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Problems
ra L -
m- Qualitative Considerations
- 5.1 Consider a thin electrical heater attached to a plate and (b) Sketch the heat flux at the outer surface ¢/ (L, 7) as a
for backed by insulation. Initially, the heater and plate are at function of time. .
or the temperature of the ambient air, T.. Suddenly, the 2
power to the heater is activated, yielding a constant heat 5.3 A microwave oven operates on the principle that applica- L
er- flux ¢, (W/m?) at the inner surface of the plate. tion of a high-frequency field causes electrically polar-
or 3 ized molecules in food to oscillate. The net effect is a i
the E s Plate nearly uniform generation of thermal energy within the
) e Sa food. Consider the process of cooking a slab of beef of T
T Hrskab: T h thickness 2L in a microwave oven and compare it with o5
1 0 cooking in a conventional oven. where each side of the
slab is heated by radiation. In each case the meat is to
Lo amh be heated from 0°C to a minimum temperature of 90°C.
Base your comparison on a sketch of the temperature
distribution at selected times for each of the cooking
(2) Sketch and label, on T—x coordinates, the tempera- processes. In particular, consider the time £, at which
ster- & ture distributions: initial, steady-state, and at two heating is initiated, a time 7, during the heating process,
Lere 3 intermediate times. the time r, corresponding to the conclusion of heating,
yns? (b) Sketch the heat flux at the outer surface ¢ (L, 1) as a and a time t, well into the subsequent cooling process.
function of time. )
5.4 A plate of thickness 2L, surface area A, mass M, and
vee- 5.2 The inner surface of a plane wall is insulated while the specific heat ¢, initially at a uniform temperature 7, is
d or outer surface is exposed to an airstream at 7... The wall suddenly heated on both surfaces by a convection
3 is at a uniform temperature corresponding to that of the process (T, h) for a period of time 1,, following which
rmal airstream. Suddenly, a radiation heat source is switched the plate is insulated. Assume that the midplane temper-
ange 3 on applying a uniform flux g, to the outer surface. ature does not reach 7., within this period of time.
) glfort>0 (a) Assuming Bi > 1 for the heating process. sketch
n of ) S and label, on T-x coordinates, the following tem-
ltoa I = perature distributions: initial, steady-state (r — o),
- Tk T(x,t,), and at two intermediate times between
duc- . L | t=t,andr— o
4 X L
g (b) Sketch and label, on T-r coordinates, the midplane
d as (2) Sketch and label. on T—x coordinates, the tempera- and exposed surface temperature distributions.
xd to ture distributions: initial, steady-state, and at two (c) Repeat parts (a) and (b) assuming Bi <€ 1 for the

intermediate times. plate.
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(d) Derive an expression for the steady-state tempera-
ture T(x, ) = T, leaving your result in terms of
plate parameters (M, ¢,), thermal conditions (T}, T-.,
h), the surface temperature T(L, 1), and the heating
time t,.

Lumped Capacitance Method

5.5 Steel balls 12 mm in diameter are annealed by heating
to 1150 K and then slowly cooling to 400 K in an air
environment for which 7., = 325 K and A = 20 W/m? - K.
Assuming the properties of the steel to be k = 40 W/m -
K, p = 7800 kg/m?, and ¢ = 600 J/kg - K, estimate the
time required for the cooling process.

5.6 Consider the steel balls of Problem 5.5, except now the
air temperature increases with time as T..(t) = 325 K +
at where g = (0.1875 K/s.

(a) Sketch the ball temperature versus time for 0 < ¢t <
I h. Also show the ambient temperature, 7., in your
graph. Explain special features of the ball tempera-
ture behavior.

(b) Find an expression for the ball temperature as a
function of time, 7(t), and plot the ball temperature
for 0 = ¢ = 1 h. Was your sketch correct?

5.7 The heat transfer coefficient for air flowing over a sphere
is to be determined by observing the temperature—time
history of a sphere fabricated from pure copper. The
sphere, which is 12.7 mm in diameter, is at 66°C before
it is inserted into an airstream having a temperature of
27°C. A thermocouple on the outer surface of the sphere
indicates 55°C 69 s after the sphere is inserted in the
airstream. Assume, and then justify, that the sphere
behaves as a spacewise isothermal object and calculate
the heat transfer coefficient.

5.8 A solid steel sphere (AIST 1010), 300 mm in diameter, is
coated with a dielectric material layer of thickness 2 mm
and thermal conductivity 0.04 W/m - K. The coated sphere
is initially at a uniform temperature of 500°C and is sud-
denly quenched in a large o0il bath for which T,. = 100°C
and i = 3300 W/m? - K. Estimate the time required for
the coated sphere temperature to reach 140°C. Hint:
Neglect the effect of energy storage in the dielectric
material, since its thermal capacitance (pcV) is small
compared to that of the steel sphere.

The base plate of an iron has a thickness of L = 7 mm

and is made from an aluminum alloy (p = 2800 kg/m’,
¢ =900J/kg K, k=180 W/m-K, & = 0.80). An elec-
tric resistance heater is attached to the inner surface of
the plate, while the outer surface is exposed to ambient
air and large surroundings at T, = T, = 25°C. The areas
of both the inner and outer surfaces are A, = 0.040 m?,

(e

‘- Surroundings, T,

Baseplate
ook qp . A) ST

If an approximately uniform heat flux of gj = 1.25 X
10* W/m? is applied to the inner surface of the basc
plate and the convection coefficient at the outer surface
is h = 10 W/m?* - K, estimate the time required for the
plate to reach a temperature of 135°C, Hinz: Numerical
integration is suggested in order to solve the problem.

5.10 Carbon steel (AISI 1010) shafts of (0.1-m diameter are
heat treated in a gas-fired furnace whose gases are at 1200
K and provide a convection coefficient of 100 W/m® - K.
If the shafts enter the furnace at 300 K, how long must
they remain in the furnace to achieve a centerline tem-
perature of 800 K?

5.11 A thermal energy storage unit consists of a large rectan-
gular channel, which is well insulated on its outer sur-
face and encloses alternating layers of the storage
material and the flow passage.

Storage
material
|

“Hotgas
e Lo 1L

Each layer of the storage material is an aluminum slab
of width W = 0.05 m, which is at an initial temperature
of 25°C. Consider conditions for which the storage unit
is charged by passing a hot gas through the passages,
with the gas temperature and the convection coefficient
assumed to have constant values of 7. = 600°C and
h =100 W/m*- K throughout the channel. How long
will it take to achieve 75% of the maximum possible
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2 Problems

cnergy storage? What is the temperature of the alu-
minum at this time?

Thermal energy storage systems commonly involve a
packed bed of solid spheres, through which a hot gas
flows if the system is being charged, or a cold gasif itis
being discharged. In a charging process, heat transfer
from the hot gas increases thermal energy stored within
the colder spheres; during discharge, the stored energy
decrcases as heat is transferred from the warmer
spheres to the cooler gas.

~—Sphere

~Packed bed (p, ¢ k T
S ek, T

Consider 2 packed bed of 75-mm-diameter aluminum
spheres (p = 2700 kg/m’, ¢ = 950 J/kg-K, k = 240
Wim - K) and a charging process for which gas enters
the storage unit at a temperature of T,; = 300°C. If the
initial temperature of the spheres is T, = 25°C and the
convection coefficient is 4 = 75 W/m?- K, how long
does it take a sphere near the inlet of the system to
accumulate 90% of the maximum possible thermal
energy? What is the corresponding temperature at the
center of the sphere? Is there any advantage to using
copper instead of aluminum?

A tool used for fabricating semiconductor devices
consists of a chuck (thick metallic, cylindrical disk)
onto which a very thin silicon wafer (p = 2700 kg/m’,
¢=8751/kg K, k=177 W/m-K) is placed by a
robotic arm. Once in position, an electric field in the
chuck is energized, creating an electrostatic force that
holds the wafer firmly to the chuck. To ensure a repro-
ducible thermal contact resistance between the chuck
and the wafer from cycle-to-cycle, pressurized helium
gas is introduced at the center of the chuck and flows
(very slowly) radially outward between the asperities
of the interface region,

— Wafer, T_(r),
/ T0)= T, ;= 100°C
w=0.758 mm
_.O Helium gas
."; \\ purge

Interface region,

\—~ Chuck, T, = 23°C
greatly exaggerated
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An experiment has been performed under conditions
for which the wafer, initially at a uniform temperature
T, ; = 100°C, is suddenly placed on the chuck, which is
at a uniform and constant temperature T, = 23°C. With
the wafer in place, the electrostatic force and the
helium gas flow are applied. After 15 seconds, the tem-
perature of the wafer is determined to be 33°C. What is
the thermal contact resistance R, (m*- K/W) between
the wafer and chuck? Will the value of R!. increase,
decrease, or remain the same if air, instead of helium, is
used as the purge gas?

5.14 A spherical vessel used as a reactor for producing

5.15

pharmaceuticals has a 5-mm-thick stainless steel wall
(k = 17 W/m - K) and an inner diameter of D= 1.0m.
During production, the vessel is filled with reactants for
which p = 1100 kg/m’ and ¢ = 2400 J/kg - K, while
exothermic reactions release enargy at a volumetric rate
of ¢ = 10°W/m®. As first approximations, the reactants
may be assumed to be well stirred and the thermal
capacitance of the vessel may be neglected.

(a) The exterior surface of the vessel is exposed to
ambient air (T, = 25°C) for which a convection
coefficient of & = 6 W/m?- K may be assumed. If
the initial temperature of the reactants is 25°C,
what is the temperature of the reactants after five
hours of process time? What is the corresponding
temperature at the outer surface of the vessel?

I(b) I Explore the effect of varying the convection coeffi-
cient on transient thermal conditions within the
reactor.

Batch processes are often used in chemical and pharma-
ceutical operations to achieve a desired chemical com-
position for the final product znd typically involve a
transient heating operation to take the product from
room temperature to the desired process temperature.

- Coiled tubing
(D, L, hy )

Stirred liguid
T, V. p, ¢

/77~ Containment vessel

wa e

[
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5.16

[5.17
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Consider a situation for which a chemical of density p =
1200 kg/m” and specific heat ¢ = 2200 J/kg * K occupies
a volume of V=225m’ in an insulated vessel. The
chemical is to be heated from room temperature, T, =
300 K, to a process temperature of T = 450 K by pass-
ing saturated steam at T}, = 500 K through a coiled, thin-
walled, 20-mm-diameter tube in the vessel. Steam
condensation within the tube maintains an interior con-
vection coefficient of h; = 10,000 W/m?- K, while the
highly agitated liquid in the stirred vessel maintains an
outside convection coefficient of i, = 2000 W/m? - K.

If the chemical is to be heated from 300 to 450 K
in 60 minutes, what is the required length L of the sub-
merged tubing?

A plane wall of a furnace is fabricated from plain
carbon steel (k= 60 W/m-K, p= 7850 kg/m?, ¢ =
430 J/kg - K) and is of thickness L = 10 mm. To protect
it from the corrosive effects of the furnace combustion
gases, one surface of the wall is coated with a thin
ceramic film that, for a unit surface area, has a thermal
resistance of R;; = 0.01 m*- K/W. The opposite sur-
face is well insulated from the surroundings.

Ceramig film,——
Ry, -——— Carbon steel,
H | poc kT,
S
Furnace |
gases [
7.k 7
= Ts. i
T i
L

| &

At furnace start-up the wall is at an initial temperature
of T; = 300 K, and combustion gases at T, = 1300 K
enter the furnace, providing a convection coefficient of
h =25 W/m*-X at the ceramic film. Assuming the
film to have negligible thermal capacitance, how long
will it take for the inner surface of the steel to achieve a
temperature of T,; = 1200 K? What is the temperature
T,, of the exposed surface of the ceramic film at this
time?

A steel strip of thickness 8 = 12 mm is annealed by
passing it through a large furnace whose walls are
maintained at a temperature 7', corresponding to that of
combustion gases flowing through the furnace (T, =
T.). The strip, whose density, specific heat, thermal
conductivity, and emissivity are p = 7900 kg/m’, =
640 J/kg-K, k=30W/m-K, and & =07, respec-
tively, is to be heated from 300°C to 600°C.

Furnace walls, T, \

Combustion gases -
T h

Combustion gases
i i

(a) For a uniform convection coefficient of )=
100 W/m® - K and 1, = T. = 700°C, determine the
time required to heat the strip. If the strip is moving
at 0.5 m/s, how long must the furnace be?

(b) The annealing process may be accelerated (the
strip speed increased) by increasing the environ-
mental temperatures. For the furnace length
obtained in part (a), determine the strip speed for
T,=T7.=850°C and T, =T, = 1000°C. For
each set of environmental temperatures (700, 850,
and 1000°C), plot the strip temperature as a func-
tion of time over the range 25°C = T = 600°C.
Over this range, also plot the radiation heat trans-
fer coefficient, A,, as a function of time.

5.18 A long wire of diameter D = 1 mm is submerged in an

oil bath of temperature T, = 25°C. The wire has an
electrical resistance per unit length of R, = 0.01 (Q/m.
If a current of 7= 100 A flows through the wire
and the convection coefficient is 7 = 500 W/m?-K,
what is the steady-state temperature of the wire? From
the time the current is applied, how long does it take for
the wire to reach a temperature that is within 1°C of the
steady-state value? The properties of the wire are p =
8000 kg/m®, ¢ = 500 J/kg - K, and k = 20 W/m - K.

5.19 Consider the system of Problem 5.1 where the tempera-

ture of the plate is spacewise isothermal during the tran-
sient process.

(a) Obtain an expression for the temperature of the ;

plate as a function of time T(7) in terms of ¢/, T,. h.
L, and the plate properties p and ¢.

(b) Determine the thermal time constant and the steady-
state temperature for a 12-mm-thick plate of pure |
copper when T, = 27°C, h = 50 W/m*- K, and ¢/ =
5000 W/m®. Estimate the time required to reach |
steady-state conditions. :

[(c) |For the conditions of part (b), as well as for ‘
h = 100 and 200 W/m? - K, compute and plot the

n
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= Problems

corresponding temperature histories of the plate for
0=r=2500s.

An electronic device, such as a power transistor mounted
on a finned heat sink, can be modeled as a spatially
isothermal object with internal heat generation and an
external convection resistance.

(a) Consider such a system of mass M, specific heat ¢,
and surface area A,, which is initially in equilibrium
with the environment at T.. Suddenly, the elec-
tronic device is energized such that a constant heat
generation E, (W) occurs. Show that the tempera-
ture response of the device is

where § = T — 7(=) and T(=) is the steady-state
temperature corresponding to r—=c; 4, =17, —
1(=); T, = initial temperature of device; R = thermal
resistance 1/hA,; and C = thermal capacitance Mc.
(b

—

An electronic device, which generates 60 W of
heat, is mounted on an aluminum heat sink weigh-
ing 0.31 kg and reaches a temperature of 100°C in
ambient air at 20°C under steady-state conditions.
If the device is initially at 20°C, what temperature
will it reach 5 min after the power is switched on?

Before being injected into a furnace, pulverized coal is
preheated by passing it through a cylindrical tube
whose surface is maintained at T,,, = 1000°C. The coal
pellets are suspended in an airflow and are known to
move with a speed of 3 m/s. If the pellets may be
approximated as spheres of 1-mm diameter and it may
be assumed that they are heated by radiation transfer
from the tube surface, how long must the tube be to heat
coal entering at 25°C to a temperature of 600°C? Is the
use of the lumped capacitance method justified?

522 A metal sphere of diameter D, which is at a uniform

temperature T, is suddenly removed from a furnace and
suspended from a fine wire in a large room with air at a
uniform temperature T.. and the surrounding walls at a
temperature 7T

sure

(a) Neglecting heat transfer by radiation, obtain an
expression for the time required to cool the sphere
to some temperature T.

(b) Neglecting heat transfer by convection, obtain an
expression for the time required to cool the sphere
to the temperature 7.

(c) How would you go about determining the time
required for the sphere to cool to the temperature
T if both convection and radiation are of the same
order of magnitude?

5.23
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Consider an anodized aluminum sphere (& = (1.75)
50 mm in diameter, which is at an initial tempera-
ture of T; = 800 K. Both the air and surroundings
are at 300 K, and the convection coefficient is
10 W/m? - K. For the conditions of parts (a), (b),
and (c), determine the time required for the sphere
to cool to 400 K. Plot the corresponding tempera-
ture histories. Repeat the calculations for a polished
aluminum sphere (g = 0.1).

As permanent space stations increase in size, there is an
attendant increase in the amount of electrical power
they dissipate. To keep station compartment tempera-
tures from exceeding prescribed limits, it is necessary
to transfer the dissipated heat to space. A novel heat
rejection scheme that has been proposed for this pur-
pose is termed a Liquid Droplet Radiator (LDR). The
heat is first transferred to a high vacuum oil, which is
then injected into outer space as a stream of small
droplets. The stream is allowed to traverse a distance L,
over which it cools by radiating energy to outer space at
absolute zero temperature. The droplets are then col-
lected and routed back to the space station.

L Outer space

T =0K
Droplet Droplet
injector ) collector
T; —>V ?J‘ .
| @ o I
D Q I
°| Q Q I
I - I
| @ Q@ o i
s i, . I
-

5.24

Cold oil return '

Consider conditions for which droplets of emissivity
e = (.95 and diameter D = 0.5 mm are injected at a tem-
perature of T;= 500K and a velocity of V= (0.1 m/s.
Properties of the oil are p = 885 kg/m’, ¢ = 1900 J/kg -
K, and k = 0.145 W/m - K. Assurning each drop to radi-
ate to deep space at T, = 0 K, determine the distance L
required for the droplets to impact the collector at a final
temperature of T; = 300 K. What is the amount of ther-
mal energy rejected by each droplet?

In a material processing experiment conducted aboard
the space shuttle, a coated niobium sphere of 10-mm
diameter is removed from a furnace at 900°C and
cooled to a temperature of 300°C. Although properties
of the niobium vary over this temperature range,
constant values may be assumed to a reasonable
approximation, with p = 8600 kg/m’, ¢ = 290 J/kg - K,
and k = 63 W/m - K.
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5.25

Particle
injection ~
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(a) If cooling is implemented in a large evacuated
chamber whose walls are at 25°C, determine the
time required to reach the final temperature if the
coating is polished and has an emissivity of & = 0.1.
How long would it take if the coating is oxidized
and & = 0.67
To reduce the time required for cooling, considera-
tion is given to immersion of the sphere in an inert
gas stream for which T,, = 25°C and h = 200 W/m’
- K. Neglecting radiation, what is the time required
for cooling?
(c) Considering the effect of both radiation and con-
vection, what is the time required for cooling if
h = 200 W/m* - K and & = 0.6? Explore the effect on
the cooling time of independently varying h and &.

(b

—t

Plasma spray-coating processes are often used to pro-
vide surface protection for materials exposed to hostile
environments, which induce degradation through fac-
tors such as wear, corrosion, or outright thermal failure.
Ceramic coatings are commonly used for this purpose.
By injecting ceramic powder through the nozzle (anode)
of a plasma torch, the particles are entrained by the
plasma jet, within which they are then accelerated and
heated.

Plasma gas

Cathode

«——— Nozzle (anode)

J—

——— Plasma jet with entrained
ceramic particles (T, h)

== Ceramic coating

———Substrate

During their rime-in-flight, the ceramic particles must
be heated to their melting point and experience com-
plete conversion to the liquid state. The coating is
tformed as the molten droplets impinge (splar) on the
substrate material and experience rapid solidification.
Consider conditions for which spherical alumina
(Al,O5) particles of diameter D, = 50 um, density p, =
3970 kg/m?, thermal conductivity k, = 10.5 W/m - K,
and specific heat ¢, = 1560 J/kg - K are injected into an

5.26

5.27 A chip that is of length L = 5 mm on a side and thitk- ¢

A ) —...1..,,-.1

arc plasma, which is at T, = 10,000 K and provides 4
coefficient of h = 30,000 W/m’-K for convective
heating of the particles. The melting point and latent
heat of fusion of alumina are T, = 2318 K and A, =
3577 kl/kg, respectively.

e T

(a) Neglecting radiation. obtain an expression for the
time-in-flight, 7,_;, required to heat a particle from
its initial temperature T to its melting point Ty,
and, once at the melting point, for the partick
to experience complete melting. Evaluate 7, ; for
T, = 300 K and the prescribed heating conditions.

(b) Assuming alumina to have an emissivity of g, = (14
and the particles to exchange radiation with large
surroundings at T, = 300 K, assess the validity of
neglecting radiation. :

Thin film coatings characterized by high resistance w
abrasion and fracture may be formed by using micro-
scale composite particles in a plasma spraying process.
A spherical particle typically consists of a ceramic
core, such as tungsten carbide (WC), and a metallic
shell, such as cobalt (Co). The ceramic provides the
thin film coating with its desired hardness at elevated
temperatures, while the metal serves to coalesce the
particles on the coated surface and to inhibit crack for-
mation. In the plasma spraying process, the particles i
are injected into a plasma gas jet that heats them tod
temperature above the melting point of the metallic
casing and melts the casing before the particles impact
the surface.

Consider spherical particles comprised of a WC
core of diameter D, = 16 uwm, which is encased ina Ce
shell of outer diameter D, = 20 um. If the particles
flow in a plasma gas at T, = 10,000 K and the coeffi-
cient associated with convection from the gas to the
particles is o = 20,000 W/m? - K, how long does it take
to heat the particles from an initial temperature of
T, = 300 K to the melting point of cobalt, T,,, = 1Tl
K? The density and specific heat of WC (the core of the
particle) are p, = 16,000 kg/m® and ¢, = 300 J/kg K.
while the corresponding values for Co (the outer shell
are p, = 8900 kg/m? and ¢, = 750 J/kg - K. Once hav-
ing reached the melting point, how much additiond
time is required to completely melt the cobalt if il
Jatent heat of fusion is h,; = 2.59 X 10° J/kg? You may
use the lumped capacitance method of analysis and
neglect radiation exchange between the particle and its
surroundings.

42 b

ness t = 1 mm is encased in a ceramic substrate, and1ts
exposed surface is convectively cooled by a dielectric
liquid for which & = 150 W/m* - K and 7. = 20°C.
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— Chip,
T h 4T p ¢,

¢  Substrate

In the off-mode the chip is in thermal equilibrium with
the coolant (T, = T.). When the chip is energized, how-
ever, its temperature increases until a new steady-state
is established. For purposes of analysis, the energized
chip is characterized by uniform volumetric heating
with ¢ = 9 X 10° W/m®. Assuming an infinite contact
resistance between the chip and substrate and negligible
conduction resistance within the chip, determine the
steady-state chip temperature 7. Following activation
of the chip, how long does it take to come within 1°C of
this temperature? The chip density and specific heat are
= 2000 kg/m* and ¢ = 700 J/kg - K, respectively.
Consrdcr the conditions of Problem 5.27. In addition to
treating heat transfer by convection directly from the
chip to the coolant, a more realistic analysis would
account for indirect transfer from the chip to the sub-
strate and then from the substrate to the coolant. The
total thermal resistance associated with this indirect
route includes contributions due to the chip—substrate
interface (a contact resistance), multidimensional con-
duction in the substrate, and convection from the sur-
face of the substrate to the coolant. If this total thermal
resistance is R, = 200 K/W, what is the steady-state chip
temperature 7,7 Following activation of the chip, how
long does it take to come within 1°C of this temperature?

Thermal stress testing is a common procedure used to
assess the reliability of an electronic package. Typically,
thermal stresses are induced in soldered or wired connec-
tions to reveal mechanisms that could cause failure and
must therefore be corrected before the product is released.
As an example of the procedure, consider an array of sili-
con chips (py, = 2300 kg/m?®, ¢, = 710 J/kg - K) joined
to an alumina substrate (pg, = 4000 kg/m’, ¢, = 770
Jike - K) by solder balls (py = 11,000 kg/m?®, ¢, =
130 J/kg - K). Each chip of width L, and thickness 1, is
joined to a unit substrate section of width Iy, and thick-
ness t, by solder balls of diameter D.

Chip - i

By ) | Lo t T Ahiig
X [g T..h

e ball — %\ | ES 5 5 J_ - 7
p el ak i ! T -I-

o i - = =
Substrate — . I ot s E e
[ c'sb} ;., - Ly _._..'r Lep
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A thermal stress test begins by subjecting the multichip
module, which is initially at room temperature, to a hot
fluid stream and subsequently cooling the module by
exposing it to a cold fluid stream. The process is repeated
for a prescribed number of cycles to assess the integrity
of the soldered connections.

(a) As a first approximation, assume that there is negli-
gible heat transfer between the components
(chip/solder/substrate) of the module and that the
thermal response of each component may be deter-
mined from a lumped capacitance analysis involv-
ing the same convection coefficient . Assuming no
reduction in surface area due to contact between a
solder ball and the chip or substrate. obtain expres-
sions for the thermal time constant of each compo-
nent. Heat transfer is to all surfaces of a chip, but to
only the top surface of the substrate. Evaluate the
three time constants for L, = 15 mm, 7y, = 2 mm.
Ly, = 25 mm, ¢y, = 10 mm, D = 2 mm, and a value
nf h = 50 W/m®- K, which is characteristic of an
air stream. Compute and plot the temperature histo-
ries of the three components for the heating portion
of a cycle, with T, = 20°C and T, = 80°C. At
what time does each component experience 99% of
its maximum possible temperature rise, that is,
(T — TH(T. — T = 0.997 If the maximum stress
on a solder ball corresponds to the maximum dif-
ference between its temperature and that of the chip
or substrate, when will this maximum occur?

(b) To reduce the time required to complete a stress
test, a dielectric liquid could be used in lieu of air
to provide a larger convection coefficient of
h = 200 W/m?* - K. What is the corresponding sav-
ings in time for each component to achieve 99% of
its maximum possible temperature rise?

5.30 The objective of this problem is to develop thermal

models for estimating the steady-state temperature and
the transient temperature history of the electrical trans-
former shown below.

The external transformer geometry is approximately
cubical, with a length of 32 mm to a side. The combined
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5.31

mass of the iron and copper in the transformer is 0.28 kg,
and its weighted-average specific heat is 400 J/kg - K.
The transformer dissipates 4.0 W and is operating in
ambient air at T, = 20°C, with a convection coefficient
of 10 W/m?- K. List and justify the assumptions made
in your analysis, and discuss limitations of the models.

(a) Beginning with a properly defined control volume,
develop a model for estimating the steady-state tem-
perature of the transformer, T(). Evaluate T(=) for
the prescribed operating conditions.

(b) Develop a model for estimating the thermal response
(temperature history) of the transformer if it is ini-
tially at a temperature of T, = T.. and power is sud-
denly applied. Determine the time required for the
transformer to come within 5°C of its steady-state
operating temperature.

In thermomechanical data storage, a processing head.
consisting of M heated cantilevers, is used to write data
onto an underlying polymer storage medium. Electrical
resistance heaters are microfabricated onto each can-
tilever, which continually travel over the surface of the
medium. The resistance heaters are turned on and off
by controlling electrical current to each cantilever. As a
cantilever goes through a complete heating and cooling
cycle, the underlying polymer is softened, and one bit
of data is written in the form of a surface pit in the
polymer. A track of individual data bits (pits), each sep-
arated by approximately 50 nm, can be fabricated. Mul-
tiple tracks of bits, also separated by approximately 50
nm, are subsequently fabricated into the surface of the
storage medium. Consider a single cantilever that is
fabricated primarily of silicon with a mass of 50 X
10" kg and a surface area of 600 X 107 m”. The
cantilever is initially at 7; = T, = 300 K, and the heat
transfer coefficient between the cantilever and the
ambient is 200 X 10° W/m* - K.

Written bits
L ——

(a) Determine the ohmic heating required to raise the
cantilever temperature to T = 1000 K within a heat-
ing time of , = 1 us. Hint: See Problem 5.20.

(b) Find the time required to cool the cantilever from
1000 K to 400 K (z.) and the thermal processing
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time required for one complete heating and cooling
cycle, 1, = t, ~ I..

(¢c) Determine how many bits (N) can be wrilten onto a
1 mm X 1 mm polymer storage medium. If M = 100
cantilevers are ganged onto a single processing head.
determine the total thermal processing time needed
to write the data.

The melting of water initially at the fusion temperature,
T; = 0°C, was considered in Example 1.5. Freezing of
water often occurs at 0°C. However, pure liquids that
undergo a cooling process can remain in a supercooled
liquid state well below their equilibrium freezing tem-
perature, Ty, particularly when the liquid is not in con-
tact with any solid material. Droplets of liguid water in
the atmosphere have a supercooled freezing tempera-
ture, T}, that can be well correlated to the droplet
diameter by the expression 7;,. = —28 + 0.87 In(D,)in
the diameter range 1077 < D, < 10 * m, where T, has
units of degrees Celsius and D, is expressed in units of
meters. For a droplet of diameter D = 50 pm and initial
temperature T, = 10°C subject to ambient conditions of
T. = —40°C and h = 900 W/m? - K. compare the time
needed to completely solidify the droplet for case A,
when the droplet solidifies at T; = 0°C, and case B,
when the droplet starts to freeze at Tj.. Sketch the tem-
perature histories from the initial time to the time when
the droplets are completely solid. Hint: When the droplet
reaches Ty, in case B, rapid solidification occurs during
which the latent energy released by the freezing water is
absorbed by the remaining liquid in the drop. As
soon as any ice is formed within the droplet. the
remaining liquid is in contact with a solid (the ice) and
the freezing temperature immediately shifts from Ty, to
T, = 0°C.

As noted in Problem 5.3, microwave ovens operate by
rapidly aligning and reversing water molecules within
the food, resulting in volumetric energy generation and,
in turn, cooking of the food. When the food is initially
frozen, however, the water molecules do not readily
oscillate in response to the microwaves, and the volu-
metric generation rates are between one and two orders
of magnitude lower than if the water were in liquid
form. (Microwave power that is not absorbed in the
food is reflected back to the microwave generator,
where it must be dissipated in the form of heat to pre-
vent damage to the generator.)

(a) Consider a trozen, 1-kg spherical piece of ground
beef at an initial temperature of T; = —20°C placed
in a microwave oven with T.. = 30°C and h =15
W/m? - K. Determine how long it will take the beef
to reach a uniform temperature of T = 0°C. with al
the water in the form of ice. Assume the properties
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of the beef are the same as ice, and assume 3% of
the oven power (P = 1 kW total) is absorbed in the
food.

After all the ice is converted to liquid, determine
how long it will take to heat the beef to T; = 80°C
if 95% of the oven power is absorbed in the food.
Assume the properties of the beef are the same as
liquid water.

(b

i

(c) When thawing food in microwave ovens, one may
observe that some of the food may still be frozen
while other parts of the food are overcooked. Explain
why this occurs. Explain why most microwave
ovens have thaw cycles that are associated with
very low oven powers.

One-Dimensional Conduection:
The Plane Wall

534 Consider the series solution, Equation 5.39, for the
plane wall with convection. Calculate midplane (x* = 0)
and surface (x* = 1) temperatures 6* for Fo = 0.1 and
1, using Bi = 0.1, 1, and 10. Consider only the first four
eigenvalues. Based on these results discuss the validity
of the approximate solutions, Equations 5.40 and 5.41.

5.35 Consider the one-dimensional wall shown in the sketch,
which is initially at a uniform temperature 7} and is sud-
denly subjected to the convection boundary condition
with a fluid at T...

Wall, Tlx, 0) = T~ (—Insulation
ko

%,

T,

L

For a particular wall, case 1, the temperature at x = L,
after 1, = 100 s is Ty(L,, t;) = 315°C. Another wall,
case 2, has different thickness and thermal conditions
as shown below.

L a k T; Ty h
e (m) (m*s) (Wm-K) (°C) (°C) (W/m®:K)

o 010 15%x107° 50 300 400 200

040 25x107¢ 100 30 20 100

How long will it take for the second wall to reach
28.5°C at the position x = L,? Use as the basis for
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analysis, the dimensionless functional dependence for
the transient temperature distribution expressed in
Equation 5.38. '

Referring to the semiconductor processing tool of Prob-
lem 5.13, it is desired at some point in the manufactur-
ing cycle to cool the chuck, which is made of aluminum
alloy 2024. The proposed cooling scheme passes air at
20°C between the air-supply head and the chuck surface.

l Air supply. 20°C

— Cooling head

*-1— P —— — Exit air
L=25mm - +————Chuck
1 Heater coil

5.37

g G990 Q',.o..\.:r_b t:.;:.r,a 000 000 0,0 0 ;
ER R e R R Rt it R {deactivated)

——— Insulation

(a) If the chuck is initially at a uniform temperature
of 100°C, calculate the time required for its lower
surface to reach 25°C, assuming a uniform convec-
tion coefficient of 50 W/m?- K at the head—chuck
interface.

Generate a plot of the time-to-cool as a function of
the convection coefficient for the range 10 = h =
2000 W/m?* - K. If the lower limit represents a free
convection condition without any head present,
comment on the effectiveness of the head design as
a method for cooling the chuck.

Annealing is a process by which steel is reheated and
then cooled to make it less brittle. Consider the reheat
stage for a 100-mm-thick steel plate (p = 7830 kg/m’,
¢ = 550J/kg - K, k=48 W/m - K), which is initially at
a uniform temperature of 7; = 200°C and is to be
heated to a minimum temperature of 550°C. Heating is
effected in a gas-fired furnace, where products of com-
bustion at T, = 800°C maintain a convection coeffi-
cient of & = 250 W/m? - K on both surfaces of the plate.
How long should the plate be left in the furnace?

Consider the heavily insulated pipe of Example 5.4,

which is suddenly subjected to the flow of hot oil. Use
the Transient Conduction, Plane Wall model of THT to
obtain the following solutions.

(a) Calculate the temperature of the inner and outer
surfaces of the pipe, the heat flux at the inner sur-
face, and the energy transferred to the wall after
8 min. Compare your results with those obtained in
the example.

(b) At what time will the outer surface temperature of
the pipe, T(0, 1), reach 25°C?
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5.40

5.41

Case 1: cooling, both sides

fo 2L —

(c) Using the Explore and Graph options of IHT, cal-
culate and plot on a single graph the temperature
distributions, T(x, ¢), for the initial condition, the
final condition, and intermediate times of 4 and
8 min. Explain key features of the distributions.

(d) Calculate and plot the temperature histories, T(x, 1),
at the inner (x = 0) and outer (x = L) pipe surfaces
for0 =t = 16 min.

The 150-mm-thick wall of a gas-fired furnace is con-
structed of fire-clay brick (k = 1.5 W/m- K, p = 2600
kg/m®, ¢, = 1000 J/kg - K) and is well insulated at its
outer surface. The wall is at a uniform initial tempera-
ture of 20°C, when the burners are fired and the inner
surface is exposed to products of combustion for which
T.=950°C and h = 100 W/m® - K.

(a) How long does it take for the outer surface of the
wall to reach a temperature of 750°C?

Plot the temperature distribution in the wall at the
foregoing time, as well as at several intermediate
times.

Steel is sequentially heated and cooled (annealed) to
relieve stresses and to make it less brittle. Consider a
100-mm-thick plate (k = 45 W/m - K, p = 7800 kg/m’,
¢, = 500 J/kg - K) that is initially at a uniform tempera-
ture of 300°C and is heated (on both sides) in a gas-fired
furnace for which T, = 700°C and & = 500 W/m* - K.
How long will it take for a minimum temperature of
5350°C to be reached in the plate?

A plate of thickness 2L = 25 mm at a temperature of
600°C is removed from a hot pressing operation and
must be cooled rapidly in order to achieve the required
physical properties. The process engineer plans to use
air jets to control the rate of cooling, but she is uncer-
tain whether it is necessary to cool both sides (case 1)
or only one side (case 2) of the plate. The concern is not
just for the time-to-cool, but also for the maximum tem-
perature difference within the plate. If this temperature
difference is too large, the plate can experience signifi-
cant warping.

Case 2: cooling, one side only

ST, O =T,

ey
EIB Tl

f— 2L —=

The air supply is at 25°C, and the convection coefficient
on the surface is 400 W/m’- K. The thermophysical
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propertics of the plate are p = 3000 kg/m’, ¢ = 750

Jkg-K,and k = 15 W/m-K.

(a) Using the THT software, calculate and plot on one
graph the temperature histories for cases 1 and 2
for a 500-s cooling period. Compare the times
required for the maximum temperature in the plate
to reach 100°C. Assume no heatl loss from the
unexposed surface of case 2.

(b) For both cases, calculate and plot on one graph the
variation with time of the -maximum temperature
difference in the plate. Comment on the relative
magnitudes of the temperature gradients within the
plate as a function of time.

5.42 During transient operation, the steel nozzle of a rocket

engine must not exceed a maximum allowable operating

temperature of 1500 K when exposed to combustion gases

characterized by a temperature of 2300 K and a convection
coefficient of 5000 W/m*- K. To extend the duration of
engine operation, it is proposed that a ceramic rhermal

barrier coating (k=10 W/m-K, a =6 % 107" m’s)

be applied to the interior surface of the nozzle.

(a) If the ceramic coating is 10 mm thick and at an ini-
tial temperature of 300 K, obtain a conservative
estimate of the maximum allowable duration of
engine operation. The nozzle radius is much larger
than the combined wall and coating thickness.

Compute and plot the inner and outer surface tem-
peratures of the coating as a function of time for
0 = 1 = 150 s. Repeat the calculations for a coating
thickness of 40 mm.

5.43 In a tempering process, glass plate, which is initially at

a uniform temperature T, is cooled by suddenly reduc-

ing the temperature of both surfaces to T,. The plate is

20 mm thick, and the glass has a thermal diffusivity of

6 X 1077 m?s.

(a) How long will it take for the midplane temperature
to achieve 50% of its maximum poessible tempera-
ture reduction?

(b)y If (T; — T,) = 300°C, what is the maximum temper-
ature gradient in the glass at the above time?

5.44 The strength and stability of tires may be enhanced by

heating both sides of the rubber (k= 0.14 W/m-K
a = 6.35x 107" m¥s) in a steam chamber for which
T.. = 200°C. In the heating process, a 20-mm-thick rubber
wall (assumed to be untreaded) is taken from an initial
temperature of 25°C to a midplane temperature of 150°C.

(a) If steam flow over the tire surfaces maintains
convection coefficient of h = 200 W/m? - K, how
long will it take to achieve the desired midplane
temperature?

e
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MTO accelerate the heating process, it is recom-
mended that the steam flow be made sufficiently
vigorous to maintain the tire surfaces at 200°C
throughout the process. Compute and plot the mid-
plane and surface temperatures for this case, as
well as for the conditions of part (a).

545 Copper-coated, epoxy-filled fiberglass circuit boards are

treated by heating a stack of them under high pressure as
shown in the sketch. The purpose of the pressing-heating
operation is to cure the epoxy that bonds the fiberglass
sheets, imparting stiffness to the boards. The stack,
referred to as a book, is comprised of 10 boards and 11
pressing plates, which prevent epoxy from flowing
between the boards and impart a smooth finish to the
cured boards. In order to perform simplified thermal
analyses, it is reasonable to approximate the book as
having an effective thermal conductivity (k) and an
effective thermal capacitance (pc,). Calculate the effec-
tive properties if each of the boards and plates has a
thickness of 2.36 mm and the following thermophysical
propertics: board (b) p, = 1000 kg/m?, ¢, p = 1500
Jikg - K, k, = 0.30 W/m - K; plate (p) p, = 8000 kg/m’,
¢, — 480 J/kg - K, k, = 12W/m K.

Applied force

—Platens with
l l l l l circulating fluid
.| . Metal pressing
a plate

1 IR g Circuit
board

|— Platen

546 Circuit boards are treated by heating a stack of them

under high pressure as illustrated in Problem 5.45. The
platens at the top and bottom of the stack are main-
tained at a uniform temperature by a circulating fluid.
The purpose of the pressing-heating operation is to cure
the epoxy, which bonds the fiberglass sheets, and
impart stiffness to the boards. The cure condition is
achieved when the epoxy has been maintained at or
above 170°C for at least 5 min. The effective thermo-
physical properties of the stack or book (boards and
metal pressing plates) are k = 0.613 W/m - K and pc, =
273 X 108 I/m*- K.

(a) If the book is initially at 15°C and, following appli-
cation of pressure, the platens are suddenly brought
to a uniform temperature of 190°C, calculate the
elapsed time 1, required for the midplane of the
book to reach the cure temperature of 170°C.

(b) If, at this instant of time, ¢ = r,, the platen tempera-
ture were reduced suddenly to 15°C, how much
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energy would have to be removed from the book
by the coolant circulating in the platen, in order to
return the stack to its initial uniform temperature?

5.47 A plastic coating is applied to wood panels by first

depositing molten polymer on a panel and then cooling
the surface of the polymer by subjecting it to air flow at
25°C. As first approximations, the heat of reaction associ-
ated with solidification of the polvmer may be neglected
and the polymer/wood interface may be assumed to be
adiabatic.

Air

—

—s T h

—

i — Plastic coating

£ Bl iy k, o, T)
L &= - =

——— Wood panel

If the thickness of the coating is L = 2 mm and it has
an initial uniform temperature of T; = 200°C, how long
will it take for the surface to achieve a safe-to-rouch
temperature of 42°C if the convection coefficient is
h = 200 W/m® - K? What is the corresponding value of
the interface temperature? The thermal conductivity
and diffusivity of the plastic are k = 0.25 W/m - K and
a = 1.20 X 1077 m?%s, respectively.

One-Dimensional Conduection:
The Long Cylinder

5.48 A long rod of 60-mm diameter and thermophysical

properties p = 8000 kg/m®, ¢ = 500 J/kg-K. and k =
50 W/m - K is initially at a uniform temperature and 1s
heated in a forced convection furnace maintained at
750 K. The convection coefficient is estimated to be
1000 W/m? - K.

(a) What is the centerline temperature of the rod when
the surface temperature is 550 K?

(b)|In a heat-treating process, the centerline tempera-
ture of the rod must be increased from 7; = 300 K
to T= 500 K. Compute and plot the centerline
temperature histories for A = 100, 500, and 1000
W/m? - K. In each case the calculation may be ter-
minated when 7' = 500 K.

5.49 A long cylinder of 30-mm diameter, initially at a uniform
temperature of 1000 K, is suddenly quenched in a large,
constant-temperature oil bath at 350 K. The cylinder prop-
ertiesare k = 1.7 W/m - K, ¢ = 1600 J/kg - K, and p = 400
kg/m®, while the convection coefficient is 50 W/m? - K.
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(a) Calculate the time required for the surface of the
cylinder to reach 500 K.

@Cnmpute and plot the surface temperature history
for 0 =7 = 300s. If the oil were agitated, provid-
ing a convection coefficient of 250 W/m? - K, how
would the temperature history change?

A long pyroceram rod of diameter 20 mm is clad with a
very thin metallic tube for mechanical protection. The
bonding between the rod and the tube has a thermal
contact resistance of R,, = 0.12 m - K/W.

— — Thin metallic tube

)

—Ceramic rod

Bonding interface

D =20 mm

(a) If the rod is initially at a uniform temperature of
900 K and is suddenly cooled by exposure to an air-
stream for which 7. = 300 K and h = 100 W/m?- K,
at which time will the centerline reach 600 K?

@Cooling may be accelerated by increasing the air-
speed and hence the convection coefficient. For
values of h = 100, 500, and 1000 W/m* - K, com-
pute and plot the centerline and surface tempera-
tures of the pyroceram as a function of time for
0 = r = 300s. Comment on the implications of
achieving enhanced cooling solely by increasing 4.

A Jong rod 40 mm in diameter, fabricated from sapphire
(aluminum oxide) and initially at a uniform temperature
of 800 K. is suddenly cooled by a fluid at 300 K having a
heat transfer coefficient of 1600 W/m? - K. After 35 s, the
rod is wrapped in insulation and experiences no heat
losses. What will be the temperature of the rod after a
long period of time?

A long plastic rod of 30-mm diameter (k = 0.3 W/m - K
and pc, = 1040 kJ/m?® - K) is uniformly heated in an
oven as preparation for a pressing operation. For best
results, the temperature in the rod should not be less
than 200°C. To what uniform temperature should the
rod be heated in the oven if, for the worst case, the rod
sits on a conveyor for 3 min while exposed to convec-
tion cooling with ambient air at 25°C and with a con-
vection coefficient of 8 W/m”-K? A further condition
for good results is a maximum-minimum temperature
difference of less than 10°C. Is this condition satisfied
and, if not, what could you do to satisfy it?

As part of a heat treatment process, cylindrical, 304
stainless steel rods of 100-mm diameter are cooled from
an initial temperature of 500°C by suspending them in
an oil bath at 30°C. If a convection coefficient of 500

5.54
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W/m? - K is maintained by circulation of the oil, how
long does it take for the centerline of a rod to reach a
temperature of 50°C, at which point it is withdrawn from
the bath? If 10 rods of length L = 1 m are processed per
hour, what is the nominal rate at which energy must be
extracted from the bath (the cooling load)?

In a manufacturing process, long rods of different diam-
eters are at a uniform temperature of 400°C in a curing
oven, from which they are removed and cooled by
forced convection in air at 25°C. One of the line opera-
tors has observed that it takes 280 seconds for a 40-mm-
diameter rod to cool to an safe-to-handle temperature
of 60°C. For an equivalent convection coefficient, how
long will it take for an 80-mm-diameter rod to cool to the
same temperature? The thermophysical properties of the
rod are p = 2500 kg/m®, ¢ =900 Jkg-K. and k = 5
Wim - K. Comment on your result. Did you anticipate this
outcome?

The density and specific heat of a particular material are
known (p = 1200 kg/m’, ¢, = 1250 J/kg - K), but its ther-
mal conductivity is unknown. To determine the thermal
conductivity, a long cylindrical specimen of diameter
D = 40 mm is machined, and a thermocouple is inserted
through a small hole drilled along the centerline.

V\\\_ o

[
e
/

Air

.. h

b
* Thermocouple junction

N,
M Material of unknown
thermal conductivity (p, ¢, T))

The thermal conductivity is determined by performing

an experiment in which the specimen is heated to a uni-

form temperature of 7; = 100°C and then cooled by
passing air at T., = 25°C in cross flow over the cylin-
der. For the prescribed air velocity, the convection

coefficient is A = 55 W/m* - K.

(a) If a centerline temperature of T(0, 1) = 40°C is
recorded after r == 1136 s of cooling, verify that the
material has a thermal conductivity of k = 0.30
Wim - K.

For air in cross-flow over the cylinder, the pre-
scribed value of # = 55 W/m® - K corresponds to a
velocity of V = 6.8 m/s. If & = CV"*'%, where the
constant C has units of W - s"%/m*01%. K how
does the centerline temperature at ¢ = 1136 s vary
with velocity for 3 = V = 20 m/s? Determine the
centerline temperature histories for 0 = r = 15005
and velocities of 3, 10, and 20 m/s.

B e e
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|5.56 |In Section 5.2 we noted that the value of the Biot num-

ber significantly influences the nature of the tempera-
ture distribution in a solid during a transient conduction
process. Reinforce your understanding of this important
concept by using the IHT model for one-dimensional
transient conduction to determine radial temperature
distributions in a 30-mm-diameter, stainless steel rod
(k=15 W/m- K, p = 8000 kg/m’, ¢, = 475 J/kg - K),
as it is cooled from an initial uniform temperature of
325°C by a fluid at 25°C. For the following values of
the convection coefficient and the designated times,
determine the radial temperature distribution: h = 100
Wim*-K (1=0, 100, 500s); k= 1000 W/m?-K
(r=0,10,505); h = 5000 Wm*-K (=0, 1,5,255s).
Prepare a separate graph for each convection coeffi-
cient, on which temperature is plotted as a function of
dimensionless radius at the designated times.

One-Dimensional Conduction: The Sphere

557 In heat treating to harden steel ball bearings (c =

500 J/kg - K, p= 7800 kg/m®, k= 50 W/m-K), it is
desirable to increase the surface temperature for a short
time without significantly warming the interior of the
ball. This type of heating can be accomplished by sud-
den immersion of the ball in a molten salt bath with
T. = 1300 K and & = 5000 W/m? - K. Assume that any
location within the ball whose temperature exceeds
1000 K will be hardened. Estimate the time required to
harden the outer millimeter of a ball of diameter
20 mm, if its initial temperature is 300 K.

5.58 A cold air chamber is proposed for quenching steel ball

bearings of diameter 1) = 0.2 m and initial temperature
T; = 400°C. Air in the chamber is maintained at —15°C
by a refrigeration system, and the steel balls pass
through the chamber on a conveyor belt. Optimum bear-
ing production requires that 70% of the initial thermal
energy content of the ball above —15°C be removed.
Radiation effects may be neglected, and the convection
heat transfer coefficient within the chamber is
1000 W/m? - K. Estimate the residence time of the balls
within the chamber, and recommend a drive velocity of
the conveyor. The following properties may be used for
the steel: k=50 W/m-K, a=2xX 10" m%s, and
¢ =450J/kg - K.

r 5m- =

H Chamber

Ball
bearing Cold air housing

=]
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5.59 Stainless steel (AISI 304) ball bearings, which have

uniformly been heated to 850°C, are hardened by
quenching them in an oil bath that is maintained at 40°C.
The ball diameter is 20 mm, and the convection coeffi-
cient associated with the oil bath is 1000 W/m? - K.

(a) If quenching is to occur until the surface tempera-
ture of the balls reaches 100°C, how long must the
balls be kept in the oil? What is the center temper-
ature at the conclusion of the cooling period?

(b) If 10,000 balls are to be quenched per hour, what is
the rate at which energy must be removed by the
oil bath cooling system in order to maintain its
temperature at 40°C?

A sphere 30 mm in diameter initially at 800 K is
quenched in a large bath having a constant temperature
of 320 K with a convection heat transfer coefficient
of 75 W/m? - K. The thermophysical properties of the
sphere material are: p = 400 kg/m®, ¢ = 1600 J/kg - K,
and k = 1.7 W/m - K.

(a) Show, in a qualitative manner on T—t coordinates,
the temperatures at the center and at the surface of
the sphere as a function of time.

(b) Calculate the time required for the surface of the
sphere to reach 415 K.

(c) Determine the heat flux (W/m?) at the outer surface
of the sphere at the time determined in part (b).

(d) Determine the energy (J) that has been lost by the
sphere during the process of cooling to the surface
temperature of 415 K.

(e) At the time determined by part (b), the sphere is
quickly removed from the bath and covered with
perfect insulation, such that there is no heat loss
from the surface of the sphere. What will be the
temperature of the sphere after a long period of
time has elapsed?

Computc and plot the center and surface tempera-
ture histories over the period 0 = ¢ = 150 5. What
effect does an increase in the convection coefficient
to A = 200 W/m? - K have on the foregoing temper-
ature histories? For A = 75 and 200 W/m? - K, com-
pute and plot the surface heat flux as a function of
time for0 == 150s.

Spheres A and B are initially at 800 K, and they are
simultaneously quenched in large constant temperature
baths, each having a temperature of 320 K. The follow-
ing parameters are associated with each of the spheres
and their cooling processes.
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Sphere A  Sphere B and surface temperature histories for o = 10 °,

10 *, and 10™* m*s. Plot your results for the period

glarr‘lveterk(mmg) 1200 30 0=r=300s. In a similar manner. assess the |
B ens_lt.y (kg/m’) 00 400 effect of thermazl conductivity by considering val- |
Spectfic heat (/g - K 0.400 1.60 ues of k = 1.5, 15, and 150 W/m - K. l
Thermal conductivity (W/m - K) 170 1.70 . =) O — '
Convection coefficient (W/m? - K) 5 50 Iﬁ.ﬁs] Consider the sphere of Example 5.5, which is initially

(a) Show in a qualitative manner, on T versus 7 coordi-
nates, the temperatures at the center and at the sur-
face for each sphere as a function of time. Briefly
explain the reasoning by which you determine the
relative positions of the curves.

(b

—r

Calculate the time required for the surface of each
sphere to reach 415 K.

(¢) Determine the energy that has been gained by each
of the baths during the process of the spheres cool-
ingto 415 K.

5.62 Spheres of 40-mm diameter heated to a uniform tem-

perature of 400°C are suddenly removed from the oven

at a uniform temperature when it is suddenly removed
from the furnace and subjected to a two-step cooling
process. Use the Transient Conduction, Sphere model
of IHT to obtain the following solutions.

(a) Forstep 1, calculate the time required for the center
temperature to reach 70, 1) = 335°C, while cool-
ing in air at 20°C with a convection coefficient of
10 W/m* - K. What is the Biot number for this cool-
ing process? Do you expect radial temperature gra-
dients to be appreciable? Compare your results to
those of the example.

(b) For step 2, calculate the time required for the center
temperature to reach 7Y(0, 1) = 50°C, while cooling
in a water bath at 20°C with a convection coeffi-

g and placed in a forced-air bath operating at 25°C with a cient of 6000 W/m® - K.

g convection coefficient of 300 W/m?- K on the sphere (¢) For the step 2 cooling process, calculate and plot
R surfaces. The thermophysical properties of the sphere the temperature histories, 7(r, 1), for the center and
i L material are p = 3000 kg/m’, ¢ =850J/kg-K, and surface of the sphere. Identify and explain key fea-

k=15W/m- K. tures of the histories. When do you expect the tem-
f’ﬂj (a) How long must the spheres remain in the air bath perature gradients in the sphere to be the largest?

for 80% of the thermal energy to be removed?

(b) The spheres are then placed in a packing carton
that prevents further heat transfer to the environ-
ment. What uniform temperature will the spheres
eventually reach?

5.63 Consider the packed bed operating conditions of Problem

5.12, but with Pyrex (p = 2225 kg/m’, ¢ = 835 Jkg K,
k= 1.4 W/m - K) used instead of aluminum. How long
does it take a sphere near the inlet of the system to
accumulate 90% of the maximum possible thermal
energy? What is the corresponding temperature at the
center of the sphere?

5.64 The convection coefficient for flow over a solid sphere

may be determined by submerging the sphere, which is
initially at 25°C, into the flow, which is at 75°C, and
measuring its surface temperature at some time during
the transient heating process.

(a) If the sphere has a diameter of 0.1 m, a thermal
conductivity of 15 W/m - K, and a thermal diffusiv-
ity of 10™* m*s, at what time will a surface tempera-
ture of 60°C be recorded if the convection coefficient
is 300 W/m? - K?

‘Evﬂ Assess the effect of thermal diffusivity on the ther-
mal response of the material by computing center

Semi-Infinite Media

5.66

5.67

Two large blocks of different materials, such as copper
and concrete, have been sitting in a room (23°C) for a
very long time. Which of the two blocks, if either, will
feel colder to the touch? Assume the blocks to be semi-
infinite solids and your hand to be at a temperature
of 37°C.

A plane wall of thickness 0.6 m (L = 0.3 m) is made of
steel (k= 30 W/m- K, p = 7900 kg/m’, ¢ = 640 J/kg - K).
It is initially at a uniform temperature and is then exposed
to air on both surfaces. Consider two different convec-
tion conditions: natural convection, characterized by
h =10 W/m® - K, and forced convection, with & = 100
W/m?® - K. You are to calculate the surface temperature
at three different times—+t = 2.5 min, 25 min, and 250
min—for a total of six different cases.

(a) For each of these six cases, calculate the nondimen-
sional surface temperature, 0= (T, — TONT,— T.).
using four different methods: exact solution. first-
term-of-the-series solution, lumped capacitance, and
semi-infinite solid. Present your results in a table.

(b) Briefly explain the conditions for which (i) the
first-term solution is a good approximation to the
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exact solution, (ii) the lumped capacitance solution
Is a good approximation, (iii) the semi-infinite solid
solution is a good approximation.

568 Asphalt pavement may achieve temperatures as high as
50°C on a hot summer day. Assume that such a temper-
ature exists throughout the pavement, when suddenly a
rainstorm reduces the surface temperature to 20°C. Cal-
culate the total amount of energy (J/m?) that will be
transferred from the asphalt over a 30-min period in
which the surface is maintained at 20°C.

369 A thick steel slab (p = 7800 kg/m’, ¢ =480 J/kg- K,
k=50 W/m-K) is initially at 300°C and is cooled by
water jets impinging on one of its surfaces, The temper-
atre of the water is 25°C, and the jets maintain an
extremely large, approximately uniform convection
coefficient at the surface. Assuming that the surface is
maintained at the temperature of the water throughout
the cooling, how long will it take for the temperature to
reach 50°C at a distance of 25 mm from the surface?

570 Consider the water main of Example 5.6, which is buried
in soil initially at 20°C and is suddenly subjected to a con-
stant surface temperature of —15°C for 60 days. Use the
Transient Conduction/Semi-Infinite Solid model of JHT to
obtain the following solutions. Compare your results with
those in the Comments section of the example.

(a) Calculate and plot the temperature history at the
burial depth of 0.68 m for thermal diffusivities of
a X 107 = 1.0, 1.38, and 3.0 m¥s.

(b) For = 1.38 X 10" m¥s, plot the temperature dis-

tribution over the depth 0 = x < 1. m for times of
1,5, 10, 30, and 60 days.

(¢) For a = 1.38 X 107" m%s, show that the heat flux
from the soil decreases with increasing time by plot-
ting ¢,(0,7) as a function of time for the 60-day
period. On this graph, also plot the heat flux at the
depth of the buried main, 47(0.68 m, 7).

EY)

—

A tile-iron consists of a massive plate maintained at
150°C by an imbedded electrical heater. The iron is
placed in contact with a tile to soften the adhesive, allow-
ing the tile to be easily lifted from the subflooring. The
adhesive will soften sufficiently if heated above 50°C for
at least 2 min, but itg temperature should not exceed
120°C to avoid deterioration of the adhesive. Assume the
tile and subfloor to have an initial temperature of 25°C
and to have equivalent thermophysical properties of
k=0.15W/m- K and pc, = 1.5 X 10° J/m?- K.

-———Tile, 4-mm thickness

“— —Subficoring
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(a) How long will it take a worker using the tile-iron to
lift a tile? Will the adhesive temperature exceed
120°C?

(b) If the tile-iron has a Square surface area 254 mm to
the side, how much energy has been removed from it
during the time it has taken to lift the tile?

5.72 The manufacturer of a heat flux gage like that illustrated

573

in Problem 1.12 claims the time constant for a 63.2%
response to be T = (4d°pc,)/mk, where p, ¢,. and k are
the thermophysical properties of the gage material and
d is its thickness. Not knowing the origin of this rela
tion, your task is to model the gage considering the two
extreme cases illustrated below. In both cases, the gage,
initially at a uniform temperature 7}, is exposed to a
sudden change in surface temperature, 710, 1) = T,. For
case (a) the backside of the gage is insulated, and for
case (b) the gage is imbedded in a semi-infinite solid
having the same thermophysical properties as those of
the gage.

"bx

Gage, }
P €y k—
[-_' — Same materjal
= as gage
Thin film

thermocouples
(a) (b)

Develop relationships for predicting the time constant
of the gage for the two cases and compare them to the
manufacturer’s relation. What conclusion can you draw
from this analysis regarding the transient response of
gages for different applications?

A simple procedure for measuring surface convection
heat transfer coefficients involves coating the surface
with a thin layer of material having a precise melting
point temperature. The surface is then heated and, by
determining the time required for melting to occur, the

BT

—-Surface coating

___Copper rod, )
k=400 WimK, @=10""m2s

~—/—Super insulator
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5.75

5.76
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convection coefficient is determined. The following
experimental arrangement uses the procedure to deter-
mine the convection coefficient for gas flow normal to a
surface. Specifically, a long copper rod is encased in
a super insulator of very low thermal conductivity, and
a very thin coating is applied to its exposed surface.

If the rod is initially at 25°C and gas flow for
which # = 200 W/m*- K and T, = 300°C is initiated,
what is the melting point temperature of the coating if
melting is observed to occur at 1 = 400 s?

5.74] An insurance company has hired you as a consultant to

improve their understanding of bumn injuries. They are
especially interested in injuries induced when a portion
of a worker’s body comes into contact with machinery
that is at elevated temperatures in the range of 50 to
100°C. Their medical consultant informs them that irre-
versible thermal injury (cell death) will occur in any
living tissue that is maintained at T = 48°C for a dura-
tion Ar = 10s. They want information concerning the
extent of irreversible tissue damage (as measured by
distance from the skin surface) as a function of the
machinery temperature and the time during which con-
tact is made between the skin and the machinery.

Assume that living tissue has a normal temperature of

37°C, is isotropic, and has constant properties equiva-

lent to those of liquid water.

(a) To assess the seriousness of the problem, compute
locations in the tissue at which the temperature will
reach 48°C after 10 s of exposure to machinery at
50°C and 100°C.

(b) For a machinery temperature of 100°C and 0 = 1 =
30 s, compute and plot temperature histories at tissue
locations of 0.5, 1, and 2 mm from the skin.

A procedure for determining the thermal conductivity
of a solid material involves embedding a thermocou-
ple in a thick slab of the solid and measuring the
response to a prescribed change in temperature at one
surface. Consider an arrangement for which the ther-
mocouple is embedded 10 mm from a surface that is
suddenly brought to a temperature of 100°C by expo-
sure to boiling water. If the initial temperature of the
slab was 30°C and the thermocouple measures a tem-
perature of 65°C, 2 min after the surface is brought to
100°C, what is its thermal conductivity? The density
and specific heat of the solid are known to be
2200 kg/m* and 700 J/kg - K.

The density and specific heat of a plastic material are
known (p = 950 kg/m®, ¢, = 1100 J/kg-K), but its
thermal conductivity is unknown. To determine the ther-
mal conductivity, an experiment is performed in which
a thick sample of the material is heated to a uniform

5.78

5.79

temperature of 100°C and then coocled by passing air at
25°C over one surface. A thermocouple embedded a
distance of x,, = 10 mm below the surface records the
thermal response of the plastic during cooling.

Rir
—
Teivih —
—_—
x|
—L ———— e=———— — Thermocouple, T{x,,, /)

—

-~ Material of unknown
thermal conductivity
lpoc, T

If the convection coefficient associated with the

air flow is = 200 W/m® - K and a temperature of 6(°C
is recorded 5 min after the onset of cooling, what is the
thermal conductivity of the material?
A very thick slab with thermal diffusivity 5.6
10 ®m?s and thermal conductivity 20 W/m - K is ini-
tially at a uniform temperature of 325°C. Suddenly, the
surface is exposed to a coolant at 15°C for which the
convection heat transfer coefficient is 100 W/m®* - K.

(a) Determine temperatures at the surface and at a
depth of 45 ram after 3 min have elapsed.

Computc and plot temperature histories () = 1 =
300s) at x = 0 and x = 45 mm for the following
parametric variations: (i) « = 5.6 X 107, 5.6 X
10 ® and 5.6 X 10"° m%s; and (i) & = 2, 20, and
200 W/m - K.

A thick oak wall. initially at 25°C, is suddenly exposed
to combustion products for which 7, = 800°C and
h =20 W/m’-K.

(a) Determine the time of exposure required for the
surface to reach the ignition temperature of 400°C,

Plot the temperature distribution 7(x) in the medium
at + = 325 s. The distribution should extend to a
location for which T = 25°C.

Standards for firewalls may be based on their thermal
response to a prescribed radiant heat flux. Consider a
0.25-m-thick concrete wall (p = 2300 kg/m’, ¢ =
880 Jkg- K, k= 1.4 W/m-K), which is at an initial
temperature of 7, = 25°C and irradiated at one surface
by lamps that provide a uniform heat flux of
g; = 10 W/m>. The absorptivity of the surface to the
irradiation is «, = 1.0. If building code requirements
dictate that the temperatures of the irradiated and back

T R T Y LT B
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surfaces must not exceed 325°C and 25°C, respectively,
after 30 min of heating, will the requirements be met?

Itis well known that, although two materials are at the
Same temperature, one may feel cooler to the touch than
the other. Consider thick plates of copper and glass, each
at an initial temperature of 300 K. Assuming your finger
to be at an initial temperature of 310 K and to have thermo-
physical properties of p = 1000 kg/m?®, ¢ = 4180 J/kg - K,
and k = 0.625 W/m * K, determine whether the copper or
the glass will feel cooler to the touch.

Two stainless steel plates (p = 8000 kg/m’, ¢ = 500
Jkg- K. k= 15W/m-K), each 20 mm thick and insu-
lated on one surface, are initially at 400 and 300 K
when they are pressed together at their uninsulated sur-
faces. What is the temperature of the insulated surface
of the hot plate after 1 min has elapsed?

Special coatings are often formed by depositing thin
layers of a molten material on a solid substrate. Solidifi-
cation begins at the substrate surface and proceeds until
the thickness § of the solid layer becomes equal to the
thickness & of the deposit.

Y s —

Solid

Substrate, ———s
k. a

(2) Consider conditions for which molten material at
its fusion temperature Ty is deposited on a large
substrate that is at an initial uniform temperature T
With § = 0 at r = 0, develop an expression for esti-
mating the time 7, required to completely solidify
the deposit if it remains at T throughout the solidi-
fication process. Express your result in terms of the
substrate thermal conductivity and thermal diffu-
sivity (k,, @), the density and latent heat of fusion
of the deposit (p, h.), the deposit thickness &, and
the relevant temperatures (T, T).

(b) The plasma spray deposition process of Problem
5.25 is used to apply a thin (5 = 2 mm) alumina
coating on a thick tungsten substrate. The substrate
has a uniform initial temperature of T, = 300K,
and its thermal conductivity and thermal diffusivity
may be approximated as k, = 120 W/m - K and
@ =4.0X 107" m%s, respectively. The density
and latent heat of fusion of the alumina are p=
3970 kg/m’ and h,, = 3577 kl/kg, respectively, and
the alumina solidifies at its fusion temperature
(Ty = 2318 K). Assuming that the molten layer is
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instantaneously deposited on the substrate, estimate
the time required for the deposit to solidify.

5.83 When a molten metal is cast in a mold that is a poor

conductor, the dominant resistance to heat flow is
within the mold wall. Consider conditions for which a
liquid metal is solidifying in a thick-walled mold of
thermal conductivity k,, and thermal diffusivity «,,. The
density and latent heat of fusion of the metal are desig-
nated as p and hy, respectively, and in both its molten
and solid states, the thermal conductivity of the metal is
very much larger than that of the mold.

Solid metal
oy

e

Mold wall
Ii;"w'law

Just before the start of solidification (S = 0), the mold
wall is everywhere at an initial uniform temperature T,
and the molten metal is everywhere at its fusion (melting
point) temperature of 7;. Following the start of solidifi-
cation, there is conduction heat transfer into the mold
wall and the thickness of the solidified metal, S,
increases with time 7.

(a) Sketch the one-dimensional temperature distribu-
tion, T(x), in the mold wall and the metal at 1 = 0
and at two subsequent times during the solidifica-
tion. Clearly indicate any underlying assumptions.

(b) Obtain a relation for the variation of the solid layer
thickness § with time 7, expressing your result in
terms of appropriate parameters of the system.

5.84 Joints of high quality can be formed by friction weld-

ing. Consider the friction welding of two 40-mm-diameter
Inconel rods. The bottom rod is stationary, while the top
rod is forced into a back-and-forth linear motion char-
acterized by an instantaneous horizontal displacement,
d(f) = a cos(wt) where @ = 2 mm and @ = 1000 rad/s.
The coefficient of sliding friction between the two
pieces is p = 0.3. Determine the compressive force that
must be applied in order to heat the joint to the Inconel
melting point within r= 3 s, starting from an initial
temperature of 20°C. Hinr: The frequency of the motion
and resulting heat rate are very high. The temperature
response can be approximated as if the heating rate
were constant in time, equal to its average value.
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Top moving
v cylindrical rod

Bottomn stationary
cylindrical rod

D

Fl

Objects with Constant Surface
Temperatures or Surface Heat Fluxes
and Periodic Heating

5.85 An above-ground circular swimming pool is heated so
that it can be used in cool weather. The ground has a
temperature of 10°C far from the pool. The heater is
turned on and quickly brings the pool water to a com-
fortable 20°C; assume this is the temperature of the cir-
cular region of the ground beneath the swimming pool.
The pool has a diameter of 5 m.

(a) Calculate the rate of heat transfer from the pool to
the ground, ten hours after the heater is turned on.
Hint: Based on symmetry considerations, the pool
footprint can be viewed as a heated disk in infinire
surroundings.

(b) Calculate the time it would take for the heat transfer
rate to reach within 10% of its steady-state value.

5.86 A rewritable optical disc (DVD) is formed by sand-
wiching a 15-nm-thick binary compound storage mate-
rial between two 1-mm-thick polycarbonate sheets. Data
are written to the opaque storage medium by irradiating
it from below with a relatively high-powered laser
beam of diameter 0.4 wm and power 1 mW, resulting in
rapid heating of the compound material (the polycar-
bonate is transparent to the laser irradiation). If the tem-
perature of the storage medium exceeds 900 K, a
noncrystalline, amorphous material forms at the heated
spot when the laser irradiation is curtailed and the spot
is allowed to cool rapidly. The resulting spots of amor-
phous material have a different reflectivity from the
surrounding crystalline material, so they can subse-
quently be read by irradiating them with a second, low-
power laser and detecting the changes in laser radiation
transmiited through the entire DVD thickness. Deter-
mine the irradiation (write) time needed to raise the
storage medium temperature from an initial value of
300 K to 1000 K. The absorptivity of the storage
medium is 0.8. The polycarbonate properties are p =
1200 kg/m®, k = 0.21 W/m - K, and ¢, = 1260 J/kg - K.

o LI

e Time

Detectar Storage material
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it . Polycarbonate
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Read laser Write laser
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5.87 To enable cooking a wider range of foods in microwave
ovens, thin, metallic packaging materials have been
developed that will readily absorb microwave energy.
As the packaging material is heated by the microwaves,
conduction simultaneously occurs from the hot packag-
ing material to the cold food. Consider the spherical
piece of frozen ground beef of Problem 5.33 that is now
wrapped in the thin microwave-absorbing packaging
material. Determine the time needed for the beef that is
immediately adjacent to the packaging material to reach
T = 0°C if 50% of the oven power (P = 1 kW total) is
absorbed in the packaging material.

5.88 The structural components of modern aircraft are com-
monly fabricated of high-performance composite mate-
rials. These materials are fabricated by impregnating
mats of extremely strong fibers that are held within a
form with an epoxy or thermoplastic liquid. After the
liquid cures or cools, the resulting component is of
extremely high strength and low weight. Periodically,
these components must be inspected to ensure that the
fiber mats and bonding material do not become delami-
nated and, in turn, the component loses its airworth-
ness. One inspection method involves application of a
uniform, constant radiation heat flux to the surface
being inspected. The thermal response of the surface is
measured with an infrared imaging system, which cap-
tures the emission from the surface and converts it toa
color-coded map of the surface temperature distribution.
Consider the case where a uniform flux of § kW/m’ is
applied to the top skin of an airplane wing initially at
20°C. The opposite side of the 15-mm-thick skin is
adjacent to stagnant air and can be treated as well insu-
lated. The density and specific heat of the skin material
are 1200 kg/m* and 1200 J/kg - K, respectively. The
effective thermal conductivity of the intact skin mate-
rial is k; = 1.6 W/m - K. Contact resistances develop
internal to the structure as a result of delamination
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between the fiber mats and the bonding material, lead-
ing to a reduced effective thermal conductivity of k, =
1.1 W/m - K. Determine the surface temperature of the
component after 10 and 100 seconds of irradiation for
(a) an area where the material is structurally intact and
(b) an adjacent area where delamination has occurred
within the wing.

Infrared imaging

Heating

o
||

(o
||
i
Hollow \\ QT
N

/
Bottom

Top

589 Problem 4.9 addressed radioactive wastes stored under-
ground in a spherical container. Because of uncertainty
in the thermal properties of the soil, it is desired to mea-
sure the steady-state temperature using a test container
(identical to the real container) that is equipped with
internal electrical heaters. Estimate how long it will take
the test container to come within 10°C of its steady-state
value, assuming it is buried very far underground. Use
the soil properties from Table A.3 in your analysis.

_ A thermal storage medium consists of a large mass of
limestone. Ambient air 1s pumped through a 30-mm-
high, 5-m-long, 5-m-wide fissure within the limestone at
a velocity of 2 m/s, providing a heat transfer coefficient
between the air and the limestone of # = 10 W/m? - K.
Over a 24-hour time period, the temperature of the sur-
face of the limestone adjacent to the air stream near the
inlet exhibits periodic behavior with maximum and
minimum values of 302 and 298 K, respectively.

(a) Determine the minimum and maximum values of
the temperature of the air near the inlet.
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(b) Determine the maximum heat flux to the air during
a 24-hour time period near the inlet. Determine the
air inlet and outlet temperatures at the time corre-
sponding to the maximum air heat flux.

(c) Determine the air outlet temperatures at the times
corresponding to the maximum and minimum air
inlet temperatures.

(d) Plot the inlet air temperature, the limestone surface
temperature, and the heat transfer rate to the lime-
stone over 48 hours.

(e) What is the required thickness of limestone neces-
sary to ensure that the limestone may be viewed as
a semi-infinite medium?

Limestone

Air
inlet

Air
" outlat

5.91 Consider the experimental measurement of Example 5.8.
It is desired to measure the thermal conductivity of an
extremely thin sample of the same nanostructured mate-
rial having the same length and width. To minimize
experimental uncertainty, the experimenter wishes to
keep the amplitude of the temperature response, AT,
above a value of 0.1°C. What is the minimum sample
thickness that can be measured? Assume the properties
of the thin sample and the magnitude of the applied
heating rate are the same as those measured and used in
Example 5.8.

Finite-Difference Equations: Derivations

5.92 The stability criterion for the explicit method requires
that the coefficient of the 7'/, term of the one-dimensional,
finite-difference equation be zero or positive. Consider
the situation for which the temperatures at the two
neighboring nodes (T5_,, 7)) are 100°C while the
center node (7°2) is at 50°C. Show that for values of
Fo > 3 the finite-difference equation will predict a value
of T2 that violates the second law of thermodynamics.

5.93 A thin rod of diameter D is initially in equilibrium with
its surroundings, a large vacuum enclosure at tempera-
ture T,,. Suddenly an electrical current / (A) is passed
through the rod having an electrical resistivity p, and
emissivity e. Other pertinent thermophysical properties

e
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are identified in the sketch. Derive the transient, finite-
difference equation for node m.

Lp.p.ck

5.94 A one-dimensional slab of thickness 2L is initially at a
uniform temperature T,. Suddenly, electric current is
passed through the slab causing a uniform volumetric
heating g (W/m°). At the same time, both outer surfaces
(x = =L) are subjected to a convection process at T,
with a heat transfer coefficient A.

g
—lm-o————

Write the finite-difference equation expressing conser-
_ vation of energy for node 0 located on the outer surface
e ; at x = —L. Rearrange your equation and identify any
important dimensionless coefficients.

A plane wall (p = 4000 kg/m?, ¢, = 500 J/kg - K, k =
10 W/m - K) of thickness L = 20 mm initially has a lin-
ear, steady-state temperature distribution with boundaries
maintained at 7} = 0°C and T, = 100°C. Suddenly, an
electric current is passed through the wall, causing uni-
form energy generation at a rate g =2 X 10" W/m’.
The boundary conditions T, and 7, remain fixed.

5.95

T,=0°C T,=100°C

]

]

1

I
1 me 2

1 o 120, §=2x 10" Wm?
1
1

|—>x L:EED mm

(a) On T-x coordinates, sketch temperature distribu-
tions for the following cases: (i) initial condition
(t = 0); (ii) steady-state conditions (r — o), assum-
ing that the maximum temperature in the wall
exceeds T,; and (iii) for two intermediate times.
Label all important features of the distributions.

(b) For the system of threc nodal points shown
schematically (1, m, 2), define an appropriate con-
trol volume for node m and, identifying all relevant
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processes, derive the corresponding finite-difference
equation using cither the explicit or implicit method.

With a time increment of Ar = 55, use the finite-
difference method to obtain values of T, for the
first 45 s of elapsed time. Determine the corre-
sponding heat fluxes at the boundarics, that is, ¢
(0, 45 s) and q: (20 mm, 45 s).

(d) | To determine the effect of mesh size, repeat your
analysis using grids of 5 and 11 nodal points (Ax =
5.0 and 2.0 mm, respectively).

5.96 A round solid cylinder made of a plastic material (e = 6 %
107" m%s) is initially at a uniform temperature of 20°C
and is well insulated along its lateral surface and at one
end. At time ¢ = (), heat is applied to the left boundary
causing T}, to increase linearly with time at a rate of 1°Cks.

. :
—— A

l—rx L =24 mm

(a) Using the explicit method with Fo = &, derive the
finite-difference equations for nodes 1, 2, 3, and 4.

(b) Format a table with headings of p, 7 (s). and the
nodal temperatures T}, to T,. Determine the surface
temperature T, when T, = 35°C.

5.97 Derive the explicit finite-difference equation for an inte-
rior node for three-dimensional transient conduction.
Also determine the stability criterion. Assume constant
properties and equal grid spacing in all three directions.

5.98 Derive the transient, two-dimensional finite-difference
equation for the temperature at nodal point 0 located on
the boundary between two different materials.

5
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Finite-Difference Solutions:
One-Dimensional Systems

] 5.99 | A wall 0.12 m thick having a thermal diffusivity of 1.5 X

107° m*s is initially at a uniform temperature of 85°C.
Suddenly one face is lowered to a temperature of 20°C,

while the other face is perfectly insulated.
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(a) Using the explicit finite-difference technique with
space and time increments of 30 mm and 300 s,
respectively, determine the temperature distribution
att = 45 min.

(b) With Ax = 30 mm and Ar = 300 s, compute T(x, 1)
for 0 = 1 = 1, where r,_ is the time required for the
temperature at each nodal point to reach a value
that is within 1°C of the steady-state temperature.
Repeat the foregoing calculations for Ar = 75s.
For cach value of At, plot temperature histories for
each face and the midplane.

5100 A molded plastic product (p= 1200 kg/m’, ¢ =

1500 J/kg - K, k= 0.30 W/m - K) is cooled by expos-
ing one surface to an array of air jets, while the oppo-
site surface is well insulated. The product may be
approximated as a slab of thickness L = 60 mm,
which is initially at a uniform temperature of T, =
80°C. The air jets are at a temperature of T, = 20°C
and provide a uniform convection coefficient of h =
100 W/m? - K at the cooled surface.

Plastic ——— ; ¥

{Tr-.p. c, k) S " : _f

Using a finite-difference solution with a space incre-
ment of Ax = 6 mm, determine temperatures at the
cooled and insulated surfaces after 1 hour of exposure
to the gas jets.

5.101 | The plane wall of Problem 2.48 (k = 50 W/m - K, o =

3102

[.5 X 107° m%s) has a thickness of L = 40 mm and an
initial uniform temperature of T, = 25°C. Suddenly,
the boundary at x = L experiences heating by a fluid
for which T.. = 50°C and h = 1000 W/m? - K, while
heat is uniformly generated within the wall at g = 1 x
10" W/m®. The boundary at x = 0 remains at T,.

(a) With Ax = 4 mm and At = 1 s, plot temperature
distributions in the wall for (i) the initial condi-
tion, (ii) the steady-state condition, and (iii) two
intermediate times.

(b) On gy~ coordinates, plot the heat flux at x = 0

and x = L. At what elapsed time is there zero heat
flux at x = L?

Consider the fuel element of Example 5.9. Initially,
the element is at a uniform temperature of 250°C with
no heat generation. Suddenly, the element is inserted
into the reactor core causing a uniform volumetric heat
generation rate of g = 10° W/m®. The surfaces are

5.103
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convectively cooled with T, = 250°C and h =
1100 W/m*- K. Using the explicit method with a
space increment of 2 mm, determine the temperature
distribution 1.5 s after the element is inserted into the
core.

Consider the fuel element of Example 5.9, which
operates at a uniform volumetric generation rate of
¢1=10"W/m’, until the generation rate suddenly
changes to ¢, = 2X 107 W/m®. Use the F. inite-Difference
Equations, One-Dimensional, Transient conduction
model builder of IHT to obtain the implicit form of the
finite-difference equations for the 6 nodes, with Ax =
2 mm, as shown in the example.

(a) Calculate the temperature distribution 1.5 s after
the change in operating power and compare your
results with those tabulated in the example.

(b) Use the Explore and Graph options of IHT to
calculate and plot temperature histories at the mid-
plane (00) and surface (05) nodes for 0 = 1 = 400 s.
What are the steady-state temperatures, and approx-
imately how long does it take to reach the new
equilibrium condition after the step change in
operating power?

5.104| Consider the fuel element of Example 5.9, which

operates at a uniform volumetric generation rate of
g, =10"W/m’, until the generation rate suddenly
changes to ¢, = 2X10" W/m?, Use the finite-element
software FEHT to obtain the following solutions.

(a) Calculate the temperature distribution 1.5 s after
the change in operating power and compare your
results with those tabulated in the example. Hins:
First determine the steady-state temperature distri-
bution for g,, which represents the initial condition
for the transient temperature distribution after the
step change in power to g,. Next, in the Setup
menu, click on Transient: in the Specify/Internal
Generation box, change the value to ¢,; and in the
Run command, click on Continue (not Calculate).
See the Run menu in the FEHT Help section for
background information on the Continue option.

(b) Use your FEHT model to plot temperature histo-
ries at the midplane and surface for 0 = r < 400 s.
What are the steady-state temperatures. and
approximately how long does it take to reach the
new equilibrium condition after the step change in
operating power?

5.105| In a thin-slab, continuous casting process, molten steel

leaves a mold with a thin solid shell, and the molten
material solidifies as the slab is quenched by water jets
en route to a section of rollers. Once fully solidified,
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the slab continues to cool as it is brought to an accept-
able handling temperature. It is this portion of the
process that is of interest.

Solid
(T; = 1400°C) =~_

Tundish =

Mold -~

Liguid
f

“f
Solid

4

Water jet £ t

Consider a 200-mm-thick solid slab of steel (p =
7800 kg/m’, ¢ = 700 J/kg - K, k = 30 W/m - K), initially
at a uniform temperature of 7; = 1400°C. The slab is
cooled at its top and bottom surfaces by water jets (7.
= 50°C), which maintain an approximately uniform

faces. Using a finite-difference solution with a space
increment of Ax = 1 mm, determine the time required
to cool the surface of the slab to 200°C. What is the cor-
responding temperature at the midplane of the slab? If
the slab moves at a speed of V = 15 mm/s, what is the
required length of the cooling section?

5.106] A very thick plate with thermal diffusivity 5.6 X
107 m*s and thermal conductivity 20 W/m - K is ini-
tially at a uniform temperature of 325°C. Suddenly, the
surface is exposed to a coolant at 15°C for which the con-
vection heat transfer coefficient is 100 W/m? - K. Using
the finite-difference method with a space increment of
Ax = 15 mm and a time increment of 18 s, determine
temperatures at the surface and at a depth of 45 mm
after 3 min have elapsed.

5.107 Referring to Example 5.10, Comment 4, consider a sud-
den exposure of the surface to large surroundings at an
elevated temperature (T} and to convection (T, h).

(a) Derive the explicit, finite-difference equation for
the surface node in terms of Fo, Bi, and Bi,.

(b) Obtain the stability criterion for the surface node.
Does this criterion change with time? Is the crite-
rion more restrictive than that for an interior node?

()] A thick slab of material (k = 1.5 W/m-K, a =1

% 1077 m¥s, & = 0.9), initially at a uniform tem-
perature of 27°C, is suddenly exposed to large
surroundings at 1000 K. Neglecting convection
and using a space increment of 10 mm, determine
temperatures at the surface and 30 mm from the
surface after an elapsed time of 1 min.

.108 |Consider the thick slab of copper in Example 3.10,

which is initially at a uniform temperature of 20°C

and is suddenly exposed to a net radiant flux of

3 X 10° W/m?. Use the Finite-Difference Equations/

One-Dimensional/Transient conduction model builder

of IHT to obtain the implicit form of the finite-

difference equations for the interior nodes. In your
analysis, use a space increment of Ax = 37.5mm
with a total of 17 nodes (00-16), and a time incre-
ment of Ar = 1.2 5. For the surface node 00, use the
finite-difference equation derived in Section 2 of the

Example.

(a) Calculate the 00 and 04 nodal temperatures at
1= 120s, thatis, 7(0, 120 s) and 7(0.15 m, 120s),
and compare the results with those given in Com-
ment 1 for the exact solution. Will a time incre-
ment of 0.12 s provide more accurate results?

(b) Plot temperature histories for x = (), 150, and 600
mm, and explain key features of your results.

convection coefficient of & = 5000 W/m? - K at both sur- Consider the thick slab of copper in Example 5.10,

which is initially at a uniform temperature of 20°C and
is suddenly exposed to large surroundings at 1000°C
(instead of a prescribed heat flux).

(a) For a surface emissivity of 0.94, calculate the
temperatures 7(0, 120s) and T(0.15m, 1205
using the finite-element sottware FEHT. Hint: In
the Convection Coefficient box of the Specifi/
Boundary Conditions menu of FEHT, enter the
linearized radiation coefficient (see Equation
1.9) for the surface (x = 0). Enter the tempera-
ture of the surroundings in the Fluid Tempera-
ture box. See also the Help section on Entering
Equations. Click on Setup/Temperatures in K o
enter all temperatures in kelvins.

(b) Plot the temperature histories for x = 0, 150, and
600 mm, and explain key features of your results.

Consider the composite wall of Problem 2.53. In pan

(d), you are asked to sketch the temperature histories at
x =0, L during the transient period between cases 2
and 3. Calculate and plot these histories using the
finite-element method of FEHT, the finite-difference
method of JHT (with Ax =5mm and Ar= 125
and/or an alternative procedure of your choice. If you
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7 : use more than one method, compare the respective nodal temperatures by the intrinsic function,
o 3 results. Note that, in using FEHT or IHT, a look-up Der(7, 7). Prepare a table summarizing the results
ie 1 table must be created for prescribing the variation of of parts (a), (b), and (c). Comment on the relative
o . the heater flux with time (see the appropriate Help sec- differences of the predicted temperatures. Hint:
;13 3 tion for guidance). See the Solver/Intrinsic Functions section of
he 5111 In Section 5.5, the one-term approximation to the IHT/HeIp o the THT fEmmp les menu (I—,xa'mplc

R . it 5.2) for guidance on using the Der(T, 1) function.
] series solution for the temperature distribution was
0 developed for a plane wall of thickness 2L that is ini- |5.112 |Consider the bonding operation described in Problem
s C‘ : tially at a uniform temperature and suddenly subjected 3.103, which was analyzed under steady-state condi-
- to convection heat transfer. If Bi << 0.1, the wall can tions. In this case, however, the laser will be used to
of ; : 5 . . . - :
; be approximated as isothermal and represented as a heat the film for a prescribed period of time, creating
ns/ - ¥ : it ; P .
- i lumped capacitance (Equation 5.7). For the conditions the transient heating situation shown in the sketch.

e shown schematically, we wish to compare predictions

based on the one-term approximation, the lumped q"
ur . Sy . o
m capacitance method, and a finite-difference solution.
re- TG, Ttx,0) = T = 250°C Laser source, 4 ’
the : 4 7 p=7800 kg/m* Aty
the 3 2 /! ¢ =440 Jikg-K Plastic film l l l l l l - sl - 5
el Metal strip e - T
at i L 1 X .
s). : TT T.=25°C ! - W, 1
Y- =3 | h = 500 W/m*-K - I
Te- 4 X L=20mm Tah —>
1 —
500 ] P i The strip is initially at 25°C end the laser provides a .
P 1 I l uniform flux of 85,000 W/m* over a time interval of gl |
15 ¢ {28 |38 1de | ¢5 5 L4 At,, = 10 s. The system dimensions and thermophysi- "
10. B f ! ; cal properties remain the same, but the convection
and ; coefficient to the ambient air at 25°C is now 100
0°C : ! W/m® - K and w, = 44 mm.
li'-_" ! = 2 b Using an implicit finite-difference method with
the ‘ v (ar=1s) Ax = 4 mm and Ar = 1 s, obtain temperature histories
0s) ] I-H-x } for 0 =t = 30 s at the center and film edge, T(0, 1) and
t: In : T(w,/2, 1), respectively, to determine if the adhesive is
=ifv/ 1 (a) Determine the midplane, 7(0, 7), and surface, T(L, satisfact(.)rily cured above 90°C fur 10s and if its
the : 1), temperatures at ¢ = 100, 200, and 500 s using degradation temperature of 200°C is exceeded.
tion the one-term approximation to the series solution, 5.113 One end of a stainless steel (AISI 316) rod of diameter
i Equation 5.40. What is the Biot number for the 10 mm and length 0.16 m is inserted into a fixture main-
eha- system? tained at 200°C. The rod, covered with an insulating
;tﬁ (b) Treating the wall as a lumped capacitance, calcu- sleeve, reaches a uniform temperature throughout its
late the temperatures at 1 = 50, 100, 200, and 500 s. length. When the sleeve is removed, the rod is S!ijectcd
Did you expect these results to compare favorably to ambient air at 25°C s.uchq that the convection heat
and ' with those from part (a)? Why are the tempera- transfer coefficient is 30 W/m” - K.
ts. 1 tures considerably higher? (a) Using the explicit finite-difference technique with
part Consider the 2- and S5-node networks shown a space increment of Ax = 0.016 m, estimate the
adat 3 schematically. Write the implicit form of the time required for the midlength of the rod to reach
ses 2 finite-difference equations for each network, and 100°C.
: the determine the temperature distributions for r = 50, (b) |With Ax = 0.016 m and Ar = 10 s, compute T1(x, t)
Bice 100, 200, and 500 s using a time increment of Az = for 0 < t < 1,, where 1, is the time required for the
25, ' I's. You may use JHT to solve the finite-difference midlength of the rod to reach 50°C. Plot the tem-

I you 4 equations by representing the rate of change of the perature distribution for r = (), 200 5, 400 s, and 1,.
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5.114 A tantalum rod of diameter 3 mm and length 120 mm
is supported by two electrodes within a large vacuum
enclosure. Initially the rod is in equilibrium with the
electrodes and its surroundings, which are maintained
at 300 K. Suddenly, an electrical current, / = 80 A. is
passed through the rod. Assume the emissivity of the rod
is 0.1 and the electrical resistivity is 95 X 10780 - m.
Use Table A.1 to obtain the other thermophysical
properties required in your solution. Use a finite-
difference method with a space increment of 10 mm.

Electrode,
300 K

Electrode,
" 300 K
L. iz Surroundings, T,
b (a) Estimate the time required for the midlength of the
B
i ot rod to reach 1000 K.
. (b) Determine the steady-state temperature distri-
b by bution and estimate approximately how long it

will take to reach this condition.

[5.115] A support rod (k = 15 W/m - K, a = 4.0 X 10~° m¥s)
of diameter D = 15mm and length L = 100 mm
spans a channel whose walls are maintained at a tem-
perature of 7, = 300 K. Suddenly, the rod is exposed
to a cross flow of hot gases for which T, = 600 K and
h =75 W/m®- K. The channel walls are cooled and
remain at 300 K.

¢ Hot gases |
e I, L

& 7

I/Tb =300 K

|
’ ~Rod, D =15 mm, L = 100 mm

e e e 137 e e

(a) Using an appropriate numerical technique, deter-
mine the thermal response of the rod to the con-
vective heating. Plot the midspan temperature as a
function of elapsed time. Using an appropriate
analytical model of the rod, determine the steady-

i state temperature distribution and compare the
| result with that obtained numerically for very long
elapsed times.

Chapter 5 m Transient Conduction

(b) After the rod has reached steady-state conditions,
the flow of hot gases is suddenly terminated, and
the rod cools by free convection to ambient air at
T. = 300K and by radiation exchange with large
surroundings at 7,,, = 300 K. The free convection
coefficient can be expressed as 4 (W/m?-K) =
AT", where C =44 W/m’-K""* and n = 0.188,
The emissivity of the rod is 0.5. Determine the
subsequent thermal response of the rod. Plot the
midspan temperature as a function of coolin g time,
and determine the time required for the rod to reach
a safe-to-touch temperature of 315 K.

Consider the acceleration-grid foil (k = 40 W/m-K,
a =3 X 107" m's, & = 0.45) of Problem 4.72. Develop
an implicit, finite-difference model of the foil. which
can be used for the following purposes.

(a) Assuming the foil to be at a uniform temperature of
300 K when the ion beam source is activated, obtain
a plot of the midspan temperature—time history. At
what elapsed time does this point on the foil reacha
temperature within 1 K of the steady-state value?
(b) The foil is operating under steady-state conditions
when, suddenly, the ion beam is deactivated. Obtain
a plot of the subsequent midspan temperature-
time history. How long does it take for the hottest
point on the foil to cool to 315 K, a safe-to-touch
condition?

]5.117 Circuit boards are treated by heating a stack of them
under high pressure as illustrated in Problem 5.45 and
described further in Problem 5.46. A finite-difference
method of solution is sought with two additional con-
siderations. First, the book is to be treated as having
distributed, rather than lumped, characteristics, by
using a grid spacing of Ax = 2.36 mm with nodes al
the center of the individual circuit board or plate. Sec-
ond, rather than bringing the platens to 190°C in one
sudden change, the heating schedule T,(1) shown
below is to be used in order to minimize excessive
thermal stresses induced by rapidly changing thermal
gradients in the vicinity of the platens.

180 |-
160 |-

T, (°C)

15

| i 1 1 1 ]
o] 20 40 60
Time (min)




el

8 Problems

(a) Using a time increment of Ar= 60s and the
implicit method, find the temperature history of
the midplane of the book and determine whether
curing will occur (170°C for 5 min).

Following the reduction of the platen temperatures
to 15°C (t = 50 min), how long will it take for the
midplane of the book to reach 37°C, a safe tem-
perature at which the operator can begin unload-
ing the press?

(b

—

(¢) Validate your program code by using the heating
schedule of a sudden change of platen temperature
from 15 to 190°C and compare results with those
from an appropriate analytical solution (see Prob-
lem 5.46).

5118 Common transmission failures result from the glazing

of clutch surfaces by deposition of oil oxidation and
decomposition products. Both the oxidation and
decomposition processes depend on temperature histo-
ries of the surfaces. Because it is difficult to measure
these surface temperatures during operation, it is useful
to develop models to predict clutch-interface thermal
behavior. The relative velocity between mating clutch
plates, from the initial engagement to the zero-sliding
{lock-up) condition, generates heat that is transferred to
the plates. The relative velocity decreases at a constant
rate during this period, producing a heat flux that is
initially very large and decreases linearly with time,
until lock-up occurs. Accordingly, g = q,[1 ~ (1)),
where g7, = 1.6 X 10" W/m? and #,, = 100 ms is the lock-
up time. The plates have an initial uniform temperature
of T; = 40°C, when the prescribed frictional heat flux is
suddenly applied to the surfaces. The reaction plate is
fabricated from steel, while the composite plate has a
thinner steel center section bonded to low-conductivity
friction material layers. The thermophysical properties
are p, = 7800 kg/m’, ¢, = 500 J/kg- K, and k, = 40
Wim K for the steel and pg,, = 1150 kg/m’, ¢;, = 1650
Jkg - K. and kg, = 4 W/m - K for the friction material.

.!--—2mm—-| 0.5 mm—]-—-+-——-i—lmm

| T, 0)=T; [
j % ‘ | }
| - = — i g
: | ! i QCQ___._ ’ r - ‘ -
7 Fritioh =" I steel
material

Reaction plate (rp) Composite plate (cp)

3 a g5 =16 x 10" Wim?
iy 1, =100 ms

Lol

]

%

Time, £(s)

Iy
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(a) On T — ¢ coordinates, sketch the temperature his-
tory at the midplane of the reaction plate, at the
interface between the clutch pair, and at the mid-
plane of the composite plate. Identify key features.

(b) Perform an energy balance on the clutch pair over
the time interval A7 = f, to determine the steady-
state temperature resulting from clutch engage-
ment. Assume negligible heat transfer from the
plates to the surroundings.

(c)| Compute and plot the three temperature histories
of interest using the finite-clement method of
FEHT or the finite-difference method of JHT
(with Ax =0.1mm and Ar= 1 ms). Calculate
and plot the frictional heat fluxes to the reaction
and composite plates, g;;, and gl respectively, as
a function of time. Comment on features of the
temperature and heat flux histories. Validate your
model by comparing predictions with the results
from part (b). Note: Use of both FEHT and IHT
requires creation of a look-up data table for pre-
scribing the heat flux as a function of time.

5.119| Heat transfer is not an intuitive process muses the

Curious Cook. Does doubling the thickness of a ham-
burger approximately double the cooking time? What
effect does the initial temperature have on cooking
time? To answer these questions. develop a model to
do virtual cooking of meat of thickness 2L in a double-
sided grill. The meat is initially at 20°C when it is
placed in the grill and both sides experience convec-
tion heat transfer characterized by an ambient temper-
ature of 100°C and a convection coefficient of 5000
W/m® - K. Assume the meat to have the properties of
liquid water at 300 K and to be properly cooked when
the center temperature is 60°C.

(a) For hamburgers of thickness 21, = 10, 20, and 30
mm, calculate the time for the center to reach the
required cooking temperature of 60°C. Determine
a relationship between the cooking time and the
thickness. For your solution, use the finite-element
method of FEHT, the ready-to-solve model in the
Models/Transient Conduction/Plane Wall section
of JHT, or a numerical procedure of your choice.
For one of the thicknesses, use an approprizte ana-
Iytical solution to validate your numerical results.

(b) Without performing a detailed numerical solution,
but drawing on the results of part (a), what can
you say about the effect on the cooking time of
changing the initial temperature of the meat from
20°C to 5°C? You may use your numerical model
from part (a) to confirm your assessment.
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@EA process mixture at 200°C flows at a rate of 207 (a) Derive the transient, finite-difference equation for |
kg/min onto a conveyor belt of 3-mm thickness, 1-m node rn, which is within the region subjected o |
width, and 30-m length traveling with a velocity of induction heating. 4

36 m/min. The underside of the belt is cooled by a
water spray at a temperature of 30°C, and the convec-
tion coefficient is 3000 W/m® - K. The thermophysical
properties of the process mixture are p,, = 960 kg/m?,
¢, = 1700 J/kg - K, and k,, = 1.5 W/m - K, while the
properues for the conveyor (metallic) belt are Py =

(b) On T-r coordinates sketch, in a qualitative manner,
the steady-state temperature distribution, identify-
ing important features.

5.122 An electrical cable, experiencing a uniform volumetric

eneration ¢, is half buried in an insulatin terial
8000 kg/m*, ¢, = 460 J/kg - K, and k, = 15 W/m - K. £en 9 buried in an insulating mater
while the upper surface is exposed to a convection
process (1., h).
i Frocess mixture (m) .
=207 kg/min r Mixture (m)
ﬂ 7= 200 _ 36 i et p=3 mm ma
?os 7 ek
\— ——
Ly — — o s B ]
- L, + L, . IS . Ai?_,ll ________ .
= 30°C Spray m-1,n| !} m,n : n+ 10
L= 30m+ h= 3000 Wim2-K % nozzles  Cape | : ) i ;
Q I;j [k I
e ] T ;
Using the finite-difference method of JHT (Ax = 0.5 I |
mm, Ar = 0.05 s), the finite-element method of FEHT, m 1
or a numerical procedure of your choice, calculate the :
e surface temperature of the mixture at the end of the '
il conveyor belt, T, . Assume negligible heat transfer to (a) Derive the explicit, finite-difference equations for i
. the ambient air by convection or by radiation to the an interior node (m, n), the center node (m = 0), E
: ¥ oy surroundings. and the outer surface nodes (M, n) for the convee- i
i : tion and insulated boundaries. i
4 )
3 (b) Obtain the stability criterion for each of the finite-
; Finite-Difference E, quations: difference equations. Identify the most restrictive
H R O T ’ criterion. :
{ Cylindrical Coordinates .
:
5.121 A thin circular disk is subjected to induction heating
from a coil, the effect of which is to provide a uniform -
heat generation within a ring section as shown. Con-  Finite-Difference Solutions:
vection occurs at the upper surface, while the lower Two-Dimensional Systems i

surface is well insulated.

5.123 Two very long (in the direction normal to the page)
bars having the prescribed initial temperature distribu- $ !

o tions are to be soldered together. At time 1= 0, the E L
‘- m = 3 face of the copper (pure) bar contacts the m =4
face of the steel (AISI 1010) bar. The solder and flux L
i act as an interfacial layer of negligible thickness and
; [ -;- effective contact resistance R}, = 2 X 107" m? - K/W.

Coil Initial Temperatures (K)

A e

n/m 1 2 3 4 5 6

700 700 700 1000 900 800
700 700 700 1000 900 800
700 700 700 1000 900 800
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2 Problems

~Interface with
solder and flux

Copper, —= S —— Steel,
pure AlSI 1010

1,3 3.3, 4,3, 6.3
I 2 2,2 3,2| 4 2fie
| 1 N
s =ik Lo
A 24 3,1] 4,158 oneee e
—=X. M

Ax=Ay =20 mm

(a) Derive the explicit, finite-difference equation in
terms of Fo and Bi_= Ax/kR; , for T, , and deter-
mine the corresponding stability criterion.

(b) Using Fo = 0.01, determine T, one time step
after contact is made. What is At? Is the stability
criterion satisfied?

:5.124[[11 a manufacturing process, stainless steel cylinders
(AISI 304) initially at 600 K are quenched by submer-
sion in an oil bath maintained at 300 K with 2 = 500
Wi/m?* + K. Each cylinder is of length 2L = 60 mm and
diameter D = 80 mm. Use the ready-to-solve model in
the Examples menu of FEHT to obtain the following

solutions.
’—. r

r,=40 mm — | — MO, L1

= T(r,x, 0) =T, =600 K

e— .
| =30 mm / B
| 1
|
|
L=30 mm
|
= -0, 0, 1)
Cylinder "

AISI 304
—_— i
| Oil Bath —> f}; - 238 \Tv;mz.,(

(a) Calculate the temperatures, T(r, x, 1), after 3 min at
the cylinder center, T(0, 0, 3 min), at the center of
a circular face, T(0. L, 3 min), and the midheight
of the side, T{r,, 0, 3 min).
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(b) Plot the temperature history at the center, T(0, 0,
1), and at the midheight of the side. T(r,, 0, 1),
for 0 =t = 10 min using the View/Temperatures
vs. Time command. Comment on the gradients
occurring at these locations and what effect they
might have on phase transformations and thermal
stresses.

(c) Having solved the model for a total integration
time of 10 min in part (b), now use the View/
Temperature Contours command with the shaded
band option for the isotherm contours. Select the
From Start to Stop time option, and view the tem-
perature contours as the cylinder cools during the
quench process. Describe the major features of the
cooling process revealed by this display. Use other
options of this command to create a 10-isotherm
temperature distribution for t = 3 min.

(d) For the location of part (2), calculate the tempera-
tures after 3 min if the convection coefficient is
doubled (h = 1000 W/m® - K). Also, for convec-
tion coefficients of 500 and 1000 W/m® « K, deter-
mine how long the cylinder needs to remain in the
oil bath to achieve a safe-to-rouch surface temper-
ature of 316 K. Tabulate and comment on the
results of parts (a) and (d).

Consider the system of Problem 4.55. Initially with no
flue gases flowing, the walls (@ = 5.5 X 107" m%/s)
are at a uniform temperature of 25°C. Using the
implicit, finite-difference method with a time incre-
ment of 1h, find the temperature distribution in the
wall 5, 10, 50, and 100 h after introduction of the flue
gases.

5.126 | Consider the system of Problem 4.73. Initially, the
ceramic plate (o = 1.5 X 107 m%s) is at a uniform
temperature of 30°C, and suddenly the electrical heat-
ing elements are energized. Using the implicit, finite-
difference method, estimate the time required for the
difference between the surface and initial temperatures
to reach 95% of the difference for steady-state condi-
tions. Use a time increment of 2 s.

5.127 | Consider the thermal conduction module and operat-
ing conditions of Problem 4.76. To evaluate the tran-
sient response of the cold plate, which has a thermal
diffusivity of @ = 75 X 107® m%/s, assume that, when
the module is activated at ¢+ = 0, the initial temperature
of the cold plate is T; = 15°C and a uniform heat flux
of ¢, =10°W/m® is applied at its base. Using the
implicit finite-difference method and a time increment
of Ar = 0.1 s, compute the designated nodal tempera-
tures as a function of time. From the temperatures
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computed at a particular time, evaluate the ratio of the i
rate of heat transfer by convection to the water to the 2 /
heat input at the base. Terminate the calculations when ~ Region of -~

this ratio reaches 0.99. Print the temperature field at nonuniform
5-s intervals and at the time for which the calculations o PEARNGS
are terminated. T.h

3mm

~ Panel surface

- 26 mm —

i 5. I28| The operations manager for a metals processing plant !_:_!
ki Bl Rib cross s

i anticipates the need to repair a large furnace and has [ P
; come to you for an estimate of the time required for 12mm|| N oY mmetrical | andande
i) ; . } |¢| section section

the furnace interior to cool to a safe working tempera-

ture. The furnace is cubical with a 16-m interior
dimension and 1-m thick walls for which p = 2600
kg/m’, ¢ = 960 J/kg - K, and k = | W/m - K. The oper-
ating temperature of the furnace is 900°C, and the
outer surface experiences convection with ambient air
at 25°C and a convection coefficient of 20 W/m? - K.

(a) Use a numerical procedure to estimate the time
required for the inner surface of the furnace to cool
to a safe working temperature of 35°C. Hinr: Con-
sider a two-dimensional cross-section of the fur-
nace, and perform your analysis on the smallest
symmetrical section.

(b) Anxious to reduce the furnace downtime, the oper-
ations manager also wants to know what effect cir-
culating ambient air through the furnace would have
on the cool-down period. Assume equivalent con-
vection conditions for the inner and outer surfaces.

5.12£| The door panel of an automobile is fabricated by a plas-

tic hot-extrusion process resulting in the ribbed cross
section shown schematically. Following a process
involving air-cooling, painting, and baking, the panel is
ready for assembly on the vehicle. However, upon
visual inspection, the rib pattern is evident on the outer
surface. In regions over the ribs, the paint has an
“orange peel” appearance, making the door panel unac-
ceptable for use. The apparent reason for this defect is
the variable microfinish caused by differential cooling
rates at the surface of the panel, which affect adherence
of the paint. Your assignment is to estimate the panel
surface temperature distribution as a function of cooling
time.

~ -6 mm 2 mmo - T.. h

Use the finite-element software FEHT 10 obtain the
temperature distribution in the symmetrical section
shown schematically. The panel is ejected from the
extrusion press at a uniform temperature of 275°C and
is allowed to cool on a transport table, where the air
temperature is 25°C and the convection coefficient is
10 W/m® - K. The thermophysical properties of the
extruded plastic are p = 1050 kg/m*, ¢ = 800 J/kg - K.
and k = 0.5 W/m - K.

(a) Using the View/Temperature vs. Time command,
plot temperature histories for selected locations on
the panel surface. Is there noticeable differential
cooling in the region above the rib? If so, what is
the cause? Hinr: When you draw the shape outline
in FEHT. represent the fillet region by six or seven
segments that approximate the fillet radius. Then
draw element lines to form triangular elements.

(b) Use the View/Temperature Contours command
with the shaded band option to plot the isotherm
contours. Select the From Start to Stop time
option, and view the temperature contours as the
panel cools. Describe major features of the cool-
ing process observed from the display. Use other
options of this command to create a |0-isotherm
temperature distribution for a time that illustrates
some of the foregoing important features. How
would you redesign the ribbed panel to reduce this
thermally induced defect, while still retaining the
stiffening function required of the ribs?




