temperature is essentially
uniform.

The analytical solution for this geometry, givenin Table 2.2, is
2n _ 2n

w) 25cm
8— In 1.08
In(OSD) b lcm

This would lead to a cable temperature of 639°C, 20% higher than the flux plot estimate. The high
error is probably due to the difficulty in drawing the flux plot close to the cable and may be improved
by drawing alarger scale flux plot is geometries that involve tight curves.

PROBLEM 2.49

A large number of 1.5-in.-OD pipes carrying hot and cold liquids are embedded in
concretein an equilateral staggered arrangement with center line 4.5 in. apart as shown
in the sketch. If the pipesin rows A and C are at 60°F while the pipesin rows B and D
areat 150°F, determinetherate of heat transfer per foot length from pipe X in row B.

GIVEN

S= =191

e A large number of pipes embedded in concrete as shown below
e Outside diameter of pipes (D) = 1.5in.

e Thetemperature of the pipesin rows A and C = 60°F

e Thetemperature of the pipesin rows B and D = 150°F

FIND

e Therate of hat transfer per foot length from pipe X in row B
ASSUMPTIONS

o Steady state, two dimensional heat transfer
e Uniform thermal conductivity in the concrete

SKETCH
@ Q Q Row B: 150°F
45in.

Q Q Row C: 60°F
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PROPERTIESAND CONSTANTS

From Appendix 2, Table 11
The thermal conductivity of concrete (k,) = 0.128 W/(m K) at 20°C

SOLUTION

A flux diagram for this problem is shown below

By symmetry, the total heat transfer from the tube X is four times that shown in the flux diagram.
The number of heat flow lanes (M) =8 x 4 = 32

The number of curvilinear squares per lane (N) = 7

Therefore, the shape factor is

The heat transfer per unit length from Table 2.2, from Equation (2.80) is
g KSATverar = [0.074 Btu/(h ft °F)] (4.6) (150°F — 60°F) = 30.4 Btu/(h ft)
PROBLEM 2.50

A long 1-cm-diameter electric cable isimbedded in a concrete wall (k = 0.13 W/(m K))
which is1 m by 1 m, as shown in the sketch below. If the lower surface isinsulated, the
surface of the cable is 100°C and the exposed surface of the concrete is 25°C, estimate
therate of energy dissipation per meter of cable.

GIVEN

A long electric cable imbedded in a concrete wall
Cablediameter (D) =1cm=0.01m

Thermal conductivity of thewall (K) = 0.13 W/(m K)

Wall dimensions are 1 m by 1 m, as shown in the sketch below
The lower surface isinsulated

The surface temperature of the cable (T;) = 100°C

The temperature of the exposed concrete surfaces (T,) = 25°C

FIND

e Therate of energy dissipation per meter of cable (g/L)
ASSUMPTIONS

e Thesystemisin steady state
e Thethermal conductivity of the wall is uniform
e Two dimensional heat transfer
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SKETCH

Insulated Surface

SOLUTION
By symmetry, only half of the flux plot needsto be drawn

The number of heat flow lanes (M) =2 x 14 =28
The number of curvilinear squares per lane (N) = 6
Therefore, the shape factor is

For steady state, the rate of energy dissipation per unit length in the cable must equal the rate of heat
transfer per unit length from the cable which, from Equation (2.80), is

q = k(T - To) = (0.13 W/(m K) (4.7)) (100°C - 25°C) = 46 W/m
PROBLEM 2.51

Determine the temperature distribution and heat flow rate per meter length in a long
concrete block having the shape shown below. The cross-sectional area of the block is
square and the holeis centered.

GIVEN

e A long concrete block having the shape shown below
e The cross-sectional area of the block is square
e Theholeis centered

FIND

(a) The temperature distribution in the block
(b) The heat flow rate per meter length

ASSUMPTIONS

e The heat flow istwo dimensional and in steady state
o Thethermal conductivity in the block is uniform
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SKETCH

10°C

Insulated Surface

PROPERTIESAND CONSTANTS

From Appendix 2, Table 11
The thermal conductivity of concrete (k,) = 0.128 W/(m K) at 20°C

SOLUTION
The temperature distribution and heat flow rate may be estimated with a flux plot

(@) Thetemperature distribution is given by the isothermsin the flux plot.
(b) The number of flow lanes (M) =2 x 21 =42
The number of squares per lane (N) = 4

Therefore, the shape factor is

From Equation (2.80), the rate of heat flow per unit length is

g = kAT =[0.128 W/(m K)] (10.5) (40°C) =54 W/m
COMMENTS
If the lower surface were not insulated, the shape factor from Table 2.2, would be

s= ZpW =148 = q=75.6 W/m
In(l.OSDi

The rate of heat transfer with the insulation as calculated with the flux plot is about 29% less than the
analytical result without insulation. We would expect a reduction of dightly less than 25%.
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PROBLEM 2.52

A 30-cm-OD pipe with a surface temperature of 90°C carries steam over a distance of
100 m. The pipeis buried with its center line at a depth of 1 m, the ground surface is —
6°C, and the mean thermal conductivity of the soil is 0.7 W/(m K). Calculate the heat
loss per day, and the cost, if steam heat is worth $3.00 per 10° kJ. Also, estimate the
thickness of 85% magnesia insulation necessary to achieve the same insulation as
provided by the soil with a total heat transfer coefficient of 23 W/(m? K) on the outside
of the pipe.

GIVEN

e A buried steam pipe

e Outside diameter of the pipe (D) =30cm=0.3m

e Surfacetemperature (T) = 90°C

e Length of pipe (L) =100 m

e Depthof itscenterline (Z) =1m

e Theground surface temperature (Tg) = —6°C

e The mean thermal conductivity of the soil (k) = 0.7 W/(m K)

e Steam heat isworth $3.00 per 10° kJ

e Theheat transfer coefficient (h.) = 23 W/(m? K) for the insulated pipe

FIND

(a) The heat loss per 24 hour day
(b) The value of the lost heat
(c) The thickness of 85% magnesia insulation necessary to achieve the same insulation

ASSUMPTIONS

Steady state conditions
Uniform thermal conductivity
Two dimensional heat transfer from the pipe

SKETCH

PROPERTIES AND CONSTANTS

From Appendix 2, Table 11
The thermal conductivity of 85% magnesia (k) = 0.059 W/(m K) (at 20°C)

SOLUTION
(a) The shape factor for this problem, from Table 2.2, is

2pL

-1 2z
cosh LD}

S= If zZL<1
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Note that the condition Z/L << 1 is satisfied in this problem.
2p (100m)

21 2(1m)
O 03m ¢
From Equation (2.80), the rate of heat transfer is

g = kSAT = 0.7 W/(m K) (243 m) (90°C - (- 6°C))
kJ (36005) 24h

S= =243 m

q =16,300W (JWs) =1.41 x 10° kJ/Day

£1000J4\ h Jtdayt
(b) The cost of this heat lossis
$3.00
Cost = (1.41x10%kJday), ————, =$4.23/d
( &), ot ay

(c) Thethermal circuit for the pipe covered with insulation is

T, T,
AMN—O-AMN—O
Ryi R.
The rate of heat loss from the pipeis
T.-T T.-T
q=——3 = s 9 = 16,300 W
I:"ki + & 1 In r0 + 1

2p Lk; ’r.rf1 2p Lrh t

2pL(T. -T, — (-
6300w = _2PHTs=Tg) 2pL(100m)[90 C- (-6 )]
fo 4 1 1 o 1

In +
k tr o rht  0.059W/(mK) t015mt  r (23Wi/(mPK))

In o+ 000257 L =0.2183
0.15 r

[0}

By trial and error: r, =0.184 m
Insulation thickness=r,—r;=0.184 m-0.15m=0.034 m= 3.4 cm
COMMENTS

The value of the heat loss per year is 365 x $4.23 = $1544. Hence insulation will pay for itself quite
rapidly.
PROBLEM 2.53

Two long pipes, one having a 10-cm-OD and a surface temperature of 300°C, the other
having a 5-cm-OD and a surface temperature of 100°C, are buried deeply in dry sand
with their centerlines 15 cm apart. Determinetherate of heat flow from thelarger to the
smaller pipe per meter length.

GIVEN

Two long pipes buried deeply in dry sand
Pipe 1l

Diameter (D;) =10cm=0.1m,

Surface temperature (T;) = 300°C

e Pipe2
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= Diameter (D) =5cm=0.05m,
= Surface temperature (T,) = 100°C
e  Spacing between their centerlines (s) =15cm=0.15m

FIND
e Therate of heat flow per meter length (g/L)
ASSUMPTIONS

e The heat flow between the pipesis two dimensional
e The system has reached steady state
e Thethermal conductivity of the sand is uniform

SKETCH
Dy =10 cm I=15cm :ID2=50m

PROPERTIES AND CONSTANTS

From Appendix 2, Table 11
Thermal conductivity of dry sand (k) = 0.582 W/(m K) at 20°C

SOLUTION
The shape factor for this geometry, from Table 2.2, is

s= 2
1 L“—1-r
cosh R
where _h_ 5cm :ZandL:i:15cm _ 6
r, 2.5cm r, 25cm
2n

-S= =2.296

cosh‘1(36_41_4)

The rate of heat transfer per unit length is

q = SKAT = (2.296) 0.582 W/(m K) (300°C — 100°C) = 267 W/m

PROBLEM 2.54

A radioactive sample is to be stored in a protective box with 4 cm thick walls having
interior dimensions 4 by 4 by 12 cm. The radiation emitted by the sample is completely
absorbed at the inner surface of the box, which is made of concrete. If the outside
temperature of the box is 25°C, but the inside temperature is not to exceed 50°C,
deter mine the maximum permissible radiation rate from the sample, in watts.

GIVEN

A radioactive sample in a protective concrete box
Wall thickness (t) =4cm=0.4m
Box interior dimensions: 4 x 4 x 12 cm

The outside temperature of the box (T,) = 25°C
The maximum inside temperature (T;) = 50°C
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FIND

e The maximum permissible radiation rate from the sample, q (in watts)
ASSUMPTIONS

e Thesystemisin steady state

SKETCH

—
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PROPERTIESAND CONSTANTS

From Appendix 2, Table 11
The thermal conductivity of concrete (k,) = 0.128 W/(m K) at 20°C

SOLUTION

The box consists of 4 wall sections: A=4cmx 12 cm
2 wall sections: A=4cmx 4cm
4 edge sections. D = 12 cm long
8 edge sections: D =4 cmlong
8 corner sections: L = 4 cm thick

The shape factors for this geometry (when all interior dimensions are greater than one-fifth of the wall
thickness, asin this case) is given on Section 2.5.2 of the text

For the wall sections

S

_ A _ (4emy(12cm) _
1= I - L, -

4cm L 4cm
For the edge sections
$=054D=054(12cm)=6.48cm and $=054D=054(4cm)=216cm
For the corner sections
S =015L=0.15(4cm)=0.6cm
Multiplying each shape factor by the number of elements having that shape factor and summing them
S=45+25+4%+85+8S
S=4(12cm) + 2(4 cm) + 4(6.48 cm) + 8(2.16 cm) + 8(0.6 cm) = 104 cm
Therate of heat transfer is
g = kSAT = 0.128 W/(m K) (104 cm) (1m/100 cm) (50°C — 25°C) = 3.3 W
COMMENTS

The conductivity of the concrete was evaluated at 20°C while the actual temperature is between 50°C
and 25°C. Therefore, the actual rate of heat flow may be dightly different than that calculated, but no
better property value is available in the text.
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PROBLEM 2.55

A 6-in.-OD pipe is buried with its centerline 50 in. below the surface of the ground
[k of soil is0.20 Btu/(h ft °F)]. An oil having a density of 6.7 Ib/gal and a specific heat of
0.5 Btu/(Ib °F) flowsin the pipe at 100 gpm. Assuming a ground surface temperatur e of
40°F and a pipe wall temperature of 200°F, estimate the length of pipein which the ail
temper atur e decr eases by 10°F.

GIVEN

An ail filled pipe buried below the surface of the ground
Pipe outside diameter (D) =6in. =0.5ft

Depth of centerline (z) =50 in.

Thermal conductivity of the soil (k) = 0.20 Btu/h ft °F
Specific gravity of ail (Sp. Gr.) =0.8

Specific heat of il (c,) = 0.5 Btu/lb °F

Flowsrate of oil m = 100 gpm

The ground surface temperature (Tg) = 40°F

The pipe wall temperature (T,) = 200°F

FIND

The length of pipe (L) in which the oil temperature decreases by 10°F

ASSUMPTIONS
e  Steady state condition
e Two dimensiona heat transfer
SKETCH
T, = 40°F
Z=50in.
D=6in. = 200°
; /Tp 200°F i
- )
*
SOLUTION

The rate of heat flow from the pipe can be calculated using the shape factor from Table 2.2 for an
infinitely long cylinder

2p _ 2n
a[2z) _1 2(50in)
shl() cosh™
© D L 6in +

S= =179

The rate of heat transfer per unit length is given by Equation (2.80)

q = kSAToverar = (0.20 Btu/(h ft °F)) (1.79) (200 F — 40 F) = 57.4 Btu/(h ft)
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Thetotal heat loss required to decrease the il by 10°F is
0 = m ¢, AT = 100 [g/(min)] (6.7 Ib/gallon)(0.5 Btu/lb °F) (10°F) (60 min/hr) = 200,000 Btu/hr

We can estimate the length of pipe in which the oil temperature drops 10°F by assuming the rate of
heat loss from the pipe per unit length is constant, then:

4 =qL:L=% _ 200,000 Btu/h — 81 ft

COMMENTS

The heat loss from the pipe will actually be less because as the oil temperature and therefore aso the
pipe temperature decreases with distance from the inlet. This means the length will be dightly longer
than the estimate above. If the calculation is based on an arithmetic mean pipe temperature of 195°F,
the estimated length is 3604 ft, about 4% more.

PROBLEM 2.56

A 2.5-cm-0OD hot steam line at 100°C runs parallel to a 5.0 cm OD cold water line at
15°C. The pipes are 5 cm center to center and deeply buried in concrete with a thermal
conductivity of 0.87 W/(m K). What is the heat transfer per meter of pipe between the

two pipes?
GIVEN
e A hot steam line runs parallel to a cold water line buried in concrete
e Hot pipe outside diameter (D) =2.5cm=0.025m
e Hot pipe temperature (T;) = 100°C
e Cold pipeoutside diameter (D;) =5.0cm=0.05m
e Cold pipe temperature (T.) = 15°C
e Center to center distance between pipes () =5cm=0.05m
e Thermal conductivity of concrete (k) = 0.87 W/(m K)
FIND

e The heat transfer per meter of pipe (g/L)
ASSUMPTIONS

e Two dimensiona heat transfer between the pipes
e Steady state conditions
e Uniform thermal conductivity

SKETCH

" ‘Concrete "
PROPERTIES AND CONSTANTS
Specific heat of water (c,) = 1 Btu/(Ib °F) = 4187 J/(kg K)
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SOLUTION
The shape factor for this geometry isin Table 2.2

g= 2
- 12-1-r2
cosh™*
b 2r 1
Where L=i= 0033125 =4andr=—0=&_ﬁ_
Dh Cosh—l . I’h Dh 0025
2
_ 2p _
S= sh—1(16 1_4) =3.763
4

The rate of heat transfer per unit length, from Equation (2.80), is
g = kSATgveran = 0.87 W/(m K) (3.763) (100°C — 15°C) = 278 W/m
COMMENTS

Normally, the temperature of both fluids will change as heat is transferred between them. Hence, for
any appreciable length of pipe, an average temperature difference must be used.

PROBLEM 2.57

Calculate the rate of heat transfer between a 15-cm-OD pipe at 120°C and a 10-cm-OD
pipe at 40°C. The two pipesare 330 m long and are buried in sand [k = 0.33W/(m K)] 12 m
below the surface (T = 25°C). The pipes are parallel and are separated by 23 cm (center
to center) distance.

GIVEN

e Two paralel pipesburied in sand

e Pipel

= Qutside diameter (D;) =15cm=0.15m

=  Temperature (T;) = 120°C

e Pipe2

Outside diameter (D) =10cm=0.1m

Temperature (T,) = 40°C

Length of pipes(L) =330 m

Thermal conductivity of the sand (k) = 0.33 W/(m K)
Depth below surface (d) = 1.2 m

Surface temperature (T;) = 25°C

Center to center distance between pipes (s) =23cm=0.23m

FIND
e Therate of heat transfer between the pipes ()
ASSUMPTIONS

e Thethermal conductivity of the sand is uniform
e Two dimensional, steady state heat transfer

185

© 2011 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



SKETCH
T,=25°C
L

,S=28em

——T,=40°C .

" Dy=15cm D;=10cm -

SOLUTION

For the pipe-to-pipe heat transfer, the surface is not important since Z >> D. The shape factor for this
geometry, from Table 2.2, is

2
S= 1 |_f-1-r2
sh™ — —
O Ty
where L:l_@:z].ﬁ and r:i:&_ls_m:]_5
r, 0.05 r, D, 01m
2p
= > > =2
cosh™ (4.6)° -1- (1.5

L 2(1.5) t
The rate of heat transfer per unit length is

% = KSAT = 0.33 W/(m K) (2.541) (120°C — 40°C) = 67 W/m

For L= 330 m: g=67W/m (330 m) = 22,100 W
COMMENTS

Normally, the temperature of both fluids will change as heat is transferred between them. Hence, for
any appreciable length of pipe, an average temperature difference must be used.

PROBLEM 2.58

A 0.6-cm-diameter mild steel rod at 38°C is suddenly immersed in a liquid at 93°C with
he =110 W/(m? K). Determine the time required for therod to warm to 88°C.

GIVEN

A mild steel rod is suddenly immersed in aliquid
Rod diameter (D) = 0.6 cm = 0.006 m

Initial temperature of therod (T,) = 38°C

Liquid temperature (T,,) = 93°C

o Heat transfer coefficient (he ) = 113.5 W/(m? K)
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FIND
e Thetimerequired for the rod to warm to 88°C
ASSUMPTIONS

Therod is 1% carbon steel

Constant thermal conductivity

End effects are negligible

Therod isvery long compared to its diameter
Thereisradia conduction only in the rod

SKETCH

/ / 4 v s/ /S, / /
/ /
7 / / / / Irﬁal Ten{perature (T,) =38°C / /
/ /’+D=O.6cm sy LSS
( 0~

g A /
S IR
// / // / L|qU|d / //T =93°C , ,/

/

PROPERTIESAND CONSTANTS

From Appendix 2, Table 10: For 1% carbon steel at 20°C:

Thermal conductivity (k) = 43 W/(m K)

Specific heat (c) = 473 J(kg K)

Density (p) = 7801 kg/m®

Thermal diffusivity (c) = 1.172 x 10 m%s. [ = k/pc].
SOLUTION
The Biot number is calculated first to check if the internal resistance is negligible
heD _ (120W/(m?K)) (0.006 m)

4K 4(43wWi(m? K))

Therefore, the internal resistance of therod is negligible.
The temperature-time history of the rod, from Equation (2.84) is

T_T¥ :e)(p hCIAg
T, - Ty Lorv 4

hcA, _ hepDL _ 4he _ 4(100W/(MPK) ) (IWSs)

B = =0.0038<< 0.1

corv o, % D2, CrD  (473Wikg K)(7801Kg/m®)(0.006m)
T-Ty 0 ( 1) 9

= exp 5~ (0.020= |t
T, - Ty P& S/t

Solving for the time

T_T¥
LT, - Tyt

t=-(50.39)In

Thetime required to reach 88°C is
88-93

t=-(50.39) In ——— =121<
( ) £ 38 - 93t
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COMMENTS

The analysis has assumed that the heat capacity of the liquid is much larger than that of the rod and
thus the liquid temperature remains constant.

PROBLEM 2.59

A spherical shell satellite (3-m-OD, 1.25-cm-wall thickness, made of stainless steel)
reenters the atmosphere from outer space. If its original temperature is 38°C, the
effective average temperature of the atmosphere is 1093°C, and the effective heat
transfer coefficient is 115 W/(m? °C), estimate the temperature of the shell after reentry,

assuming thetime of reentry is 10 min and theinterior of the shell is evacuated.

GIVEN

e A spherical stainless steel satellite reentering the atmosphere
e Outside diameter (D) =3 m

e Wall thickness (L) = 1.25cm =0.0125m

e Itsorigina temperature (T,) = 38°C

e The effective temperature of the atmosphere (T.,) = 1093°C

The effective heat transfer coefficient he = 115 W/(m? °C)

Thetime of reentry (t;) = 20 min =600 <
The interior of the shell is evacuated

FIND

The temperature of the shell after reentry (Ty)

ASSUMPTIONS

Exterior heat transfer is uniform over the shell
Assume radiation heat transfer is allowed for in the heat transfer coefficient

SKETCH

XL=1.250m

T..=1093°C

PROPERTIESAND CONSTANTS
From Appendix 2, Table 10, for stainless steel at 20°C

Thermal conductivity (k) = 14.4 W/(m K)
Density (p) = 7817 kg/m®
Specific heat(c) = 461 J(kg K)
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SOLUTION

Since the thickness of the shell is much smaller than the shell radius, the wall can be treated as a plane

wall. To estimate the importance of internal thermal resistance, the Biot number is calculated first

helL _ [115W/(m*°C)](0.0125m)
kg 14.4W/(mK)

Therefore, the internal resistance is less than 10% of the external resistance and may be neglected.
The temperature-time history of the satellite is given by Equation (2.84):

B = =0.099<0.1

T-Ty he A .
=ex - t. =exp(-Bi Fo
Lo, Oy THPCEF)
: heL at _ heA hepD'’t
BiFo= —  —, = t=
t ks 12t crv 4 @(D)3 (D )%
cr—pgl—=| -|=-L
3782 2 ’
Bi Fo = [115W/(m?K)] (3m)? (J(W9))t
- 3 3 3
[4613/(kgK)] (7817kg/m®) 4[(1.5m)° - (1L.5m - 0.0125m)?]
= 0.0025t (t in seconds)
T- T¥ — e—0.0025t
TO _T¥

T =T+ (To-T.) 00025t
T; = 1093°C + (38°C — 1093°C) ¢ >0 = gggoC

COMMENTS

The analysis has neglected thermodynamic heating during reentry.

PROBLEM 2.60
A thin-wall cylindrical vessel (1 m in diameter) isfilled to a depth of 1.2 m with water at
an initial temperature of 15°C. The water is well stirred by a mechanical agitator.
Estimate the time required to heat the water to 50°C if the tank is suddenly immer sed

into oil at 105°C. The overall heat transfer coefficient between the oil and the water is
284 W/(m? K), and the effective heat transfer surfaceareais4.2 m.

GIVEN

A thin wall cylindrical vessel filled with water is suddenly immersed into ail
Diameter of vessel (D) =1m

Depth of water isvessel =1.2m

Initial temperature (T,) = 15°C

Final temperature (Ty) = 50°C

Oil temperature (T,,) = 105°C

e Theoverall heat transfer coefficient between the oil and water (h) = 284 W/(m? K)
e Theeffective heat transfer surface area (A) = 4.2 m?

FIND

e Thetime required to heat the water to 50°C

ASSUMPTIONS

e Thethermal capacitance of the cylindrical vessel is negligible

e Thetemperature of the water is uniform
e The oil temperature remains constant
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SKETCH

oil

" T.=105°C - ‘ ‘
Water
| T,15°C o

Ts=560°C [12m .

. ‘<—1m—>_‘l_‘

PROPERTIESAND CONSTANTS

Specific heat of water (c) = 1 Btu/lb = 4187 J/(kg K)
Density of water (p) = 1000 kg/m®

SOLUTION

From Equation (2.83), the temperature-time relationship is
T-T _ exp - h_'%t
T, - Ty t crv it

Solving for the time
_ -crv n T-Ty
hA LT, - Tyt

_ - (4187J(kgK)) (1000kg/m?)[p (0.5m)?(1.2m)] |, 50°C-105°C
[284W/(M?K)](4.2m?)(J(W s)) £15°C -105°C#

= 1629 s= 27 min
PROBLEM 2.61

A thin-wall jacketed tank, heated by condensing steam at one atmospher e contains 91 kg
of agitated water. The heat transfer area of the jacket is 0.9 m? and the overall heat
transfer coefficient U = 227 W/(m? K) based on that area. Determine the heating time
required for an increase in temperature from 16°C to 60°C.

GIVEN

A thin wall jacketed tank, heated by condensing steam

Steam pressure = one atmosphere

Mass of water in the tank = 91 kg

The heat transfer area (A) = 0.9 m?

The overall heat transfer coefficient (U) = 227 W/(m? K) based on that area
Temperature increases from 16°C to 60°C

FIND

e Determine the heating time required
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ASSUMPTIONS

e Uniform water temperature due to agitation
e Thermal capacitance of the tank wall is negligible

SKETCH

PROPERTIES AND CONSTANTS

From Appendix 2, Table 13
The specific heat of water (c) = 1 Btu/lb = 4187 J/(kg K)
Temperature of saturated steam at 1 atmosphere (1.01 x 10° pa) = 100°C

SOLUTION
The temperature-time history for this system is given by Equation (2.83).

T-Ty = exp YA, —exp - VA = exp A,

T, -Ty t crv m t cm#t

cr —
L tri t
Solving this expression for the time
T - T, -
__em T [4187J/(kg K)]2(91kg)((V\2/s/J)) In 60C-100C _ 1384 5= 23
UA LT, -Tyt [227W/(m?K)](0.9m?) £16 C-100 Ct

min.
PROBLEM 2.62

The heat transfer coefficients for the flow of 26.6°C air over a 1.25 cm diameter sphere
are measured by observing the temperature-time history of a copper ball of the same
dimension. The temperature of the copper ball (c = 376 J/(kg K), p = 8928 kg/m®) was
measured by two thermocouples, one located in the center, and the other near the
surface. Both of the thermocouples registered, within the accuracy of the recording
instruments, the same temperature at a given instant. In one test run, the initial
temperature of the ball was 66°C and in 1.15 min, the temperature decreased by 7°C.
Calculate the heat transfer coefficient for this case.

GIVEN

A copper ball with air flowing over it

Ball diameter (D) = 1.25cm = 0.0125m

Air temperature (T,,) = 26.6°C

Specific heat of ball (c) = 376 J/(kg K)

Density of the ball (P) = 8928 kg/m®

Thermocouples in the center and the surface registered the same temperature
Initial temperature of the ball (T,) = 66°C

Lapsetime=1.15min=69 s

The temperature decrease (T, — Ty) = 7°C

191

© 2011 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



FIND
e The heat transfer coefficient (ﬁc)

ASSUMPTIONS

e The heat transfer coefficient remains constant during the cooling period.

SKETCH

_— Thermocouples

_—

Air
T,=266C —» D=125cm
Copper Ball

_—

—_—
SOLUTION

Since the thermocouples register essentially the same temperature, the internal resistance of the ball is
small compared to the externa resistance and the ball can be treated with the lumped heat capacity
method.

From Equation (2.84) the temperature-time history is

—_— h h 2 —_— h
T-Ty = exp _he Ay =exp - he (DY) ZEXpLCf:;C}

T,-Ty t crv t L Cr(p_Daj ,
6

(o]

Solving for the heat transfer coefficient

he = crD In T-Ty
6t LT, - Tyt
- _ [3763(kgK)](8928kg/m°) (0.0125m) | (66 C-7 C)-266 C
‘ 6(699) (J(Ws)) t 66C-266C ¢+
= 19.8 W/(m*K)

COMMENTS

The valueis an average over the cooling period.

The procedure described by this problem can be used to evaluate heat transfer coefficients for odd
shaped object experimentally.

PROBLEM 2.63

A spherical stainless steel vessel at 93°C contains 45 kg of water initially at the same
temperature. If the entire system is suddenly immersed in ice water, determine
(a) thetimerequired for the water in the vessel to cool to 16°C, and (b) the temperature
of the walls of the vessel at that time. Assume that the heat transfer coefficient at the
inner surface is 17 W/(m? K), the heat transfer coefficient at the outer surface is 22.7
W/(m?K), and thewall of the vessel is 2.5 cm thick.

GIVEN

o A spherical stainless steel vessel of water is suddenly immersed in ice water
e Initial temperature of vessel and water (T;) = 93°C
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e Massof water in the vessel (m) = 45 kg
e Theinner heat transfer coefficient hg = 17 W/(m? K)

e Theouter heat transfer coefficient he = 22.7 W/(m? K)
e Thevessd wall thickness (L) =2.5cm=0.025m

FIND

(@ Thetime required for the water in the vessel to cool to 16°C
(b) Thetemperature of the walls of the vessel at that time (Ty)

ASSUMPTIONS

e Thewater in the vessel iswell mixed, therefore its temperature is uniform
e Thevessd iscompletely filled with water

SKETCH

Ice Water
T..=0°C

PROPERTIESAND CONSTANTS

From Appendix 2, Table 10

For stainless steel: Thethermal conductivity (k) = 14.4 W/(m K)
Density (p) = 7817 kg/m®
Specific heat (c) = 461 J/(kg K)

SOLUTION
If the vessel is completely filled with water
v=Tw _Ppe
r 6
5 1 1
D= ST 3. 0K s_g4py
tprt  tpa000kg/md)+

Do=D; +2L=044m +2(0.025m)=0.49m

The internal resistance of the water can be neglected since the water is assumed to be well mixed. The
importance of the internal resistance of the vessel wall is indicated by the Biot number of the vessel
wall. The characteristic length for the vessel wall is

P ~3 3
_ _volume _ E(DO - b)) _ 1(049m)° - (0.44m)° - 00125 m
Surfacearea  p (D2 + D?)  6(0.49m)? + (0.44m)?
FU Sa L @7+ 227) [WImPK)] (00125 m)
L Bi = k—=2 =2 =0.017<0.1
S

k

S

14.4W/(m K)
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Therefore, the vessel and its contents can be treated as a lumped capacitance and the system
approximated two lumped capacitances as covered in Section 2.6.1 of the text.

(@) Thetemperature-time history of the water in the vessel is given by Equation (2.87)

Tw - Ty - m gmt _ m gt
To - Ty m, -m m, -m
where T, = temperature of the water, a function of time
My =0.5 {= (ki + ko + Ka) + [(ky + ko + ka)® — 4Ky k3] *%}

My = 0.5 {= (ki + kp + Ka) = [(K1 + Kz + Ka)° — 4k kg] °%}

he D2 P 2
= oA _ hapD? _ 6hs _ 2(17W/(m K)) 553 105 e
r.C.V, roCy p D3 TuCw D,  1000kg/m°(4187J(kgK))(0.44m)
6

k= N9A =  hepDZ = (17 W/(m?K)) (0.44m)? — 169 x 10 1<

reVs p,3 s  7817kg/m®(4613(kgK))(1/6) (0.49° - 0.044%) m?

rscsg(Do - I:)i )

= = 2 2
= oA - fopD? - : (22.7Wi(m K))(0.49ml =279x10"1s

reVs o P (D? - DY) 7817kg/m* (461 J(kg/K))(1/6) (0.49° - 0.044%) m

sYs 6

ky+ko+ ks =5.04x 107 % 5™
4k ks =6.17 x 1078

m =—328x10°¢*

m, =—471x 10 *s™*
m,—m; =4.38x 107%™

The temperature-time history of the water is

T, -Ty _ -471- 107 (- 3.28-10'5§)t _M e(- 4.71-10‘4§)t

- =€ -4
To-Ty -438 - 10 -438-10
For the water to cool to 16°C
(- 328 - 10'5})t (- 471- 10-41)t
1C-0C _41720=1075E ¥ _0075E ¥
93C-0C

By tria and error: t = 55,870 s= 15.5 hours

(b) The energy balance for the fluid is given by Equation (2.86a)
-(cp V)w hI A (Tu-Ty

Differentiating the temperature-time history

dl —(TO_ w)g nhmz mt _ 1772 m m eﬁhtg _(T Too) rnZ(emlt emzt)
dt “mo T me-m f m, - m
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Substituting this into the energy balance for the fluid

— (CpV)u(To-T.) —T2_ (gnt _gmty = by A (T, = T)
m, -m

Cl

To= T+ CWw gy MM mt_ gmty
- m, - m

T = 16°C + LABTHKGKNI(5KG) oo oy =328 107519 (- 4.71 - 10*(19))
) [17 W/(m2K)]p (0.44m)>2 - 4.38- 10749
% (e—3.28 -10°°(Us) (55870a) _ o-4.71- 10°* (Us) (55870a))
T.= 645
PROBLEM 2.64

A copper wire, 1/32-in.-OD, 2 in. long, is placed in an air stream whose temperature
risesat Ty, = (50 + 25t)°F, wheret isthe time in seconds. If theinitial temperature of the
wire is 50°F, determine its temperature after 2 s, 10 s and 1 min. The heat transfer
coefficient between the air and thewireis 7 Btu/(h ft* °F).

GIVEN

A copper wireis placed in an air stream

Wire diameter (D) = 1/32in.

Wirelength (L) = 2in.

Air stream temperature is: T4, = (50 + 25t)°F
Theinitial temperature of the wire (T,) = 50°F

e The heat transfer coefficient (HC) = 7 Btu/(h ft* °F)

FIND
e Thewiretemperature after 2 s, 10 sand 1 min
ASSUMPTIONS

e Constant and uniform heat transfer coefficient

SKETCH
D=31—2in._, P
Air .
. L=2in.
PROPERTIES AND CONSTANTS
From Appendix 2, Table 12
For copper at 261°F
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e Thermal conductivity (K) = 226 Btu/(h ft °F)
e Density (p) = 558 Ib/ft®
e Specific heat (c) = 0.0915 Btu/(lb °F)

SOLUTION

The Biot number for this problem is

T 20 . .
gio D _ (7 Btw(hft?°F)) 1/ 32in) (1ft/(12in) ) _ 105<< 01

2k, 2 (226 Btu/(hft°F))

Therefore the internal resistance of the wire can be neglected.
The temperature-time history of the wire can be calculated from the energy balance, Equation (2.82)

—cpVdT= hA(T-T,)dt

but T., = T, = 50 + 25t
s —cpVdT= h A (T-50+ 25t) dt

Rearranging
dT _ hA
S = 7 (50425t
dt crv ( D
leem= A _ hpbDL _ 4h _ 4(7Btu/(hft>F))(1hr/(3600s)) — 0.0585 &1
crvV P b2 crD . oy 1 .
criy, [0.0915Btu/(1Ib°F)] (5581 bi(ft ))Lgmi (1ft/(12in))
dar

T~ — +tmt=25m(2+1)
dt

Thisisalinear, first order, non-homogeneous differential equation with a homogeneous solution of T
=ce™anda particular solution T = ¢, + ¢; t. Therefore, the general solution has the form:

T=cy+cit+ce™

daT mit

— =C;—CyME

dt 1 2
dT —mt —mt
E+mt:cl—c2me +com+cimt+c,me " =25m(2+1)

Com+citepmt+25m(t+2)

ccmt=25mt=c; =25
25

Com+c;=cgm+25=50m=¢,=50- —
m

Substituting these back into the assumed solution yields

T= 5o—§ +25t+c,e™
m
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Applying the initial condition: T=50°Fwhent=20

50= 50—§ +C22C2:§
m m

Therefore, the temperature-time history of the wireis
T= 50+ 25t - Z—nf (€™-1)

Evaluating the wire temperature at the requested times

Att= 2sec T=50+50— —22_ 0085 _ 1) = 53°F
0.0585

Att = 10 sec: T= 50+ 250 - — 22 (e85 M0 _ 1) = 111°F
0.0585

25

S 056E (e—0.0585 (60) _ l) = 1135°F

Att=1min=60sec: T=50+ (25) (60) —

COMMENT
Radiation from the wire will become important well before 60 sec has elapsed.
PROBLEM 2.65

A large 2.54-cm.-thick copper plateis placed between two air streams. The heat transfer
coefficient on the one side is 28 W/(m? K) and on the other side is 57 W/(m? K). If the
temperature of both streams is suddenly changed from 38°C to 93°C, determine how
long it will take for the copper platetoreach atemperature of 82°C.

GIVEN

e A large copper plate between two air streams whose temperatures suddenly change
e Platethickness (2L) = 2.54 cm = 0.0254 m

e Theheat transfer coefficients are hy = 28 W/(m?K)
*  hea =57 W/I(M?K)
e Air temperature changes from 38°C to 93°C

FIND
e How longit will take for the copper plate to reach atemperature of 82°C
ASSUMPTIONS

e Theinitial temperature of the plate is 38°C
e The plate can be treated as an infinite slab

SKETCH

Air
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PROPERTIESAND CONSTANTS

From Appendix 2, Table 12

For copper Thermal conductivity (k) = 396 W/(m K) at 63°C
Density (p) = 8933 kg/m®
Specific heat (c) = 383 Jkg

SOLUTION
The Biot number for this case, using the larger of the heat transfer coefficients is
he L _ [57W/(m?K)](0.0254/2 m)

k 396W/(mK)

Therefore, the internal resistance of the slab can be neglected (the temperature of the dab remains
uniform) and the temperature-time history can be calculated from an energy balance

Bi = =0.002<<0.1

Changeininternal energy = heat flow from both sides
—cpVdT= ha A (T-T,)dt+ hex A (T-T,)dt
-cpVdT = ( et + Flcz) A(T-T,)dt
Rearranging
daT  _d(T-T) __ (ha +ﬁ°2)dt
Integrating between atemperature of T, at time = 0 to atemperature of T at time =t yields

T-Ty _ (athy)A, _ (hathy) A,
LT, - Tyt crv cr (2LA)

In

Solving thisfor the time

2Llcr In T-Ty

t= - = —
ha +hey  ET, - Tyt

_ 0.0254 m (383J/(kgK))((Ws)/J) (8933kg/m”°) 5, 82C-93C

t
(28 + 57)W/(m?K) £30 C -93 Ct

t= 1645s=27min
COMMENTS
Because heat transfer is occurring at both sides of the slab, the characteristic length in the Biot number

is approximately half of the slab’s thickness. However, since the heat transfer coefficients on the two
surfaces are not equal, the center plane is not equivalent to an insulated surface.

PROBLEM 2.66

A l.4-k% aluminum household iron has a 500 W heating element. The surface area is
0.046 m“. The ambient temperature is 21°C and the surface heat transfer coefficient is
11 W/(m? K). How long after theiron isplugged in will its temperature reach 104°C?

GIVEN
e Anauminum household iron
e Massof theiron (M) =1.4kg
e  Power output (Qz) =500 W
e Surfacearea (A = 0.046 m?
198

© 2011 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



e Theambient temperature (T,,) = 21°C

e The heat transfer coefficient (hc) = 11 W/(m? K)

FIND

e How long after theiron is plugged in will its temperature reach 104°C
ASSUMPTIONS

e Constant heat transfer coefficient
e Themassgiven isfor the heated aluminum portion only

SKETCH

f‘:'\ Aluminum Iron
M=14 kg
BTS00 888088 80—
™~ Heation Element
Q=500WwW

PROPERTIES AND CONSTANTS

From Appendix 2, Table 12

For aluminum
Thermal conductivity (k) = 240 W/(m K) at 127°C
Specific heat (c) = 896 J(kg K)

SOLUTION
To calculate the Biot number for this problem, we must first calculate the characteristic length

M
Volume

_ r_M 1.4kg
Surfacearea A

= =0.0113m
rA  (2702kg/m®)(0.046 m?)

The Biot number is

hel _ [11W/(m? K)](0.0113m)
k 240W/(m K)

Bi = =0.0005<0.1

Therefore, the lumped capacity method may be used. The energy balance for theiron is
Changeininternal energy = heat generation — net heat flow from theiron.

cpVdT= Q- heAc(T-T,)dt

crV cM
cr

Let @= T-T,andm= he A _ h°':/|‘5 _he A
tr

t

Then the heat balance can be written

d_Q+m@—&

dt cM
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Thisis alinear, first order, non-homogeneous differential equation. The solution to the homogeneous
equation is 6, = ¢ ™ and a particular solution is 6, = c. The genera solution is the sum of the
homogeneous and particular solutions

O =c +ce™

Integrating
%—? =—c,me™=-m(O-c,) (From the previous equation)
Substituting this into the heat balance
-m(@-c)+mO = SWG =0 = MQ((:BM

Applying the initial condition, =0 at t = 0 yields
Qe
M cM

—COM=CiM=C=—-C=

Therefore, the temperature-time history of theiron is given by

o= (1-e™

mcM
Solving for t
t =- 1 In 1- Q”?C'V'
m t Q t

T 2 2

oo NeA _ [1IWIM?K)J0046m®) | oy e
cM  [896 J(kg K)](L.4 kg) (Ws)/J)

o 1 inl_(o4c-21 C)(4.034 - 107*s7) (896 1/(kg K)) (W) /J) (L4 kg) o
4034 -10%s® 500 W

t=217s=3.6 min
PROBLEM 2.67

Estimate the depth in moist soil at which the annual temperature variation will be 10%
of that at the surface.

GIVEN
e Moist soil
FIND

e Thedepth in moist soil a which the annual temperature variation will be 10 per cent of that at the
surface

ASSUMPTIONS

e Conduction is one dimensional

e The soil has uniform and constant properties

e Annual temperature variation can be treated as a step change in surface temperature with a6
month response time
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SKETCH

T(x.t)y

PROPERTIESAND CONSTANTS

From Appendix 2, Table 11

For wet soil Thermal conductivity (k) = 2.60 W/(m K) at 20°C
Density (p) = 1500 kg/m®
Thermal diffusivity (c) = 0.0414 x 10™° m?/s

SOLUTION

The geometry of this problem is a semi infinite solid as covered in Section 2.6.3. The transient
temperature for a change in surface temperature is given by Equation (2.105)

Ty = Ts

X
T-T, t2/att
Where T, is the temperature of the soil until the surface temperature is increased to T.. For an annual
temperature variation of less than 10% of that of the surface
T(x, t)-T;= 0.1 (Ts—T;) at t = 6 months
T(x, t) = 0.1T. + 0.9T;
Therefore T(X,t)—=Ts= 01T+ 09T, - T=0.9(T; - Ty

Ton - T
0" s - pgzef 2
T -T, t2att
erf X =09
£2,/[0.0414 - 10"°(m?2s)](0.5 year) (365 (days/ year)) (24 (/day)) (3600(/h)) +
erf X =
£5.110 m#
From Appendix 2, Table 43
erf (1.16) = 0.9
X —
5.110m
X=6m

PROBLEM 2.68

A small aluminum sphere of diameter D, initially at a uniform temperature T, is

immersed in a liquid whose temperature, T, varies sinusoidally according to
To—Tm=Asin(et)

where: T, = time-aver aged temperature of theliquid
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A = amplitude of the temperaturefluctuation
o = frequency of thefluctuations

If the heat transfer coefficient between the fluid in the sphere, Ha, is constant and the

system may be treated as a ‘lumped capacity,” derive an expression for the sphere
temperature as a function of time.

GIVEN

e A smal auminum sphereisimmersed in aliquid whose temperature varies sinusoidally
e Diameter of sphere=D

e Liquid temperature variation: T,,— Ty, =Asin (wt)

e Theheat transfer coefficient = ha (constant)

e The system may be treated as a‘lumped capacity’

FIND
e Anexpression for the sphere temperature as a function of time
ASSUMPTIONS

e Constant thermal conductivity

SKETCH
7,/ ///// R
/
/ / / 7/ //
///// @/// '
/ //////,// 7
/// T~ /m=/Asi/n(a)/t) / //
SOLUTION

Let k = thermal conductivity of sphere
p = density of sphere
¢ = spexific heat of sphere

An energy balance on the sphere yields

Changeininternal energy = heat transfer to liquid

pc‘z—r = ha Ac(T-T.)
‘Z_I - T_Sc—f/% [T-T,-Asin (o]
Letm= hs A = hs p d* = 6hs and O@=T-T,
rev.  rckd® rcD
CL_? +meO=mA:sin(ot)

Thisisafirst order, linear, non-homogeneous differential equation. The general solution is the sum of
the homogeneous solution and a particular solution. The homogeneous solution is determined by the
characteristic equation, found by substituting 6 = € into the homogeneous equation
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L+ met=0 (A ==m)
The homogeneous solution is 6, = Cce™

As aparticular solution, try 6, = K cos (o t) + M sin (e t), substituting 6, and its derivative into the
energy balance

—oKsn(wt)+Mwcos(wt) + mKcos(wt) +m Msin(ot)=mAsn(wt)
(Mo + mK) cos(wt) — (oK —mM) sin (o t) =mAssin (o t)

" Ma)+mK:O:>M:——mK
w

andwoK-mM=-mA; :wK+m—K m=-mA

W
M Aw m?
k= MAW gm= T A

w2 +m w2 +m

Therefore, the general solution is

O=Ce™+ % [(- @ cos(wt) + msin (o t)]
w? +m

Att=0,T=Teand 6= 0, =To—- Ty

m w m w
@O:C_%:C:@o'k%
W= +m W= +m

The dimensionless temperature distribution is

Q _ 1+ mA w ey mA

2 "1 m’r - [((msin(ot)— o cos (wt)]

PROBLEM 2.69

A wire of perimeter P and cross-sectional area A emergesfrom adie at atemperature T
above ambient and with a velocity U. Deter mine the temperature distribution along the
wire in the steady state if the exposed length downstream from the die is quite long.
Stateclearly and try to justify all assumptions.

GIVEN

A wire emerging from a die at atemperature (T) above ambient
Wire perimeter = P

Cross-sectional area= A

Wire emerges at atemperature T above ambient

Wire velocity = U

FIND

e Thetemperature distribution along the wire in the steady state if the exposed length downstream
from the dieis quite long. State clearly and try to justify all assumptions

ASSUMPTIONS

e Ambient temperature is constant at T,
e Heat transfer coefficient between the wire and the air is uniform and constant at h,
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e Thematerial properties of the wire are constant

=  Therma conductivity = k

=  Thermal diffusivity = «

e Axial conduction only

e Wiretemperature is uniform at a cross section (negligible internal thermal resistance)

SKETCH

SOLUTION
Consider acontrol volume around the wire

d ' ! é—»U

Performing an energy balance on the control volume

Conduction into volume + Energy carried into the volume by the moving wire = Conduction out of
volume + Convection to the environment + Energy carried out of the volume by the moving wire.

_kAd_T +UAch(x)=_kAd_T + he PA(T-T,) +UApcT(X+AX)
dx| x x+D X
ar - _dr L€ UIT(x+ DY) - T(x)
— -— -~ X+Dx)-T(X)] =
dxlx dXlx+px - k +hCP (T—Tw)
D x Dx k A
letting Ax — O

Then

2
d_q _ Ed_q_mgzo
¢ a dx

Thisisalinear, differential equation with constant coefficients. The solution has the following form
0 =c, ¥ +¢, e
Substituting this solution and its derivatives into the differential equation:
u
e e +5°¢ €% — = (16,5 +5,C, %) —m(c €% + e ) =0
a
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m|c

522—E S-m=0= cg—— —\/ 4m*
a

1
. Lets = §L§+ *—a’f 4m* andsz—z

S -—5-m=0=¢g= %

2
u |u
=\, = +4m
tz \tat }

The boundary conditions for the problem are

1.6=6, ax=0

2.0 >0 ax—
Applying the first boundary condition

= C1+C
Since, by inspection, s; must be positive, for the second boundary condition to be satisfied, the
constant ¢; must be zero. Therefore, the temperature distribution in the wireis

0= 6, e
or
- QX( u )2 )ﬂ
T=To+ (To-T) exp g (L) +am),
PROBLEM 2.70

Ball bearings are to be hardened by quenching them in a water bath at a temper ature of
37°C. Suppose you are asked to devise a continuous process in which the balls could roll
from a soaking oven at a uniform temperature of 870°C into the water, where they are
carried away by a rubber conveyer belt. The rubber conveyor belt would, however, not
be satisfactory if the surface temperature of the balls leaving the water is above 90°C. If
the surface coefficient of heat transfer between the balls and the water may be assumed
to be equal to 590 W/(m? K), (a) find an approximate relation giving the minimum
allowable cooling time in the water as a function of the ball radius for ballsup to 1.0-cm
in diameter, (b) calculate the cooling time, in seconds, required for a ball having a 2.5-cm
diameter, and (c) calculate the total amount of heat in watts which would have to be
removed from the water bath in order to maintain its temperature uniform if 100,000
balls of 2.5-cm diameter areto be quenched per hour.

GIVEN

Ball bearings quenched in awater bath

Water bath temperature (T,) = 37°C

Initial temperature of the balls (T,) = 870°C

Final surface temperature of the balls (Ty) = 90°C

e Heat transfer coefficie (hc) = 590 W/(m? K)

FIND

(8) An approximate relation giving the minimum allowable cooling time in the water as a function of
the ball radius for balls upto 1.0 cm in diameter

(b) The cooling time, in seconds, required for aball having a 2.5 cm diameter

(c) Thetotal amount of heat in watts which would have to be removed from the water bath in order to
maintain its temperature uniform if 100,000 balls of 2.5 cm diameter are to be quenched per hour

ASSUMPTIONS
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e Theball bearings are 1% carbon steel

SKETCH
. “Bnall t
o To go (o3 5 _\ ovemen s
Oven N T.=37C /
O "0 0O
Water Bath

PROPERTIESAND CONSTANTS

From Appendix 2, Table 10

For 1% carbon steel Thermal conductivity (k) = 43 W/(m K)
Density (p) = 7.801 kg/m®
Specific heat (c) = 473 J(kg K)
Thermal diffusivity (¢) = 1.172 x 10> m?/s

SOLUTION
(@) For 1.0 cm diameter balls

her, _ [590W/(m? K)] (0.005m)
k 43W/(MmK)

Bi = =0.07<01

Therefore, a lumped capacity method can be used for balls less than 1 cm in diameter. The time
temperature history of the ball is given by Equation 2.84

h4pr02t
h A a1 3h
- t Zord - t
T_T¥ = e crv. _ e cr3pr0 = Tk

TO - T¥
Solving for the minimum cooling time

cr r°|n T-Ty

t=-
3h LT, -Tyt

_ [473J3(kg K)](Ws/d) (7801 (kg/m®)) r, 5, 90C-37¢C

t= .
3(590W/(m? K)) £870°C - 37 Ct

=5743r,9m

(b) For balls having adiameter of 2.5 cm
S [590W/(m? K)](0.0125 m)
k 43W/(mK)

Therefore, the internal resistance is significant and a chart solution will be used. From Figure 2.39 for
1/B;=5.8andr =r,

=0.172>0.1

For afinal surface temperature (T (r,, t)) of 90°C

1 1
TO, ) = To+ —= (T(ro, 1) = T,,)) =37°C = —— (90°C - 37°C) = 94.6°C
O9=T.+ 5o (Ta)-T.) ~o5 ( )

206

© 2011 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



Toi-Ty _ 946C-37C

= = 0.069
T,-T, 870C-37C

From Figure 2.39, for (T, t—T.) / (T — T.) = 0.069 and 1/Bi = 5.3: Fo=5.3 = a t/r,’

For? _ 53(0.0125m)? R

t= - 5/ 2 -
a 1.172 - 10°(m“/9)

(c) Figure 2.39 can be used to calculate the heat transferred from one ball during the cooling time:
(Bi)> Fo = (0.172)? (5.3) - 0.157

From Figure 2.39 Q(t)/Q; = 0.93
From Table 2.3

Q=p cg 7t (To—T,) = [7801(kg/m®)](473(Jkg K))g 7(0.0125 m)®(870°C — 37°C) = 25,150 J

- Q) = 0.93Q;=0.93 (25,159 J) = 23,390 J
The amount of heat needed to quench 100,000 balls per hour is

[100,000(1/ h)](23,390J)

- (Ballshr) (Energy/ball) =
9= ( r) (Energy/ball) 3600(sh)

= 650,000 W

PROBLEM 2.71

Estimate the time required to heat the center of a 1.5-kg roast in a 163°C over to 77°C.
State your assumptions car efully and compare your results with cooking instructionsin
a standard cookbook.

GIVEN

A roast in an oven

Mass of theroast (m) = 1.5 kg

Oven temperature (T,,) = 163°C

Final temperature of the roast’s center (Ty) = 77°C

FIND
e Thetime required to heat the roast
ASSUMPTIONS

The shape of the roast can be approximated by a sphere

The roast temperature isinitially uniform at (T,) = 20°C

The properties of the roast are approximately those of water

Thermal conductivity (k) = 0.5 W/(m K)

Density (p) = 1000 kg/m®

= Specific heat = 4000 J/(kg K)

e A uniform heat transfer coefficient of (hc) = 18 W/(m? K) exists between the roast and the oven
air (midline of the range for free convection givenin Table 1.4.)

SKETCH
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Oven T..=163°C

SOLUTION
With the assumptions listed above, the radius of the spherical roast is given by
1 1
veModoranys 3M e, SWSKY) 3 g4
r 3 taprt £ 4p (1000 (kg/m®))+

Figure 2.39 can be used to find the Fourier number. To use Figure 2.39, the following parameters
(which are listed in Table 2.3) are needed

2
he fo _ [I8W/M*KOO71M) _,op 1 _ oo
k 0.5W/(mK) Bi

qOt) _ T-T, _77C-163C

Bi =

= =0.60
do T, - Ty 20C-163C

From Figure 2.39 Fo=0.2
From Table 2.3 Fo = at/ry’
Solving for the time

(= r?Fo _ r?Forc

a k
(= (0.071m)*(0.2) (1000-kgym®) (4000J/(kg K))
0.5W/mK (JWs)

t = 8065 s= 134 min
The Better Homes and Gardens Cookbook recommends cooking a Standing Rib Roast with the oven
set at 325°F (163°C) for 27-30 minutes per pound to achieve a center temperature of 170°F (77°C)
which is considered well done.
This calculation yielded 134 minutes for 1.5 kg (3.3 Ibs) or 40 minutes per pound. The discrepancy is
probably due to inaccuracies in the assumed properties of the roast.

PROBLEM 2.72

A dainless sted cylindrical billet [k = 14.4 W/(m K), & = 3.9 - 10°m?s] is heated to 593°C
preparatory to a forming process. If the minimum temperature permissible for forming is
482°C, how long may the billet be exposed to air at 38°C if the average heat transfer coefficient
is85W/(m?K)? The shapeof the billet isshown in the sketch.

GIVEN

o A stainless steel cylindrical billet exposed to air
e Thermal conductivity (k) = 14.4 W/(m K)

e Thermal diffusivity (c) = 3.9 x 10°m?s

e Initial temperature (T,) = 593°C
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e  The minimum temperature permissible for forming is 482°C
e Air temperature (T,) = 38°C

e Average heat transfer coefficient (hc) = 85 W/(m* K)
FIND

¢ How long may the billet be exposed to the air?
ASSUMPTIONS

o End effects are negligible

e Constant heat transfer coefficient

e Conduction in theradial direction only

e Uniform thermal properties

SKETCH

Too =38°C 10 ¢m Initial
Temperature
To = 593°C
I 200 cm |
SOLUTION

The Biot number is calculated to determine if internal resistance is significant

_ her, _ [85W/(m?K)](0.05m)
 k 144WI/(mK)

Bi =03>01

Therefore, internal resistance is important, and a chart solution is used.

The chart for this geometry is Figure 2.38. The approach will be asfollows:

1. Usethe Biot number and the minimum surface temperature given to find (T — To)/(To — T.)
from Figure 2.38.

2. Apply (Tor— T )/(To— T.) and the Biot number to Figure 2.38 to find the Fourier number.
3. Usethe Fourier number to find the time it takes for the surface to cool to the given minimum

surface temperature.
1. FromFigure2.38, forr =rq (r/ro = 1.0) and 1/Bi = 3.33
T0oH =Ty _ gg7
TO - T¥

The surface temperature must not fall below 482°C
T(r,,t)-Ty _ 482C-38C

= =0.80
T, - Ty 593°C-30 C
Combining these results
T ) - Ty
TOLH-T, _t T,-T, + _ 080 _
= = =0.92
TO - T¥ T (ro !t) - T¥ 0.87
LTOL)-Ty 4
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2. From Figure 2.38, for 1/Bi = 3.33 and (T(0, t) — Too)/(To — Tgo) = 0.92

Fo= 21 =02
r‘O

3. Solving for the time

. For? _ 0.2(0.05m)?

= 5 > =128s=2.1min
a 3.9-107°(m"/s)

PROBLEM 2.73

In the vulcanization of tires, the carcass is placed into a jig, and steam at 149°C is
admitted suddenly to both sides. If the tire thicknessis 2.5 cm, the initial temperatureis
21°C, the heat transfer coefficient between the tire and the steam is 150 W/(m? K), and
the specific heat of the rubber is 1650 J/(kg K), estimate the time required for the center
of the rubber to reach 132°C.

GIVEN

e Tiresuddenly exposed to steam on both sides

e  Steam temperature (T,) = 149°C

e Tirethickness(2L) =2.5cm=0.025m

e |nitial tire temperature (T,) = 21°C

e Theheat transfer coefficient (hc) = 150 W/(m? K)

e The specific heat of the rubber (c) = 165 J(kg K)
FIND

e Thetimerequired for the central layer to reach 132°C
ASSUMPTIONS

e Shape effects are negligible, tire can be treated as an infinite plate
SKETCH

—e— 2L =2.5cm

Steam Steam
T..=149°C T.=149°C
~— Tire Rubber.

PROPERTIESAND CONSTANTS

From Appendix 2, Table 11

For bana rubber
Thermal conductivity (k) = 0.465 W/(m K) at 20°C
Density (p) = 1250 g/m®

SOLUTION
The significance of the internal resistance is determined from the Biot number
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2 0.025
) [150W/(m K)]L > my

he L
K 0.465W/(mK)

Bi = =4.0>>01

Therefore, the internal resistance is significant and a chart solution will be used. Figure 2.37 contains
the charts for this geometry.

The time required can be calculated from the Fourier number which can be found from
Figure 2.37. The centerline at time t must be 132°C, therefore

TOY-T, _132C-149C _ .,
T,-Ty 21C-149C

From Figure 2.37, for (T(0, t) — T))/(T, — T) = 0.13 and 1/Bi = 0.25

Solving for the time

rcl?Fo _ [1250(kg/m®)](1650 J/(kg K))((W)/J)(0.025/2 m)? (1.3)
k 0.465W/(mK)

t=900s=15min

t=

PROBLEM 2.74

A long copper cylinder 0.6 m in diameter and initially at a uniform temperatur e of 38°C
is placed in a water bath at 93°C. Assuming that the heat transfer coefficient between
the copper and the water is 1248 W/(m? K), calculate the time required to heat the
center of the cylinder to 66°C. As a first approximation, neglect the temperature
gradient within the cylinder r/h, then repeat your calculation without this simplifying
assumption and compar e your results.

GIVEN

A long copper cylinder is placed in awater bath
Diameter of cylinder (D) =0.6 m

Initial temperature (T,) = 38°C

Water bath temperature (T,,) = 93°C

e The heat transfer coefficient (hc) = 1248 W/(m?® K)

FIND

Calculate the time required to heat the center of the cylinder to 66°C assuming
(@) Negligible temperature gradient within the cylinder

(b) Without this simplification, then

(c) Compare your results

ASSUMPTIONS

¢ Neglect end effects
e Radia conduction only

SKETCH
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Copper Cylinder

Water Bath T..=93°C

PROPERTIESAND CONSTANTS
From Appendix 2, Table 12

For copper
Thermal conductivity (k) = 396 W/(m K) at 63°C
Density (p) = 8933 kg/m®
Specific heat (c) = 383 J/(kg K)
Thermal diffusivity («) = 1.166 x 10~ m’/s
SOLUTION

(a) For anegligible temperature gradient within the cylinder, the temperature-time history is given by
Equation (2.84)

_Ecpg _ FlchL t _ 4F|Ct
T-Ty _ e OV - g CriDL _ oD
T0 _T¥
Solving for the time
crD T-T
t= - In X

ah, LT, - Tyt

.= [383U(kg K)](W /) (8933(kg/m®)) (0.6 m) |, 66°C-93°C
4(1248 Wi(m? K)) £38°C - 93°Ct

t= 293 sec=4.9min

(b) The chart method can be used to take the temperature gradient within the cylinder into account.
Figure 2.38 contains the charts for along cylinder.

her, _ [1248 W/(M?K)](0.3m) _ 05— L =11
k 396 W/(m K) ' Bi

Bi =

TOt)-T, _ 66°C-93°C
= = 0.49
T, -T,  L38°C-93°Ct

From Figure 2.38, for 1/Bi = 1.1 and T(0, t) — T.,)/(T, — T) = 0.49

Fo= 21 =05

o

Solving for the time
Fory _  05(0.3m)°

a 1.166 - 10*m?/s
(c) The lumped capacity method () underestimates the required time by 24%.

t= =386 s=6.4min

COMMENTS
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Since the Biot number is of the order of magnitude of unity, we could not expect that the lumped
capacity assumption isvalid.

PROBLEM 2.75

A steel spherewith adiameter of 7.6 cm isto be hardened by first heating it to a uniform
temperature of 870°C and then quenching it in a large bath of water at a temperature of
38°C. Thefollowing data apply

surface heat transfer coefficient h =590 W/(m? K)

thermal conductivity of steel =43 W/(m K)

specific heat of steel = 628 J/(kg K)

density of steel = 7840 kg/m®
Calculate: (a) time elapsed in cooling the surface of the sphere to 204°C and (b) time
elapsed in cooling the center of the sphereto 204°C.

GIVEN

e A steel sphereisquenched in alarge water bath

e Diameter (D) =7.6cm=0.076 m

e [nitial uniform temperature (T,) = 870°C

e Water temperature (T,) = 38°C

e Surface heat transfer coefficient (h) = 590 W/(m? K)
e Thermal conductivity of steel (k) = 43 W/(m K)

e Specific heat of stedl (c) =628 J(kg K)

e Density of steel (p) = 7840 kg/m®

FIND

(@) Time elapsed in cooling the surface of the sphere to 204°C
(b) Time elapsed in cooling the center of the sphereto 204°C

ASSUMPTIONS

e Constant water bath temperature, thermal properties, and transfer coefficient
SKETCH

Steel
D=76cm

Water T,=38°C

SOLUTION

The importance of the internal resistance can be determined from the Biot number
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0.076

[590 W/(m? K)],
- A3WI(mK)

her, My

=052>01

Therefore, the internal resistance is significant and a chart solution will be used.
Figure 2.39 contains the charts for this geometry.
(@) From Figure2.39, forr =r,and /Bi = 1.9:

T(ry,t) =T,

% =078
T(0,t) - Ty,

Solving for the center temperature
T(O,t) =T, +1.28 (T(r,, t) — T,.) = 38°C + 1.28(204°C — 38°C) = 251°C

_TOY-T, _ 251C-38C _ .
T, -Ty 870C-38C

From Figure 2.39 for (T(0, t) - T,)/(To— T.) = 0.26, 1/Bi = 1.9

Fo= 21 = LZ =0.8
[ rcr;
Solving for the time
2
Forcr? 0.8(7840kg/m?®)(628J/(kg K)) L&;ﬁ m, _
= 0 = 5 =132s=2.2min
k 43W/(m-K)
(For the surface temperature to reach 204°C)
(b) For acenter temperature of 204°C
TOt)-Ty _ 204C-38C — 020
T, -Ty g70Cc-38C
From Figure 2.39 for (T(0, t) - T,.)/(T, — T,) = 0.2, 1/Bi = 1.9: Fo = 1.1, therefore
2
1.1(7840kg/m?) (628 J/(kg K)) L@m,‘
t= 2 =182s=3.0min

43W/(m? K)
(For the center temperature to reach 204°C)
PROBLEM 2.76

A 2.5-cm-thick sheet of plastic initially at 21°C is placed between two heated stedl plates
that are maintained at 138°C. The plastic is to be heated just long enough for its
midplane temperature to reach 132°C. If the thermal conductivity of the plastic is
1.1 - 10 W/(m K), the thermal diffusivity is 2.7 - 10°m?%s, and the thermal resistance
at the interface between the plates and the plastic is negligible, calculate: (a) the
required heating time, (b the temperature at a plane 0.6 cm from the steel plate at the
moment the heating is discontinued, and (c) the time required for the plastic to reach a
temperature of 132°C 0.6 cm from the stedl plate.

GIVEN
e A sheet of plastic is placed between two heated steel plates
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Sheet thickness (2L) =2.5cm = 0.025m

Initial temperature (T,) = 21°C

Temperature of steel plates (Ts) = 138°C

Heat until midplane temperature of sheet (T.) = 132°C

The thermal conductivity of the plastic (k) = 1.1 x 107 W/(m K)

The thermal diffusivity (o) = 2.7 x 10°m?/s

The thermal resistance at the interface between the plates and the plastic is negligible

FIND

(@) Therequired heating time
(b) Thetemperature at a plane 0.6 cm from the steel plate at the moment the heating is discontinued
(c) Thetime required for the plastic to reach a temperature of 13°C 0.6 cm from the steel.

ASSUMPTIONS

e Theinitial temperature of the sheet is uniform
e Thetemperature of the steel platesis constant
e Thethermal conductivity of the sheet is constant

SKETCH
L Plastic, T, =21°C
i e Steel
Steel L. = 138°
T,=138°C P Ts=138°C
H
SOLUTION

The chart solutions apply to convective boundary conditions but can be applied to this problem by
letting h, — . Therefore, 1/Bi = 0.

(@ To find the time required to heat the midplane from 21°C to 132°C, first calculate the coordinate
of Figure 2.37

TOt)-T, _132C-138C

=0.0513
T, -Ty 21 C-138C
From Figure 2.37
Fo = arzt =13
Solving for the time:
2
0.025
P2 oM

t =75seC

a 27 - 10°°m?/s
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(b) At 0.6 cm from the steel plate

x =L~ 0,006 m = 0.0125 m — 0,006 m = 0.0065 m = = = X000

=—— =052
L 0.0125m

From Figure 2.37

T(0.0065m,t) - T
TO1) - Ty

=0.70

T(0.0065m, t) =0.7 (T(0, t) - T,,) + T, = 0.7 (132°C - 138°C) + 138°C = 133.8°C
() When the temperature 0.6 cm from the steel plate is 132°C, the center temperature

TO,t) =T, + % (T(0.0065 m, t) — T,,) = 138°C + % (132°C - 130°C) = 129.4°C

CT(O,t)-T, _ 129.4°C-138°C
T, -Ty 21°C-138°C

=0.0733

From Figure 2.37

0025 2
Foz2 15— M
t= = 5 3 =67 sec
a 27 -107°m"/s

PROBLEM 2.77

A monster turnip (assumed spherical) weighing in at 0.45 kg is dropped into a cauldron
of water boiling at atmospheric pressure. If theinitial temperature of the turnip is 17°C,
how long doesiit take to reach 92°C at the center ? Assume that

h, = 1700 W/(m?K) ¢r = 3900 J/(kg K)

k =0.52 W/(m K) p = 1040 kg/m®
GIVEN

A turnip is dropped into boiling water
Mass of turnip (M) = 0.45 kg

Water is boiling at atmospheric pressure
Initial temperature of the turnip (T,) = 17°C

FIND
e Time needed to reach 92°C at the center
ASSUMPTIONS

Heat transfer coefficient (hy) = 1700 W/(m? K)

Specific heat (cp) = 3900 J/(kg K)

Thermal conductivity (k) = 0.52 W/(m K)

Density (p) = 1040 kg/m®

The specific heat of the turnip is constant

Altitude is sealevel, therefore, temperature of boiling water (T,,) = 100°C
One dimensional conduction in the radial direction

SKETCH
216
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SOLUTION
The radius of the turnip is given by
1 1
2 3
Volume = 2 o= M ro= M = 3(045kg) -1 =0.047m
3 r t4pri L4pi1040kg/m i+
The Biot number is
. 2
Bi = h.r, _ [1700 W/(m* K)] (0.047 m) _ 153501

k 0.52W/(mK)

Therefore, internal resistance is significant and the chart method will be used.

TOt)-T, _ 92°C-100°C
T,-Ty 17°C -100°C

=0.096

From Figure 2.39, (T(0, t) - T.,))/(T, — T,) = 0.096 and 1/Bi = 0.0065

Solving for the time

_ Forcr? _ 0.25(1040 kg/m?)(3900 J(kg K)) (0.047 m)?
ok 0.52 W/(m? K)

t =4307 s=72min=1.2 hours

PROBLEM 2.78

An egg, which for the purposes of this problem can be assumed to be a 5-cm-diameter
sphere having the thermal properties of water, isinitially at a temperature of 4°C. It is
immersed in boiling water at 100°C for 15 min. The heat transfer coefficient from the
water to the egg may be assumed to be 1700 W/(m? K). What is the temperature of the
egg center at the end of the cooking period?

GIVEN

e Aneggisimmersed in boiling water

e [nitial temperature (T,) = 4°C

o Temperature of boiling water (T,) = 100°C

o Timethat the egg isin the water (t) = 15 min. =900 s
e Theheat transfer coefficient (h) = 1700 W/(m? K)

FIND

The temperature of the egg center at the end of the cooking period

ASSUMPTIONS

The egg is a sphere of diameter (D) =5cm=0.05m
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e Theegg hasthe thermal properties of water (From Appendix 2, Table 13)
Thermal conductivity (k) = 0.682 W/(m K)

Density (p) = 958.4 kg/m®
Specific Heat (c) = 4211 J/(kg K)
SKETCH

Boiling water

SOLUTION
The Biot number for the egg is

hero  [1700 W/(m? K)] (0.025m)
kK 0.682 W /(mK)

Bi = =623>0.1

Therefore, the internal resistance is significant. Figure 2.39 can be used to solve the problem. The
Fourier number at t = 900 sis

at kt 0.682 W/(m K) (900s)

2 rorl  [4211(kg K)] (W 9)/9)(958.4 kg/m?)

(0]

=024

From Figure 2.39 for Fo = 0.24 and 1/Bi = 0.016

T(Ot) -Ty
T(Ot)-Ty

T(0, t) =90.4°C

=0.10 = T(0, t) = T, + 0.1(T, - T..) = 100°C + 0.1 (4°C - 100°C)

PROBLEM 2.79

A long wooden rod at 38°C with a 2.5 cm diameter is placed into an airstream at 600°C.
The heat transfer coefficient between the rod and air is 28.4 W/(m? K). If the ignition
temperature of the wood is 427°C, p = 800 kg/m®, k = 0.173 W/(m K), and ¢ = 2500 J/(kg K),
deter mine the time between initial exposure and ignition of the wood.

GIVEN

A long wooden rod is placed into an airstream
Rod outside diameter (D) =2.5cm=0.025m
Initial temperature of therod (T,) = 38°C
Temperature of the airstream (T,,) = 816°C

The heat transfer coefficient (ho) = 28.4 W/(m? K)
The ignition temperature of the wood (T,) = 427°C
Density of the rod (p) = 800 kg/m®

Thermal conductivity (k) = 0.173 W/(m K)
Specific heat (c) = 2500 J/(kg K)

FIND

e Thetime between initial exposure and ignition of the wood
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SKETCH

- D=25¢cm
Air l
T..=816°C > G T )
—_—

SOLUTION
The Biot number for therod is

Ry, [284 W/(m? K)] L% m,
Biz_—0= 2 =205>01
2K 0.173W/(m K)
1 049
|

Therefore, the internal thermal resistance of the rod is significant and the chart solution of Figure 2.38
will be used. From Figure 2.38 for r/r, = 1.0 and 1/Bi = 0.49

T(r01t) _T¥
T(O) -Ty

=0.52
Solving for the difference between the center and ambient temperatures
1
TO, ) -T, = — (T(ro, ) = T,
0. 1) o5z (o =)
When the surface temperature of the rod is 427°C

TO, 1) - T,

1 (427°C - 600°C) = - 333°C
0.52

_ _ 0
CTOH-Ty | -BPC g
T,-Ty 38°C - 600°C

From Figure 2.38 for (T(0, t) — T,)/(To— T.) = 0.59 and 1/Bi = 0.49

Fo=21 =02
r.O

Solving for the time

0.025 2

F 2 b t .
= orcr, = 5 2 =361 sec = 6.0 min
a k 0.173W/(m~ K)

2 0.2(800 kg/m?® ) (2500 J(kg K))
o

t=

PROBLEM 2.80

In the inspection of a sample of meat intended for human consumption, it was found
that certain undesirable organisms were present. In order to make the meat safe for
consumption, it is ordered that the meat be kept at a temperature of at least 121°C for a
period of at least 20 min during the preparation. Assume that a 2.5-cm.-thick dab of this
meat is originally at a uniform temperature of 27°C; that it is to be heated from both
sides in a constant temperature oven; and that the maximum temperature meat can
withstand is 154°C. Assume furthermore that the surface coefficient of heat transfer
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remains constant and is 10 W/(m? K). The following data may be taken for the sample of
meat: specific heat = 4184 J/(kg K); density = 1280 kg/m> thermal conductivity = 0.48
W/(m K). Calculate the oven temperature and the minimum total time of heating
required to fulfill the safety regulation.

GIVEN

e A dabof meat is heated in constant temperature over

Meat be kept at atemperature of at least 121°C for a period of at least 20 min during the
preparation

Slab thickness (2L) = 2.5 cm =0.025m

Initial uniform temperature (T,) = 27°C

The maximum temperature meat can withstand is 154°C

Specific heat (c) = 4184 J/(kg K)

Density (p) = 1280 kg/m®

Thermal conductivity (k) = 0.48 W/(m K)

FIND
e Theminimum total time of heating required to fulfill the safety regulation
ASSUMPTIONS

e The surface heat transfer coefficient (i, )= 10 W/(m K)

e Edge effects are negligible
e Onedimensional conduction

SKETCH

/2% Meat

Oven T,

SOLUTION
The Biot number for the meat is

L [10 W/(m? K)] L%ZZ‘E’ m
Bi = = =0.26>0.1
k 0.48W/(m K)

Therefore, the internal resistance is significant and the transient conduction charts will be used to find
asolution.

The highest temperature will occur at the surface of the meat while the lowest will occur at the center
of the meat. Therefore, the maximum possible oven temperature (T,,) can be obtained from Figure
2.37for 1/Bi =3.8; X=L
T(Lt)-Ty
T(O,t) - Ty

=0.88

_ o _ o
T = 088(T(ON -Ty) _ 088(121°C-154°C) _ ..
09-1.0 -0.1
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The actual oven temperature must be less than this so the center temperature can remain above 121°C
without the surface temperature exceeding 154°C. The oven temperature and cooking time must be

found by iterating the steps below
1. Pick an oven temperature.

2. UseFigure 2.37 to find the Fourier number which determines the time required for the center

temperature to reach 121°C.
3. Add 20 min to the time and calculate a new Fourier number.

4. Usethe new Fourier number and Figure 2.37 to find the center temperature at the end of the

cooking period.

5. Use (T(ro, t) — T.)/(T(O, 2t) — T.,) = 0.9 to find the surface temperature at the end of the

cooking period.
1. Forthefirst iteration, let the oven temperature (T.,) = 300°C.
T(Ot)-T, _ 121°C
T,-T,  27°C
From Figure 2.37

2. = 0.656

Solving for the time for the center to reach 121°C:

(= Fo rcl? _ 1.7(4187kg/m®)(1280J(kg K))(0.0125m)?

k 0.48 W/(m? K)

3. After 20 min (1200s) cooking time: t = 4163, F, = 2.4.
4. From Figure2.37 for F, =24, 1/Bi = 3.8

T(0,) - Ty
T, - Ty

=0.55

= 2963 sec

T(0,t) = T,, + 0.55 (To — T,,) = 300°C + 0.55 (27°C — 300°C) = 150°C

T(Lt)-Ty - 09
TOYH-T,

T(L, t) =T, + 0.9 (T(0, t) - T,.) = 300°C + 0.9 (150°C — 300°C) = 165°C

Therefore, an oven temperature of 300°C is too high. The following iterations were performed using

the same procedure
. T(O,1) - Ty
Oven Timeto Fo for — T, T,
Ty - Ty
Temperature Fo Reach 121°C 20 min (°C) (°C)
300°C 17 2963 s 24 0.55 150 165
200°C 3.2 5578 < 3.9 0.37 136 142
150°C 24 4182 < 31 0.48 143 156

Therefore, the oven temperature should be set at 250°C and the meat should be heated for a total of

4184 s+ 1200 s= 5384 s= 90 min.
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PROBLEM 2.81

A frozen-food company freezes its spinach by first compressing it into large slabs and
then exposing the slab of spinach to a low-temperature cooling medium. The large slab
of compressed spinach isinitially at a uniform temperature of 21°C; it must be reduced
to an average temperature over the entire slab of —-34°C. Thetemperature at any part of
the dlab, however, must never drop below -51°C. The cooling medium which passes
across both sides of the dlab is at a constant temperature of -90°C. The following data
may be used for the spinach: density = 80 kg/m? thermal conductivity = 0.87 W/(m K);
specific heat = 2100 J/(kg K). Present a detailed analysis outlining a method estimate the
maximum thickness of the dab of spinach that can be safely cooled in 60 min.

GIVEN

Large slabs of spinach are exposed to a low-temperature cooling medium
Initial uniform temperature (T,) = 21°C

Average temperature must be reduced to —34°C

The temperature at any part must never drop below -51°C

Cooling medium temperature (T,,) = -90°C

Density of spinach (p) = 80 kg/m®

Thermal conductivity (k) = 0.87 W/(m K)

Specific heat (c) = 2100 J(kg K)

FIND

e Present adetailed anaysis outlining a method to estimate the maximum thickness of the slab of
spinach that can be safely cooled in 60 min

ASSUMPTIONS

¢ Onedimensional conduction through the slab
e Constant and uniform thermal properties
e The average temperature within the slab is equal to the average of the center and surface

temperatures
SKETCH
— > Coolin
Medium T =-90°C
/
/ 2L Spinach
SOLUTION

For a final average temperature in the slab of —34°C, and a fina surface temperature of -51°C, the
final center temperature must be

T(O,t) =2 Tave— T(L, t) = 2(- 34°C) + 51°C=-17°C
Figure 2.37 can be used to find the Biot number for the spinach dab

T(LY-Ty _ -51°C-(-90°C) _ .,
TOt)-Ty -17°C-(-90°C)

222

© 2011 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



From Figure 2.37 1/Bi = 0.6.
Figure 2.37 can be used to find the Fourier number

TOY-Ty _ -17°C-(-90°C) _

T, -Ty -21°C - (-90°C)
From Figure 2.37 F,=0.4
re  rcL
Solving for L
0.5
Lokt %% [0.87WI(m K)](J(W 5))(60 min) (60/min) 02om
LForct 4 0.4(80kg/m?) (2100 J(kg K)) t '

The thickness of the dab of spinach that can be cooled in 60 minutesis 2L = 0.44 m = 44 cm.
The heat transfer coefficient needed to achieve this cooling can be calculated from the Biot number

Bi :%jazakziml(rr:m =67W/(m2K)

COMMENTS

The heat transfer coefficients is on the low side of the range for free convection in air
(seeTable 1.2).

Note that if the heat transfer coefficient is greater than 6.7 W/(m?K), the surface temperature of the
spinach will drop below —51°C before the average temperature is lowered to —34°C.

PROBLEM 2.82

In the experimental determination of the hat transfer coefficient between a heated steel
ball and crushed mineral solids, a series of 1.5% carbon steel balls were heated to a
temperature of 700°C and the center temperature-time history of each was measured
with a thermocouple while it was cooling in a bed of crushed iron ore, which was placed
in asted drum rotating horizontally at about 30 rpm. For a 5-cm-diameter ball, thetime
required for the temperatur e difference between the ball center and the surrounding ore
to decrease from 500°C initially to 250°C was found to be 64, 67, and 72 s, respectively,
in three different test runs. Deter mine the average heat transfer coefficient between the
ball and the ore. Comparethe results obtained by assuming the thermal conductivity to
be infinite with those obtained by taking the internal thermal resistance of the ball into
account.

GIVEN

Heat steel balls are put in crushed iron ore
Balls are 1.5% carbon stedl balls

Initial temperature of balls (T,) = 700°C
Ball diameter =5cm=0.05m

e Temperature difference between the ball center and the ore
e Center temperature of the balls decreases from 500°C to 250°C
e Timetaken wasfound to be 64, 67, and 72 s, respectively, in three different test runs
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FIND

The average heat transfer coefficient between the ball and the ore.
Compare the results obtained

(@) by assuming the thermal conductivity to be infinite with
(b) those obtained by taking the internal thermal resistance of the ball into account

ASSUMPTIONS

e Temperature of theiron oreis uniform and constant

SKETCH

Thermocouple

Steel

Ball Drum
D=5cm

w =30 RPM

Crushed

Iron Ore

PROPERTIES AND CONSTANTS

From Appendix 2, Table 10

For 1.5% carbon steel Thermal conductivity (k) = 36 W/(m K)
Density (p) = 7753 kg/m’
Specific heat (c) = 486 J(kg K)
Thermal diffusivity («) = 0.97 x 107° m?/s

SOLUTION

(@) Assuming the internal resistance of the ballsis negligible. The temperature-time history is given
by Equation (2.84)

T-Ty e oV — g 5D’ _ JcrD
T, -Ty

Solving for the heat transfer coefficient

hA, - heD’ 6h,

T-T
h = P ¥
6t LT, Tyt

_ [486 I(kg K)] ((Ws) 13)(7753kg/m®)(0.05 m) o 250°C 21,765

e n = Ws/(m? K)
6t £ 500°C + t
For thethreetest runs;  t=64s—> he = 340 W/(m? K)
t=67s—> he = 325 W/(m? K)
t=72s> he = 302 W/(m? K)

The average heat transfer coefficient is 322 W/(m? K)
(b) The chart method will be used to take the internal thermal resistance into account. Figure 2.39 can
be used to determine the Biot number for the balls
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TOt)-T, _ 250°C _

T,-Ty 500°C

at _ 0.97-107°m?/s(t)

Fo

r2 (0.025m)?
For thethreetestruns. t=64s— Fo=0.99
t=67s— Fo=1.04
t=72s—> Fo=1.12

Figure 2.39 is not detailed enough to distinguish between the first two test runs

For thefirst two runs. F,= 1.0 —» 1/Bi =4.0Bi = 0.25
For thethird run: F, = 1.1 — 1/Bi = 4.2 Bi = 0.238

The average Bi number = [2(0.250) = 0.263]/3 = 0.246 = (h, r)/k
Solving for the transfer coefficient

_ Bik _ 0.246(36W/(mK))

h
‘o, 0.025m

=354 W/(m? K)

Neglecting the internal resistance resulted in a calculated heat transfer coefficient 9% lower than using
the chart method.

PROBLEM 2.83

A mild-steel cylindrical billet, 25-cm in diameter, is to be raised to a minimum
temperature of 760°C by passing it through a 6-m long strip type furnace. If the furnace
gasesare at 1538°C and the overall heat transfer coefficient on the outside of thebillet is
68 W/(m? K), determine the maximum speed at which a continuous billet entering at
204°C can travel through the furnace.

GIVEN

A mild-steel cylindrical billet is passed through afurnace
Diameter of billet=25cm=0.25m

Billet isto be raised to a minimum temperature of 760°C
Length of furnace=6 m

Temperature of furnace gases (T,) = 1538°C

The overall heat transfer coefficient (h,) = 68 W/(m” K)
Initial temperature of billet (T,) = 204°C

FIND

The maximum speed at which a continuous billet can travel through the furnace

ASSUMPTIONS

The heat transfer coefficient is constant
Billet is 1% carbon stedl
Radial conduction only in the billet, neglect axial conduction

SKETCH
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/ﬁ 15(\38"0\

T, =204°C
l \ I I I T(0, t) = 760°C
& d—»v
D=25cm I I I
Furnace
PROPERTIESAND CONSTANTS
From Appendix 2, Table 10
For 1% carbon steel Thermal conductivity (k) = 43 W/(m K)
Thermal diffusivity (o) = 1.172 x 10~ m’/s
SOLUTION
The Biot number for the billet is
i 2
Bi = hry _ [68 W/(m~ K)](0.125m) - 0198 > 0.1
K 43 W/(m K)

Therefore, internal resistance is significant and we cannot use the lumped parameter method, a chart
solution must be used.

The billet must obtain a centerline temperature of 760°C, therefore
T(O,t)-Ty _ 760°C-1538°C
T -Ty 204°C-1538°C

=0.583

The Fourier number from Figure 2.38 for 1/Bi = 1/0.198 and (T(0, t) — T..)/(T, — T.,) = 0.583 is

a_; =14
o

Fo

Solving for the time

2 2
‘= For, _ 1.4(0.121?_)m)2 — 1866 <
a 1.172-10°m“/s

The maximum speed of the hillet is

_ Lengthof furnace _ 6m

- = =0.0032 m/s
time needed 1866s

PROBLEM 2.84
A solid lead cylinder 0.6-m in diameter and 0.6-m long, initially at a uniform
temperature of 121°C, is dropped into a 21°C liquid bath in which the heat transfer
coefficient h, is 1135 W/(m? K). Plot the temperature-time history of the center of this

cylinder and compare it with the time histories of a 0.6 m diameter, infinitely long lead
cylinder and alead slab 0.6-m thick.

GIVEN
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A solid lead cylinder dropped into aliquid bath
Cylinder diameter (D) = 0.6 m

Cylinder (L)=0.6m

Initial uniform temperature (T,) = 121°C
Liquid bath temperature (T.,) = 21°C

o Heat transfer coefficient () = 1135 W/(m’ K)

FIND

() Plot the temperature-time history of the cylinder center
(b) Compare it with the time history of a 0.6 m diameter, infinitely long lead cylinder
() Compare it with the time history of alead slab 0.6 m thick

ASSUMPTIONS

e Two dimensiona conduction within the cylinder
e Constant and uniform properties
e Constant liquid bath temperature

SKETCH

PROPERTIES AND CONSTANTS

From Appendix 2, Table 12
For lead Thermal conductivity (k) = 34.7 W/(m K) at 63°C
Density (p) = 11340 kg/m®
Specific heat (c) = 129 J(kg K)
Thermal diffusivity (o) = 24.1 x 107° m?/s
SOLUTION

The Biot number based on radiusis

Bi = hor, _ [1135W/(m? K)](0.3m)
K 34.7W/(m K)

=90.81>01

Therefore, internal resistance is significant.
(@) Thistwo-dimensional system required a product solution. From Table 2.4 the product solution is
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dp (%)

(]

= P(x) C(r)

where

P(x) = q;ﬁ for an infinite plate (Figure 2.37)

0]
Cr) = q;r_t) for along cylinder (Figure 2.38)
0]

Since the length of the cylinder is the same as its diameter, the Biot number based on length is the
same as that based on radius

i_ = 1 =0.102
Bi 9.81
The Fourier number is
-6 2
o= at = 24.1-10 mzls(t) — 0.000268 <
(L/20r r,) ) (0.3m)

The temperature of the center of the cylinder (x = O, r = 0) is determined by calculating the Fourier
number for that time, finding P(0) on Figure 2.37, finding C(0) on Figure 2.38, and applying

q,(0.0 _T(0,0)-Ty
Uo To _T¥

=P(x) C(r)

T(0,0) =T+ P(x) C(r) (To—T.,)
(b) The center temperature for along cylinder is
T(r=0,t) =T, +C(0) (To—T.)
(c) The center temperature for adab is
T(x=0,t) =T, +P(0) (To—T.)

The temperature-time histories of these three cases are tabulated and plotted below

T(0, 0) (°C)
Time(s) (min) Fo P(0) C(0) (a) Short (b) Long (c) Slab
Cylinder Cylinder
120 2 0.03 0.99 0.95 115 116 120
300 5 0.08 0.78 0.60 68 81 99
1200 20 0.32 0.52 0.24 33 45 73
4800 80 1.28 .075 .033 21 14 29
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Temperature-Time Historis
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110
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0 20 40 60 80
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o Short cylinder + Long cylinder o Slab

PROBLEM 2.85

A long 0.6-m-OD 347 stainless steel (k = 14 W/(m K) cylindrical billet at 16°C room
temperature is placed in an oven where the temperature is 260°C. If the average heat
transfer coefficient is 170 W/(m? K), (a) estimate the time required for the center
temperature to increase to 323°C by using the appropriate chart and (b) determine the
instantaneous surface heat flux when the center temperatureis 232°C.

GIVEN

A long cylindrical billet placed in an oven

Billet outside diameter = 0.6 m

Thermal conductivity (k) = 14 W/(m K)

Initial temperature (T;) = 16°C

Oven temperature (T,,) = 260°C

o Theaverage heat transfer coefficient () = 170 W/(m? K)
e Center temperature increases to 232°C

FIND

(@) Thetime required using the appropriate chart
(b) Theinstantaneous surface heat fluxes when the center temperature is 232°C

ASSUMPTIONS

e Radia conduction only in billet
e Uniform and constant properties

SKETCH

lD =0.6m Billet
(

f

oven T-=260°C
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SOLUTION
(@) TheBiot number for the billet is
g = Mo _ [170W/(m’ K)}(0.3m)

=3.643>0.1
K 14W/(m K)
L o7
Bi
T(O,t;)-T °C - 260°
0t)-Ty _ 232°C-260°C - 0115
T, -Ty 16°C - 260°C
From Figure 2.38
Fo = a—2t =0.65
rO
Solving for the time
For,? ?
¢ = FO 065(03m)  _ 151165= 250 min=42r

a  0387-10°m?/s
(b) The surface temperature is needed to find the surface heat flux. For 1/Bi = 0.275 and r =r,, from
Figure 2.38.
T(ro ) t) _T¥
T (0, t) - T¥
T(ro, t) =T, +0.3(T(O,t)—T,) =260°C + 0.3 (232°C — 260°C) = 251.6°C
The instantaneous surface flux is

=03

% = h [T.=T(re, )] = 170 W/(m? K) (251°C — 260°C) = 1428 W/m?

PROBLEM 2.86

Repeat Problem 2.85(a), but assume that the billet is only 1.2-m long and the average
heat transfer coefficient at both endsis 136 W/(m? K).

PROBLEM 2.85

A long, 0.6 m OD 347 stainless steel (k = 14 W/(m K)) cylindrical billet at 16°C room
temperature is placed in an over where the temperature is 260°C. If the average heat
transfer coefficient is 170 W/(m? K), estimate the time required for the center
temperatureto increase to 232°C by using the appropriate chart.

GIVEN

A cylindrical billet placed in an over

Billet outside diameter = 0.6 m

Thermal conductivity (k) = 14 W/(m K)

Initial temperature (T,) = 16°C

Oven temperature (T,,) = 260°C

 Theaverage heat transfer coefficient (hy) = 170 W/(m? K)

e Increase of the center temperatureis 232°C
e Billetlength (2L) =1.2m
o Heat transfer coefficient at the ends (h,) = 136 W/(m” K)
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FIND
e Thetime required using the appropriate charts
ASSUMPTIONS

e Two dimensional conduction within the billet
e Constant and uniform thermal properties
e Constant oven temperature

SKETCH

PROPERTIES AND CONSTANTS

From Appendix 2, Table 10 For Type 304 stainless steel
Thermal diffusivity (c) = 0.387 x 10> m%/s

SOLUTION
From Table 2.4, the solution for this geometry is
X, r
BT iy o
(o]
where

P(x) = q(xt) for an infinite plate (Figure 2.37)

(0]

Cr) = @ for along cylinder (Figure 2.38)

(0]

0’0 _ o _ o
d,(0,0) _ T(0,0)-T, _ 232°C-260°C - 041 = P(0) C(0)

o T, -Ty 16°C-260°C
For the infinite plate solution
h 2
(Bi), = hel _ [136 W/(m“ K)](0.6m) _583— i — 017
k 14 W /(m K) Bi
-5 2
Fo= 20 - 038710 "M7/S 4 o755 1015
L (0.6m)
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For the long cylinder solution

h 2
(Bi), = hlo _ [170 W/(m“ K)](0.3m) _ 354 i - 0.8
k 14WI(mK) i
-5 2
Fo = a—: _ 0387-10 L ISt - 43105t
r, (0.3m)

The time required to reach a product solution of 0.115 isfound through trial and error.

Time(s) (min) Fo P(0) Fo, C(0) P(0)C(0)
6,000 100 0.065 0.99 0.26 0.37 0.0366
12,000 200 0.13 0.82 0.52 0.17 0.139
15,000 250 0.16 0.54 0.645 0.10 0.054
13,000 217 0.14 0.60 0.56 0.15 0.090
12,500 208 0.134 0.70 0.538 0.208 0.11

Thetime required is approximately 208 min or 3.4 hours.
COMMENTS

The uncertainty in the solution is high because of the difficulty reading Figure 2.37 at very low
Fourier numbers. For higher accuracy, the differential equations that describe the problem would have
to be solved.

PROBLEM 2.87

A large billet of steel initially at 260°C is placed in a radiant furnace where the surface
temperature is held at 1200°C. Assuming the billet is infinite in extent, compute the
temperature at point P shown in the accompanying sketch after 25 min has elapsed. The
average properties of steel are: k = 28 W/(m K), p = 7360 kg/m®, and ¢ = 500 J/(kg K).

GIVEN

A large billet of stedl is placed in aradiant furnace
Initial temperature (T,) = 260°C

Surface temperature of billet in the oven (T) = 1200°C
Lapsetime (t) = 25 min = 1500 s

Thermal conductivity (k) = 28 W/(m K)

Density (p) = 7360 kg/m®

Specific heat (c) = 500 J(kg K)

FIND
e Thetemperature at point P shown in the accompanying sketch
ASSUMPTIONS

e Thebillet infinite in extent
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SKETCH

Corner of Billet

y—>oo

20 cm

|

SOLUTION
From Table 2.4, the solution for a one quarter infinite solid is
dp(Xy)  T(xyt)-T
p X - TRYDTe g 5y)
Uo To_Ts

Where S(x) and S(y) are solutions for a semi-infinite solid, which are given for a constant surface
temperature by Equation (2.105)
T(x,1)-Ty - of X
T,-Ty t2/att
Therefore, the solution to this problem is

T(X y,t)-Ty _ of X

T,-Ty t2/att  t2/att

X
TX ¥, 1) =T+ (To—To) gerf tmt erf Lﬁy’rg

where

M =2(at =2KL =5 [ [BWIMKIAS0S) 55
rc (7360kg/m~) (500J/(kg K))
0.05m 0.2m

T(0.05m, 0.2m, 1500 5) = 1200°C = (260°C — 1200°C) exf
£02137mt  £0.2137mt

Using Appendix 2, Table 43 for the error function values
T (0.05m, 0.2 m, 1500 s) = 1200°C — 940° (0.259) (0.814) = 1002°C
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