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cell is that such a device can internally reform readily
available liquid fuels into hydrogen that can then be
used to produce electrical power in a manner similar to
Example 1.4. Consider a portable solid oxide fuel cell,
operating at a temperature of Ty, = 800°C. The fuel cell
is housed within a cylindrical canister of diameter D =
75 mm and length L = 120 mm. The outer surface of
the canister is insulated with a low-thermal-conductivity
material. For a particular application, it is desired that
the thermal signature of the canister be small, to avoid
its detection by infrared sensors. The degree to which
the canister can be detected with an infrared sensor may
be estimated by equating the radiation heat flux emitted
from the exterior surface of the canister (Equation 1.5;
E, = £,0T? to the heat flux emitted from an equivalent
black surface, (E, = oT}). If the equivalent black sur-
face temperature, T}, is near the surroundings tempera-
ture, the thermal signature of the canister is too small to
be detected—the ¢ is indistinguishable from the
surroundings.

(a) Determine the required thickness of insulation to be
applied to the cylindrical wall of the canister to en-
sure that the canister does not become highly visi-
ble to an infrared sensor (ie., Ty — Ty, < 5 K).
Consider cases where (1) the outer surface is cov-
ered with a very thin layer of dirt (e, = 0.90) and
(i1) the outer surface is comprised of a very thin
polished aluminum sheet (g, = 0.08). Calculate the
required thicknesses for two types of insulating ma-
terial, calcium silicate (& = 0.09 W/m - K) and
aerogel (k = 0.006 W/m + K). The temperatures of
the surroundings and the ambient are T,,, = 300 K
and T,, = 208 K, respectively. The outer surface is
characterized by a convective heat transfer coeffi-
cient of h = 12 W/m® - K.

(b) Calculate the outer surface temperature of the can-
ister for the four cases (high and low thermal con-
ductivity; high and low surface emissivity).

{c) Calculate the heat loss from the cylindrical walls of
the canister for the four cases.

3.19 A firefighter’s protective clothing, referred to as a turnout
coat, 1s typically constructed as an ensemble of three lay-
ers separated by air gaps, as shown schematically.

Shell (s) Moisture Thermal
r F barrier (mb)
cFll'a-slml 1m 1 mm
S koL Emp
o Lmp
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Representative dimensions and thermal conductivities
for the layers are as follows.

Layer Thickness (mm) k(W/m-K)
Shell (s) 0.8 0.047
Moisture barrier (mb) 0.55 0.012
Thermal liner (tl) 35 0.038

The air gaps between the layers are | mm thick, and
heat is transferred by conduction and radiation ex-
change through the stagnant air. The linearized radia-
tion coefficient for a gap may be approximated as,
heg = o(Ty + T)(TT + T3) =~ 40T, where T, repre-
sents the average temperature of the surfaces compris-
ing the gap, and the radiation flux across the gap may
be expressed as g = figg (1) — To).

{a) Represent the turnout coat by a thermal circuit, la-
beling all the thermal resistances. Calculate and
tabulate the thermal resistances per unit area (m? -
K/W) for each of the layers, as well as for the con-
duction and radiation processes in the gaps. Assume
that a value of T, = 470 K may be used to approx-
imate the radiation resistance of both gaps. Com-
ment on the relative magnitudes of the resistances.

(b) For a pre-flash-over fire environment in which fire-
fighters often work, the typical radiant heat flux
on the fire-side of the turnout coat is 0.25 W/cm?®.
‘What is the outer surface temperature of the turnout
coat if the inner surface temperature is 66°C, a con-
dition that would result in burn injury?

Contact Resistance

320 A composite wall separates combustion gases at

2600°C from a liquid coolant at 100°C, with gas- and
liquid-side convection coefficients of 50 and 1000
Wim? - K. The wall is composed of a 10-mm-thick layer
of beryllium oxide on the gas side and a 20-mm-thick
slab of stainless steel (AISI 304) on the liquid side. The
contact resistance between the oxide and the steel is
0.05 m® - K/W. What is the heat loss per unit surface
area of the composite? Sketch the temperature distribu-
tion from the gas to the liquid.

Two stainless steel plates 10 mm thick are subjected to
a contact pressure of 1 bar under vacuum conditions for
which there is an overall temperature drop of 100°C
across the plates. What is the heat flux through the
plates? What is the temperature drop across the contact
plane?

3.22 Consider a plane composite wall that is composed of two

materials of thermal conductivities k, = 0.1 W/m « K and
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Chapter 3 1 One-Dimensional, Steady-State Conduction

ky = 0.04W/m-K and thicknesses L, = 10 mm and
Ly = 20 mm. The contact resistance at the interface be-
tween the two materials is known to be 0.30 m®- K/W.
Material A adjoins a fluid at 200°C for which h = 10
Wim®« K, and material B adjoins a fluid at 40°C for
which h = 20 Wim® - K.

{a) What is the rate of heat transfer through a wall that
is 2 m high by 2.5 m wide?
{b) Sketch the temperature distribution.

The performance of gas turbine engines may be im-

3.24

proved by increasing the tolerance of the turbine blades
to hot gases emerging from the combustor. One ap-
proach to achieving high operating temperatures in-
volves application of a thermal barrier coating (TBC)
to the exterior surface of a blade, while passing cooling
air through the blade. Typically, the blade is made from
a high-temperature superalloy, such as Inconel (k = 25
Wi/m - K), while a ceramic, such as zirconia (k = 1.3
W/m-+ K), is used as a TBC.

Superalloy

Cooling air

Consider conditions for which hot gases at T,,=
1700 K and cooling air at T,,; = 400 K provide outer and
inner surface convection coefficients of h, = 1000 W/m?-
K and h; = 500 W/m?- K, respectively. If a 0.5-mm-
thick zirconia TBC is attached to a 5-mm-thick Inconel

blade wall by means of a metallic bonding agent, which
provides an interfacial thermal resistance of R}, = 10™*
m?+ K/W, can the Inconel be maintained at a tempera-
ture that is below its maximum allowable value of 1250
K.? Radiation effects may be neglected, and the turbine
blade may be approximated as a plane wall. Plot the
temperature distribution with and without the TBC.
Are there any limits to the thickness of the TBC?

A commercial grade cubical freezer, 3m on a side,
has a composite wall consisting of an exterior sheet of
6.35-mm-thick plain carbon steel, an intermediate layer
of 100-mm-thick cork insulation, and an inner sheet of
6.35-mm-thick aluminum alloy (2024). Adhesive inter-
faces between the insulation and the metallic strips are
each characterized by a thermal contact resistance of
Ry, =25% 107" m?-K/W. What is the steady-state

3.25

3.26

Contact
resistance

3.27

cooling load that must be maintained by the refrigerator
under conditions for which the outer and inner surface
temperatures are 22°C and —6°C respectively?

Physicists have determined the theoretical value of the
thermal conductivity of a carbon nanotube to be k7 =
5000 W/m - K.

{a) Assuming the actual thermal conductivity of the
carbon nanotube is the same as its theoretical value,
find the thermal contact resistance, R,,, that exists

between the carbon nanotube and the top surfaces
of the heated and sensing izlands in Example 3.3.

Using the value of the thermal contact resistance
calculated in part (a), plot the fraction of the total
resistance between the heated and sensing islands
that is due to the thermal contact resistances for is-
land separation distances of 5 ym = 5 = 20 ym.

In a particular application, it is desirable to minimize
the effects of the thermal contact resistance between
two plane mating surfaces as shown in part (a) of the
schematic. An engineer suggests that the overall resis-
tance to heat transfer can be reduced by cutting rela-
tively deep linear grooves in each surface, resulting in
the interlocking fin-like structure shown in part (b)
of the schematic. If the grooves in material A are of
the same width as the grooves in material B, evaluate
the merit of the proposed scheme using an appropriate
analysis.

Contact
resistance

Material A

Material B
(a) (B)

Approximately 10° discrete electrical components can
be placed on a single integrated circuit (chip), with
electrical heat dissipation as high as 30,000 W/m?. The
chip, which is very thin, is exposed to a dielectric lig-
uid at its outer surface, with h, = 1000 W/m?- K and
T, = 20°C, and is joined to a circuit board at its inner
surface. The thermal contact resistance between the
chip and the board is 107 m?- K/W, and the board
thickness and thermal conductivity are L, = 5 mm and
ky = 1 W/m - K, respectively. The other surface of the
board is exposed to ambient air for which i, = 40
W/m? - K and T,; = 20°C.
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T, —— (a) If the air-filled aluminum-to-aluminum interface is

e characterized by an area of A, =2 X 107* m? and

: I—CP'”D 9. T: a roughness of 10 wm, what is the maximum al-

;. : — Thermal contact resistance, R . lowable power dissil?ation if the surface tempera-
f’ Board, k ture of the case, T, is not to exceed 85°C?

- The convection coefficient may be increased by

3 subjecting the plate surface to a forced flow of air.
T ..h v J F
i - Explore the effect of increasing the coefficient over
the range 4 = h = 200 W/m* - K.
(a) Sketch the equivalent thermal circuit corresponding
to steady-state conditions. In variable form, label ap-
propriate resistances, temperatures, and heat fluxes.  Alternative Conduction Analysis

(b) Under steady-state conditions for which the chip

heat dissipation is ¢” = 30,000 W/m?, what is the
chip temperature?

3.29 The diagram shows a conical section fabricated from
pure aluminum. It is of circular cross section having di-
ameter D = ax"?, where a = 0.5 m'”. The small end is

The maximum allowable heat flux, g;,, is deter- located at x, =25mm and the large end at x, =
mined by the constraint that the chip temperature 125 mm. The end temperatures are T; = 600 K and
must not exceed 85°C. Determine g, for the fore- T, = 400 K, while the lateral surface is well insulated.

going conditions. If air is used in lieu of the dielec-
tric liquid, the convection coefficient is reduced by
approximately an order of magnitude. What is the
value of g7, for h, = 100 W/m? - K? With air cool-
ing, can significant improvements be realized by
using an aluminum oxide circuit board and/or by
using a conductive paste at the chip/board interface
for which RY, = 107" m® - K/W?

3.28 Consider a power transistor encapsulated in an alu-
minum case that is attached at its base to a square
aluminum plate of thermal conductivity k = 240 Wim - K,
thickness L = 6 mm, and width W = 20 mm. The case
is joined to the plate by screws that maintain a contact
pressure of 1 bar, and the back surface of the plate
transfers heat by natural convection and radiation to
ambient air and large swrroundings at T,, = T, = 25°C. (b) Calculate the heat rate q,.
The surface has an emissivity of & = 0.9, and the con-
vection coefficient is h = 4 W/m® - K. The case is com-
pletely enclosed such that heat transfer may be assumed
to occur exclusively through the base plate.

e TS ;

{a) Derive an expression for the temperature distribution
Tix) in symbolic form, assuming one-dimensional
conditions. Sketch the temperature distribution.

3.30 A truncated solid cone is of circular cross section, and
its diameter is related to the axial coordinate by an ex-
pression of the form D = ax*?, wherea = 1.0 m™"2,

Transistor
case -\;
Tt Py | |— Base plate, (k,£)
| — Interface, 4,
W
Enclosure—\! TTT
T,
Alr 2
& T.h f i x
B The sides are well insulated, while the top surface of

the cone at x, is maintained at T, and the bottom sur-
face at x, is maintained at T5.
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Chapter 3 1 One-Dimensional, Steady-State Conduction

{a) Obtain an expression for the temperature distribution

Tix).

(b) What is the rate of heat transfer across the cone if it
is constructed of pure aluminum with x; = 0.075 m,
T, = 100°C, x, = 0.225 m, and T, = 20°C?

From Figure 2.5 it is evident that, over a wide temperature
range, the temperature dependence of the thermal con-
ductivity of many solids may be approximated by a lin-
ear expression of the form k =k, + aT, where k, 1s
a positive constant and a is a coefficient that may be
positive or negative. Obtain an expression for the heat
flux across a plane wall whose inner and outer surfaces
are maintained at T; and T, respectively. Sketch the
forms of the temperature distribution corresponding to
a>=0,a=0,anda <0.

Consider a tube wall of inner and outer radii r; and r,,
whose t d at T; and T, respec-
tively. The thermal conductivity of the cylinder is
temperature dependent and may be represented by an
expression of the form k = k(1 + aT), where k, and a
are constants. Obtain an expression for the heat transfer
per unit length of the tube. What is the thermal resis-
tance of the tube wall?

peratures are I

Measurements show that steady-state conduction
through a plane wall without heat generation produced
a convex temperature distribution such that the mid-
point temperature was AT, higher than expected for a
linear temperature distribution.

Assuming that the thermal conductivity has a linear de-
pendence on temperature, k = k(1 + aT), where & iz a
constant, develop a relationship to evaluate & in terms
of AT, T, and Ts.

A device used to measure the surface temperature of an
object to within a spatial resolution of approximately 50
nm is shown in the schematic. It consists of an ex-
tremely sharp-tipped stylus and an extremely small can-
tilever that is scanned across the surface. The probe tip
is of circular cross section and is fabricated of polycrys-
talline silicon dioxide. The ambient temperature is mea-
sured at the pivoted end of the cantilever as T, = 25°C,
and the device is equipped with a sensor to measure the

temperature at the upper end of the sharp tip, T,,,. The
thermal resistance between the sensing probe and the
pivotedend is R, = 5 X 10° K/W.

(a) Determine the thermal resistance between the sur-
face temperatur e and the ing termperature.

¥

(b} If the sensing temperature is T,, = 28.5°C, deter-
mine the surface temperature.

Hint: Although nanoscale heat transfer effects may be
important, assume that the conduction occurring in the air
adjacent to the probe tip can be described by Fourier’s

Towiand b e thermal canchi Frgimd io Tohla A A
1@W Ana ine nerima Conaii IO i L aome AL,

Teen Cantilever T.=25°C

Stylus

Tt L=50nm

Cylindrical Wall

335 A steam pipe of 0.12-m outside diameter is insulated

with a layer of calcium silicate.

(a) If the insulation is 20 mm thick and its inner and
outer surfaces are maintained at T,, = 800 K and
T,» = 490 K, respectively, what is the heat loss per
unit length {g") of the pipe?

We wish to explore the effect of insulation thickness
on the heat loss ¢' and outer surface temperature T} 5,
with the inner surface temperature fixed at T, =
800 K. The outer surface is exposed to an airflow
(T, = 25°C) that maintains a convection coefficient
of h =25 W/m?+ K and to large surroundings for
which T, = T, = 25°C. The surface emissivity of
calcium silicate is approximately 0.8. Compute and
plot the temperature distribution in the insulation as
a function of the dimensionless radial coordinate,
(r —r(ry— r), where ry, =0.06 m and r, is a
variable (0,06 < r; = 0.20 m). Compute and plot
the heat loss as a function of the insulation thick-
nessforO0=(r, — r) =014 m.

3.36 Consider the water heater described in Problem 1.37.

We now wish to determine the energy needed to com-
pensate for heat losses incurred while the water is
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stored at the prescribed temperature of 55°C. The
cylindrical storage tank (with flat ends) has a capacity
of 100 gallons, and foamed urethane is used to insu-
late the side and end walls from ambient air at an an-
nual average temperature of 20°C. The resistance to
heat transfer is dominated by conduction in the insu-
lation and by free convection in the air, for which
h = 2 W/m? - K. If electric resistance heating is used
to compensate for the losses and the cost of electric
power is $0.08/kW - h, specify tank and insulation di-
mensions for which the annual cost associated with the

hant lnaaan 1o lace than &N
heat losses is less than $50.
A thin electrical heater is wrapped around the outer sur-

face of a long cylindrical tube whose inner surface is
maintained at a temperature of 5°C. The tube wall has
inner and outer radii of 25 and 75 mm, respectively, and
a thermal conductivity of 10 W/m + K. The thermal con-
tact resistance between the heater and the outer surface of
the tube (per unit length of the tube) is R; . = 0.01 m- K/W.
The outer surface of the heater is exposed to a fluid with
T.=—10°C and a convection coefficient of h=
100 W/m? + K. Determine the heater power per unit length
of tube required to maintain the heater at T, = 25°C.

In the previous problem, the electrical power required

3.39

to maintain the heater at T, = 25°C depends on the
thermal conductivity of the wall material k, the thermal
contact resistance Rj., and the convection coefficient h.
Compute and plot the separate effect of changes in k
(1=k=200Wm-K),R; (0=R/ =0.1m:K/W),
and h (10 = h = 1000 W/m® - K) on the total heater
power requirement, as well as the rate of heat transfer to
the inner surface of the tube and to the fluid.

A stainless steel (AISI 304) tube used to transport a
chilled pharmaceutical has an inner diameter of 36 mm
and a wall thickness of 2 mm. The pharmaceutical and
ambient air are at temperatures of 6°C and 23°C,
respectively, while the corresponding inner and outer
convection coefficients are 400 W/m?+ K and 6 W/m? -
K, respectively.

(a) What is the heat gain per unit tube length?

(b) What is the heat gain per unit length if a 10-mm-
thick layer of calcium silicate insulation (k;,, =
0.050 W/m - K) is applied to the tube?

Superheated steam at 575°C is routed from a boiler to
the turbine of an electric power plant through steel
tubes (k=35 W/m+K) of 300 mm inner diameter
and 30 mm wall thickness. To reduce heat loss to the
surroundings and to maintain a safe-to-touch outer
surface temperature, a layer of calcium silicate insu-
lation (k= 0.10W/m-K) is applied to the tubes,
while degradation of the insulation is reduced by

wrapping it in a thin sheet of aluminum having an
emissivity of & = 0.20. The air and wall temperatures
of the power plant are 27°C.

(a) Assuming that the inner surface temperature of
a steel tube corresponds to that of the steam and the
convection coefficient outside the aluminum sheet
is 6 W/m’- K, what is the minimum insulation
thickness needed to insure that the temperature of
the aluminum does not exceed 50°C7 What is the
corresponding heat loss per meter of tube length?

mExplore the effect of the insulation thickness on the
= temperature of the aluminum and the heat loss per
unit tube length.

3.41 A thin electrical heater is inserted between a long circu-

lar rod and a concentric tube with inner and outer radii of
20 and 40 mm. The rod (A) has a thermal conductivity of
ky=0.15 W/m+ K, while the tube (B) has a thermal
conductivity of kg = 1.5 W/m + K and its outer surface
is subjected to convection with a fluid of temperature
T.. = —15°C and heat transfer coefficient 50 W/m®- K.
The thermal contact resistance between the cylinder
surfaces and the heater is negligible.

(a) Determine the electrical power per unit length of
the cylinders (W/m) that is required to maintain the
outer surface of cylinder B at 5°C.

(b) What is the temperature at the center of cylinder A?

A wire of diameter D) = 2 mm and uniform temperature
T has an electrical resistance of 0.01 {¥'m and a current

flow of 20 A.

(a) What is the rate at which heat is dissipated per unit
length of wire? What is the heat dissipation per
unit volume within the wire?

(b) If the wire is not insulated and is in ambient air and
large surrounding for which T, =T, = 20°C,
what is the temperature T of the wire? The wire has
an emissivity of 0.3, and the coefficient associated
with heat transfer by natural convection may be
approximated by an expression of the form,
h = ClT — T./D1"*, where C = 1.25 W/m™ - K,

If the wire is coated with plastic insulation of 2-mm
thickness and a thermal conductivity of 0.25 W/m *
K, what are the inner and outer surface tempera-
tures of the insulation? The insulation has an
emissivity of 0.9, and the convection coefficient is
given by the expression of part (b). Explore the
effect of the insulation thickness on the surface
temperatures.

343 A 2-mm-diameter electrical wire is insulated by a

2-mm-thick rubberized sheath (k = 0.13 W/m - K), and
the wire/sheath interface is characterized by a thermal
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178 Chapter 3 1 One-Dimensional, Steady-State Conduction

contact resistance of R, =3 X 107" m*-K/W. The
convection heat transfer coefficient at the outer surface of
the sheath is 10 W/m? - K, and the temperature of the am-
bient air is 20°C. If the temperature of the insulation may
not exceed 50°C, what is the maximum allowable electri-
cal power that may be dissipated per unit length of the
conductor? What is the critical radius of the insulation?

3.44 Electric current flows through a long rod generating
thermal energy at a uniform volumetric rate of § =
2 X 10° W/m®. The rod is concentric with a hollow ce-
ramic cylinder, creating an enclosure that is filled with
air.

Ceramic, k= 1.75 WmK
D; =40 mm
D, =120 mm
Enclosure, air space

Rod, g, D, =20 mm

The thermal resistance per unit length due to radiation
between the enclosure surfaces is R, =0.30 m + K/'W,
and the coefficient associated with free convection in
the enclosure is A = 20 W/m? - K.

(a) Construct a thermal circuit that can be used to cal-
culate the surface temperature of the rod, T,. Label
all temperatures, heat rates, and thermal resis-
tances, and evaluate each thermal resistance.

(b) Calculate the surface temperature of the rod for the
prescribed conditions.

3.45 The evaporator section of a refrigeration unit consists of
thin-walled, 10-mm-diameter tubes through which refrig-
erant passes at a temperature of — 18°C. Air is cooled as
it flows over the tubes, maintaining a surface convection
coefficient of 100 W/m® + K, and is subsequently routed
to the refrigerator compartment.

(a) For the foregoing conditions and an air temperature
of —3°C, what is the rate at which heat is extracted
from the air per unit tube length?

If the refrigerator’s defrost unit malfunctions, frost
will slowly accumulate on the outer tube surface.
Assess the effect of frost formation on the cooling
capacity of a tube for frost layer thicknesses in the
range 0 = & = 4 mm. Frost may be assumed to
have a thermal conductivity of 0.4 W/m - K.

(c) The refrigerator is disconnected after the defrost
unit malfunctions and a 2-mm-thick layer of frost
has formed. If the tubes are in ambient air for which
T, = 20°C and natural convection maintains a con-
vection coefficient of 2 W/m?+ K, how long will it

take for the frost to melt? The frost may be assumed
to have a mass density of 700 kg/m® and a latent
heat of fusion of 334 kl/kg.

346 A composite cylindrical wall is composed of two mate-
rials of thermal conductivity k, and kg, which are sepa-
rated by a very thin, electric resistance heater for which
interfacial contact resistances are negligible.

Resistance heater /

I Ty

Intemal flow
Tk

Ambient air
g

Liquid pumped through the tube is at a temperature T, ;
and provides a convection coefficient h; at the inner sur-
face of the composite. The outer surface is exposed to
ambient air, which is at T, and provides a convection
coefficient of h,. Under steady-state conditions, a uni-
form heat flux of gj is dissipated by the heater.

(a) Sketch the equivalent thermal circuit of the system
and express all resistances in terms of relevant
variables.

(b) Obtain an expression that may be used to determine
the heater temperature, T},

(c) Obtain an expression for the ratio of heat flows to
the outer and inner fluids, g,/q; How might the
variables of the problem be adjusted to minimize
this ratio?

347 An electrical current of 700 A flows through a stainless
steel cable having a diameter of 5 mm and an electrical
resistance of 6 X 107 (m (i.e., per meter of cable
length). The cable is in an environment having a tem-
perature of 30°C, and the total coefficient associated
with convection and radiation between the cable and the
environment is approximately 25 W/m? « K.

(a) If the cable is bare, what is its surface temperature?

(b) If a very thin coating of electrical insulation is
applied to the cable, with a contact resistance of
0.02 m*+ K/W, what are the insulation and cable
surface temperatures?
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a Problems

(c) There is some concern about the ability of the insula-
tion to withstand elevated temperatures. What thick-
ness of this insulation (k = 0.5 W/m« K) will yield
the lowest value of the maximum insulation temper-
ature? What is the value of the maximum tempera-
ture when the thickness is used?

A 0.20-m-diameter, thin-walled steel pipe is used to

transport saturated steam at a pressure of 20 bars in a

room for which the air temperature is 25°C and the con-

vection heat transfer coefficient at the outer surface of

the pipe is 20 W/m® - K.

{a) What is the heat loss per unit length from the bare
pipe (no insulation)? Estimate the heat loss per unit
length if a 50-mm-thick layer of insulation (magne-
sia, 85%) is added. The steel and magnesia may
each be assumed to have an emissivity of 0.8,
and the steam-side convection resistance may be
neglected.

(b) The costs associated with generating the steam and
installing the insulation are known to be $4/10°J
and $100/m of pipe length, respectively. If the
stearn line is to operate 7500 h/yr, how many years
are needed to pay back the initial investment in
insulation?

Steam at a temperature of 250°C flows through a steel
pipe (AISI 1010) of 60-mm inside diameter and 75-mm
outside diameter. The convection coefficient between the
steam and the inner surface of the pipe is 500 W/m?- K,
while that between the outer surface of the pipe and the
surroundings is 25 W/m? - K. The pipe emissivity is 0.8,
and the temperature of the air and the surroundings is
20°C. What is the heat loss per unit length of pipe?

We wish to determine the effect of adding a layer of

3.51

magnesia insulation to the steam pipe of the foregoing
problem. The convection coefficient at the outer surface
of the insulation may be assumed to remain at 25 W/m? «
K, and the emissivity is ¢ = 0.8. Determine and plot the
heat loss per unit length of pipe and the outer surface
temperature as a function of insulation thickness. If the
cost of generating the steam is $4/10° J and the steam
line operates 7000 h/yr, recommend an insulation thick-
ness and determine the corresponding annual savings in
energy costs. Plot the temperature distribution in the in-
sulation for the recommended thickness.

An uninsulated, thin-walled pipe of 100-mm diameter is
used to transport water to equipment that operates out-
doors and uses the water as a coolant. During particu-
larly harsh winter conditions, the pipe wall achieves a
temperature of —15°C and a cylindrical layer of ice
forms on the inner surface of the wall. If the mean water
temperature is 3°C and a convection coefficient of

T, 1=500 K
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2000 W/m? - K is maintained at the inner surface of the
ice, which is at 0°C, what is the thickness of the ice
layer?

3.52 Steam flowing through a long, thin-walled pipe main-

tains the pipe wall at a uniform temperature of 500 K.
The pipe is covered with an insulation blanket comprised
of two different materials, A and B.

ry =50 mm
A
ry =100 mm

T 2m ) % kp = 2 WimK

kg = 0.25 Wim-K
T 2m i

The interface between the two materials may be as-
sumed to have an infinite contact resistance, and the
entire outer surface is exposed to air for which T, =
300 K and h = 25 W/m? - K.

(a) Sketch the thermal circuit of the system. Label
({using the above symbols) all pertinent nodes and
resistances.

(b) For the prescribed conditions, what is the total

heat loss from the pipe? What are the outer surface
temperatures T,y and T, 5,7

3.53 A bakelite coating is to be used with a 10-mm-diameter

conducting rod, whose surface is maintained at 200°C by
passage of an electrical current. The rod is in a fluid at
25°C, and the convection coefficient is 140 W/im® - K.
What is the critical radius associated with the coating?
What is the heat transfer rate per unit length for the bare
rod and for the rod with a coating of bakelite that corre-
sponds to the critical radius? How much bakelite should
be added to reduce the heat transfer associated with the
bare rod by 25%7?

Spheriecal Wall

3.54 A storage tank consists of a cylindrical section that has

a length and inner diameter of L=2m and D;= 1 m,
respectively, and two hemispherical end sections. The tank
is constructed from 20-mm-thick glass (Pyrex) and is ex-
posed to ambient air for which the temperature is 300 K
and the convection coefficient is 10 W/m? « K. The tank is
used to store heated oil, which maintains the inner surface
at a temmperature of 400 K. Determine the electrical power
that must be supplied to a heater submerged in the oil if the
prescribed conditions are to be maintained. Radiation
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| | pJ'Ob E(.‘le

spherical system and assume the system to be at steady
state. The convection coefficient h, is unchanged with
and without the contact lens in place. The cornea and
the lens cover one-third of the spherical surface area.

Anterior
chamber

Cornea

Values of the parameters representing this situation
are as follows:

ry = 10.2 mm r, = 127 mm

ry = 16.5 mm T.,=21°C
T.;=37°C ky; = 0.80 Wim - K
ky =035 Wm-K h, =6 Wim?: K
h,=12Wm’-K

{a) Construct the thermal circuits, labeling all poten-
tials and flows for the systems excluding the con-
tact lens and including the contact lens. Write resis-
tance elements in terms of appropriate parameters.

(b) Determine the heat loss from the anterior chamber
with and without the contact lens in place.

(c) Discuss the implication of your results.

The outer surface of a hollow sphere of radius r; is sub-
jected to a uniform heat flux g3. The inner surface at ry
is held at a constant temperature T, ,.

(a) Develop an expression for the temperature distribu-
tion T(r) in the sphere wall in terms of g3, T, . 7y, 72,
and the thermal conductivity of the wall material k.

(b) If the inner and outer tube radii are r, = 50 mm
and r, = 100 mm, what heat flux g3 is required to
maintain the outer surface at T, ; = 50°C, while the
inner surface is at T;; = 20°C? The thermal con-
ductivity of the wall material is £ = 10 W/m - K.

A spherical shell of inner and outer radii r; and r,, re-
spectively, is filled with a heat-generating material that
provides for a uniform volumetric generation rate
(W/m?) of g. The outer surface of the shell is exposed to
a fluid having a temperature T,, and a convection coeffi-
cient h. Obtain an expression for the steady-state tem-
perature distribution T{r) in the shell, expressing your
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result in terms of r;, r,, ¢, h, T, and the thermal conduc-
tivity k of the shell material.

3.67 A spherical tank of 3-m diameter contains a liquified-

petroleum gas at —60°C. Insulation with a thermal con-
ductivity of 0.06 Wm-K and thickness 250 mm is
applied to the tank to reduce the heat gain.

{a) Determine the radial position in the insulation layer
at which the temperature is 0°C when the ambient
air temperature is 20°C and the convection coeffi-
cient on the outer surface is 6 W/m® - K.

(b) If the insulation is pervious to moisture from the at-
mospheric air, what conclusions can you reach
about the formation of ice in the insulation? What
effect will ice formation have on heat gain to the

LP gas? How could this situation be avoided?

3.68 A transistor, which may be approximated as a hemi-

spherical heat source of radius r, = 0.1 mm, is embed-
ded in a large silicon substrate (k= 125 W/m - K) and
dissipates heat at a rate g. All boundaries of the silicon
are maintained at an ambient temperature of T, = 27°C,
except for the top surface, which is well insulated.

Silicon

substrate
ql

Obtain a general expression for the substrate tempera-
ture distribution and evaluate the surface temperature
of the heat source forg =4 W.

3.69 One modality for destroying malignant tissue involves

imbedding a small spherical heat source of radius r,
within the tissue and maintaining local temperatures
above a critical value T, for an extended period. Tissue
that is well removed from the source may be assumed
to remain at normal body temperature (T, = 37°C).
Obtain a general expression for the radial temperature
distribution in the tissue under steady-state conditions
for which heat is dissipated at a rate g. If », = 0.5 mm,
what heat rate must be supplied to maintain a tissue tem-
perature of T=T, = 42°C in the domain 05 = r =
5mm? The tissue thermal conductivity is approxi-
mately 0.5 W/m - K. Assume negligible perfusion.

Conduction with Thermal Energy
Generation

3,70 Consider cylindrical and spherical shells with inner and

outer surfaces at r, and r, maintained at uniform
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Chapter 3 8 One-Dimensional, Steady-State Conduction

temperatures T, and T, respectively. If there is uniform
heat generation within the shells, obtain expressions for
the steady-state, one-dimensional radial distributions of
the temperature, heat flux, and heat rate. Contrast your
results with those summarized in Appendix C.

The steady-state temperature distribution in a com-
posite plane wall of three different materials, each of
constant thermal conductivity, is shown as follows.

(a) Comment on the relative magnitudes of g7 and g%
and of g7 and gj.

(b) Comment on the relative magnitudes of k, and kg
and of kg and ke

(c) Sketch the heat flux as a function of x.

A plane wall of thickness 0.1 m and thermal conductiv-
ity 25 W/m + K having uniform volumetric heat genera-
tion of 0.3 MW/m?® is insulated on one side, while the
other side is exposed to a fluid at 92°C. The convection
heat transfer coefficient between the wall and the fluid
is 500 W/m? - K. Determine the maximum temperature
in the wall.

3 Consider one-dimensional conduction in a plane com-

posite wall. The outer surfaces are exposed to a fluid at
25°C and a convection heat transfer coefficient of
1000 W/m? - K. The middle wall B experiences uniform
heat generation gg, while there is no generation in walls
A and C. The temperatures at the interfaces are T, =
261°Cand T, = 211°C.

T, T,
T.h T.h
1T -]
an
fe—ry—r—2r—] 1y b—

ky =25 WimK L, =30 mm
ke =50 WimeK Ly = 30 mm
L;=20mm

375

3.76

(a) Assuming negligible contact resistance at the inter-
faces, determine the volumetric heat generation gy
and the thermal conductivity kg.

(b) Plot the temperature distribution, showing its im-
portant features.

(c) Consider conditions corresponding to a loss of
coolant at the exposed surface of material A (h =
0). Determine T, and T, and plot the temperature
distribution throughout the system.

Consider a plane composite wall that is composed of
three materials (materials A, B, and C are arranged left
to right) of thermal conductivities ky, = 0.24 W/m - K,
kg = 0.13 W/m - K, and k- = 0.50 W/m - K. The thick-
nesses of the three sections of the wall are L, = 20 mm,
Ly = 13 mm, and L- = 20 mm. A contact resistance of
R, = 1072 m® - K/W exists at the interface between
materials A and B, as well as at the interface between
materials B and C. The left face of the composite wall is
insulated, while the right face is exposed to convective
conditions characterized by h = 10 Wim® - K, T, =
20°C. For Case 1, thermal energy is generated within
material A at the rate g, = 5000 W/m®. For Case 2,
thermal energy is generated within material C at the rate
Ge = 5000 Whm?,

(a) Determine the maximum temperature within the
composite wall under steady-state conditions for
Case 1.

(b) Sketch the steady-state temperature distribution on
T — x coordinates for Case 1.

(c) Sketch the steady-state temperature distribution for
Case 2 on the same T — x coordinates used for Case 1.

Consider the composite wall of Example 3.7. In the
Comments section, temperature distributions in the wall
were determined assuming negligible contact resistance
between materials A and B. Compute and plot the tem-
perature distributions if the thermal contact resistance is
Ry, =10"*m’ - K/W.

A plane wall of thickness 2L and thermal conductivity k
experiences a uniform volumetric generation rate §. As
shown in the sketch for Case 1, the surface at x = —L s
perfectly insulated, while the other surface is main-
tained at a uniform, constant temperature T, For Case
2, a very thin dielectric strip is inserted at the midpoint
of the wall (x = 0) in order to electrically isolate the
two sections, A and B. The thermal resistance of
the strip is Ry = 0.0005 m* + K/W. The parameters asso-
ciated with the wall are k = 50 W/m - K, L = 20 mm,
§=75 % 10°W/m’, and T, = 50°C.
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3.93

3.94

3.95

Chapter 3 1 One-Dimensional, Steady-State Conduction

A radioactive material of thermal conductivity k is cast
as a solid sphere of radius r, and placed in a liquid bath
for which the temperature T, and convection coefficient
h are known. Heat is uniformly generated within the
solid at a volumetric rate of §. Obtain the steady-state
radial temperature distribution in the solid, expressing
your result in terms of r,, ¢, k, h, and T,.

Radioactive wastes are packed in a thin-walled spherical
container. The wastes generate thermal energy nonuni-
formly according to the relation g = g,[1 — (/).
where { is the local rate of energy generation per unit
volume, §, is a constant, and r, is the radius of the con-
tainer. Steady-state conditions are maintained by sub-
merging the container in a liquid that is at T, and pro-
vides a uniform convection coefficient A.

Coolant

T.h B
2 §=§, [1-(rr)?]

Determine the temperature distribution, T{r), in the con-
tainer. Express your result in terms of ¢, r,, T, h, and
the thermal conductivity k of the radicactive wastes.

Radioactive wastes (k,, = 20 W/m - K) are stored in a
spherical, stainless steel (k, = 15 W/m - K) container of
inner and outer radii equal to r; = 0.5 m and r, = 0.6 m.
Heat is generated volumetrically within the wastes at a
uniform rate of § = 10° W/m?, and the outer surface of
the container is exposed to a water flow for which h =
1000 W/m?: K and T,, = 25°C.

Radloacﬂve'wastem
b §

Stainless steel,
kﬂl

(a) Evaluate the steady-state outer surface tempera-
ture, T, ,.

(b) Evaluate the steady-state inner surface tempera-
ture, T, ;.

(c) Obtain an expression for the temperature distribu-
tion, T(r), in the radioactive wastes. Express your
result in terms of r;, T,; k. and §. Evaluate the
temperature at r = 0.

A proposed extension of the foregoing design in-
volves storing waste materials having the same
thermal conductivity but twice the heat generation
(g = 2 % 10° W/m?) in a stainless steel container of
equivalent inner radius (r; = 0.5 m). Safety consid-
erations dictate that the maximum system tempera-
ture not exceed 475°C and that the container wall
thickness be no less than ¢+ = 0.04 m and preferably
at or close to the original design (t = 0.1 m). Assess
the effect of varying the outside convection coeffi-
cient to a maximum achievable value of h = 5000
Wim® - K (by increasing the water velocity) and the
container wall thickness. Is the proposed extension
feasible? If so, recommend suitable operating and
design conditions for h and t, respectively.

3.96 Unique characteristics of biologically active materials

such as fruits, vegetables, and other products require spe-
cial care in handling. Following harvest and separation
from producing plants, glucose is catabolized to produce
carbon dioxide, water vapor, and heat, with attendant in-
temnal energy generation. Consider a carton of apples,
each of 80-mm diameter, which is ventilated with air at
5°C and a velocity of 0.5 m/s. The corresponding value of
the heat transfer coefficient is 7.5 W/m?+ K. Within each
apple thermal energy is uniformly generated at a total rate
of 4000 J/kg - day. The density and thermal conductivity
of the apple are 840 kg/m® and 0.5 W/m - K, respectively.

Apple, 80 mm
f diameter

e

center and surface

(a) Determine the

apple
temperatures.

For the stacked arrangement of apples within the
crate, the convection coefficient depends on the
velocity as h = C,V ", where C, = 10.1 W/m*-
K - (m/s)***. Compute and plot the center and
surface temperatures as a function of the air veloc-

ity for 0.1 = V=1mfs.

3.97 Consider the plane wall, long cylinder, and sphere

shown schematically, each with the same characteristic
length a, thermal conductivity k, and uniform volumet-
ric energy generation rate §.
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