L Chapter 1 = Introduction

ge. conduction through the cover

g,. free convection from the cover to the room air

gs: net radiation exchange between the outer surface of the cover and the
surroundings

Comments: Design improvements are associated with (1) use of alu-
minized (low emissivity) surfaces for the flask and cover to reduce net radia-
tion, and (2) evacuating the air space or using a filler material to retard free

convection.

»roblems
N

and 20°C, respectively, has been determined to be
40 W/m2. What is the thermal conductivity of the
wood?

sonduction

1.1 A heat rate of 3 kW is conducted through a section
of an insulating material of cross-sectional area 10
m?® and thickness 2.5 cm. If the inner (hot) surface
temperature is 415°C and the thermal conductivity
of the material is 0.2 W/m+ K, what is the outer sur-
face temperature?

_1_._2—|A concrete wall, which has a surface area of 20 m®
and is 0.30 m thick, separates conditioned room air
from ambient air. The temperature of the inner sur-
face of the wall is maintained at 25°C, and the ther-
mal conductivity of the concrete is 1 Wim K.

(a) Determine the heat loss through the wall for
outer surface temperatures ranging from - 15°C
to 38°C, which correspond to winter and sum-
mer extremes, respectively. Display your results
graphically.

(b) On your graph, also plot the heat loss as a func-
tion of the outer surface temperature for wall
materials having thermal conductivities of 0.75
and 1.25 W/m - K. Explain the family of curves
you have obtained.

1.5 The inner and outer surface temperaturcs of a glass
window 5 mm thick are 15 and 5°C. What is the heat
loss through a window that is I m by 3 mon a side?
The thermal conductivity of glass is 1.4 Wim- K.

1.6 A glass window of width W = 1m and height H =
2m is 5 mm thick and has a thermal conductivity of
k, =14 W/m- K. If the inner and outer surface tem-
peratures of the glass are 15°C and —20°C, respec-
tively, on a cold winter day, what is the rate of heat
loss through the glass? To reduce heat loss through
windows, it is customary to use a double pane con-
struction in which adjoining panes are separated by
an air space. If the spacing is 10mm and the glass
surfaces in contact with the air have temperatures of
10°C and —15°C, what is the rate of heat loss from a
1m X 2m window? The thermal conductivity of ait
is k, = 0.024 Wim - K.

17 A freezer compartment consists of a cubical cavity
that is 2 m on a side. Assume the bottom to be per-
fectly insulated. What is the minimum thickness of
styrofoam insulation (k = 0.030 W/m - K) that must
be applied to the top and side walls to ensure a heat
load of less than 500 W, when the inner and outer
surfaces are — 10 and 35°C?

1.8 An inexpensive food and beverage container is
fabricated from 25-mm-thick polystyrene (k =
0.023W/m-K) and has interior dimensions of
0.8 m X 0.6m X 0.6m. Under conditions for which
an inner surface temperature of approximately 2°C
is mnaintained by an ice-water mixture and an outer
surface temperature of 20°C is maintained by the

1.3 The concrete slab of a basement is 11m long, 8m
wide, and 0.20m thick. During the winter, tempera-
tures are nominafly 17°C and 10°C at the top and
bottom surfaces, respectively. If the concrete has a
thermal conductivity of 1.4 W/m - K, what is the
cate of heat Toss through the siab? If the basement is
heated by a gas furnace operating at an efficiency of
7= 0.90 and nataral gas is priced at C; = $0.01
/M1J, what is the daily cost of the heat loss?

1.4 The heat flux through a wood slab 50 mm thick,
whose inner and outer surface temperatures are 40
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ambient, what is the heat flux through the container
wall? Assuming negligible heat gain through the
0.8 m X 0.6 m base of the cooler, what is the total
heat load for the prescribed conditions?

1.9 What is the thickness required of a masonry wall

having thermal conductivity 0.75 W/m:K if the
heaF rate is to be 80% of the heat rate through a com-
posite structural wall having a thermal conductivity
of 0.25 W/m - K and a thickness of 100 mm? Both

v\{alls are subjected to the same surface temperature
difference.

1.10 The 5-mm-thick bottom of a 200-mm-diameter pan

may be made from aluminum (¢ = 240 W/m-K) or
copper (k = 390 W/m-K). When used to boil water.
the S.urface of the bottom exposed to the water i;
nominally at 110°C. If heat is transferred from the
stove to the pan at a rate of 600'W, what is the tem-
perature of the surface in contact with the stove for
each of the two materials? :

1.11 A square silicon chip (k = 150 W/m - K) is of width
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w = 5 mm on a side and of thickness ¢ = 1 mm. The
chip is mounted in a substrate such that its side and
back surfaces are insulated, while the front surface is
exposed to a coolant.

Ccoolant ' T
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If 4 W are being dissipated in circuits' mounted to
the back surface of the chip, what is the steady-state

temperature difference between back and front
surfaces? )

A gage for measuring heat flux to a surface or
through a laminated material employs thin-film,
chromel/alume! (type K) thermocouple:s deposited
on the upper and lower surfaces of a wafer with a

thermal conductivity of 1.4 W/m - K and a thickness
of 0.25 mm.

{(a) Determine the heat flux ¢” through the gage when
the voltage output at the copper leads is 350 uV.
The Seebeck coefficient of the type-K thermo-
couple materials is approximately 40 pV/°C.

(b) What precaution should you take in using a gage
of tPis nature to measure heat flow through the
laminated structure shown above?

Thermal
barrier, &
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Afumel (B) Chromel {A)

Surface-mounted Gage bonded .
gage between laminates j#"

Convection

1.13 You've experienced convection cooling if you’ve

ever extended your hand out the window of a moving
vehicle or into a flowing water stream. With the sur- .
fas:e of your hand at a temperature of 30°C, deter-
mine the convection heat flux for (a) a vehicle speed
of 35 km/h in air at —5°C with a convection coeffi-
cient of 40 W/m? + K and (b) a velocity of 0.2 m/s in a
water stream at 10°C with a convection coefficient of
900 W/m?- K, Which condition would feel colder?
Contrast these results with a heat loss of approxi-
mately 30 W/m? under normal room conditions.

Air at 40°C flows over a long, 25-mm diameter cylin-

-1.15

der with an embedded electrical heater. In a series of
tests, measurements were made of the power per unit
length, P, required to maintain the cylinder surface
temperature at 300°C for different freestream veloci-
ties V of the air. The results are as follows:

Air velocity, V(m/s) 1 2 4 8 12
Power, P’ (W/m) 450 658 983 1507 1963

(a) Determine the convection coefficient for each
velocity, and display your results graphically.

(b) Assuming the dependence of the convection
coefficient on the velocity to be of the form

h = CV", determine the parameters C and n
from the results of part (a).

An electric resistance heater is embedded in a long
cylinder of diameter 30 mm. When water with a tem-
pe'rature of 25°C and velocity of 1 m/s flows cross-
wise over the cylinder, the power per unit length
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required to maintain the surface at a uniform temper-
ature of 90°C is 28 kW/m. When air, also at 25°C,
but with a velocity of 10 m/s is flowing, the power
per unit length required fo maintain the same surface
temperature is 400 W/m. Calculate and compare the
convection coefficients for the flows of water and air.

16 A cariridge electrical heater is shaped as a cylinder

of length L = 200 mm and outer diameter D = 20
mm. Under normal operating conditions the heater
dissipates 2 kW, while submerged in a water flow
that is at 20°C and provides a convection heat trans-
fer coefficient of & = 5000 W/m® - K. Neglecting
heat transfer from the ends of the heater, determine
its surface temperature Ty. If the water flow is inad-
vertently terminated while the heater continues 1o
operate, the heater surface is exposed to air that is
also at 20°C but for which k = 50 W/m? - K. What is
the corresponding surface temperature? What are the
consequences of such an event?

.17 A common procedure for measuring the velocity of an

air stream involves insertion of an electrically heated
wire (called a hot-wire anemometer) into the air flow,
with the axis of the wire oriented perpendicular to the
flow direction. The electrical energy dissipated in the
wire is assumed to be transferred to the air by forced
convection. Hence, for a prescribed electrical power,
the temperature of the wire depends on the convection
coefficient, which, in turn, depends on the velocity of
the air. Consider a wire of length L = 20mm and di-
ameter D = 0.5mm, for which a calibration of the
form, V = 6.25 X 107° %, has been determined. The
velocity V and the convection coefficient A have units
of m/s and W/m? - K, respectively. In an application
involving air af a temperature of T, = 25°C, the sur-
face temperatre of the anemometer is maintained at
T, = 75°C with a voltage drop of 5V and an electric
current-of 0.1 A. What is the velocity of the air?

1.18 A square isothermal chip is of width w = 5 mum on

a side and is mounted in a substrate such that its
side and back surfaces are well insulated, while the
front surface is exposed to the flow of a coolant at T,
— 15°C. From reliability considerations, the chip
temperature must not exceed T = 85°C.

v T..h '

If the coolant is air and the corresponding convection
coefficient is & = 200 W/m?*+ K, what is the maxi-
mum allowable chip power? If the coolant is a di-
electric liquid for which £ = 3000 W/m?® - K, what is
the maximum allowable power?

1.19 The case of a power transistor, which is of length

I = 10mm and diameter D = 12mm, is cooled by
an air stream of temperature 7., = 25°C.

Air

Under conditions for which the air mainkains an av-
erage convection coefficient of A = 100 Wim?* - K'on
the surface of the case, what is the maximum allow-
able power dissipation if the surface temperature is
not to exceed 85°C?

1.20 The use of impinging air jets is proposed as a means

of effectively cooling high-power logic chips in a
computer. However, before the technique can be im-
plemented, the convection coefficient associated
with jet Impingement on a chip surface must be
known. Design an experiment that could be used to
determine convection coefficients associated with
air jet impingement on a chip measuring approxi-
mately 10 mm by 10 mm on a side.

1.21 The temperature controller for a clothes dryer con-

sists of a bimetallic switch mounted on an electrical
heater attached to a wall-mounted insulation pad.

Tk P—

The switch is set to open at 70°C, the maximum
dryer air temperature. In order to operate the dryer
at a lower air temperature, sufficient power is sup-
plied to the heater such that the switch reaches
70°C (T, when the air temperatire T.. is less than
T... If the convection heat transfer coefficient be-
tween the air and the exposed switch surface of 30
mm? is 25 W/m? » K, how much heater power P, is
required when the desired dryer air temperature is

T, =50°C?
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1.22 The free convection heat transfer coefficient on a thin

hot vertical plate suspended in still air can be deter-
mined from observations of the change in plate tem-
perature with time as it cools. Assuming the plate is
isothermal and radiation exchange with its surround-
ings is negligible, evaluate the convection coefficient
at the instant of time when the plate temperature is
225°C and the change in plate temperature with time
(/) is — 0.022K/s. The ambient air temperature
is 25°C and the plate measures 0.3 X 0.3 m with a
mass of 3.75 kg and a specific heat of 2770 I/kg-K. -

1.23 A transmission case measures W = (.30m on a side
and receives a power input of P;=150hp from the
engine.

If the transmission efficiency is m=0.93 and air
flow over the case corresponds to T,, = 30°C and
k=200 W/m?® - K, what is the surface temperature of
the transmission?

Radiation

1.24 Under conditions-for which the same room tempera-

ture is maintained by a heating or cooling system, it
is not uncommon for a person to feel chilled in the
winter but comfortable in the summer. Provide a
plau:v,ible explanation for this situation (with sup-
porting calculations) by considering a room whose
air temperature is maintained at 20°C throughout the
yegr, while the walls of the room are nominally at
2_7 C and 14°C in the summer and winter, respec-
tively. The exposed surface of a person in the room
may be assumed to be at a temperature of 32°C
throughout the year and to have an emissivity of
0.90. The coefficient associated with heat transfer by
n:':ltl'lral convection between the person and the room
air is approximately 2 W/m?* - K.
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1.25 A spherical interplanetary probe of 0.5-m diameter

contains electronics that dissipate 150W. If the
probe surface has an emissivity of 0.8 and the probe
does not receive radiation from other swrfaces, as
for example, from the sun, what is its suiface tem-,
perature?

An instrumentation package has a spherical outer

1.27

1.28

surface of diameter D =100mm and emissivity
e =0.25. The package is placed in a large space sim-
‘ulation chamber whose walls are maintained at 77 K.
If operation of the electronic components is re-
stricted to the temperature range 40<=T=385°C
what is the range of acceptable power dissipation fo;
Fhe package? Display your results graphically, show-
ing also the effect of variations in the emissivity by
considering values of 0.20 and 0.30.

A surface of area 0.5 m?, emissivity 0.8, and temper-
ature 150°C is placed in a large, evacuated chamber
whose walls are maintained at 25°C, What is the rate
at which 1‘a(’iiation is emitted by the surface? What is
the net rate at which radiation is exchanged between
the surface and the chamber walls?

An overhead 25-m-long, uninsulated industrial
steam pipe of 100 mm.diameter is routed through a
building whose walls and air are at 25°C. Pressur-
ized steam maintains a pipe surface temperature of
150°C, and the coefficient associated with natural
f:onvection is #= 10 W/m®- K. The surface emissiv-
ity is e = 0.8. '

{2) What is the rate of heat loss from the steam line?

{(b) If the steam is generated in a gas-fired boiler op-
eratipg at an efficiency of 1, = 0.90 and natural
gas is priced at C, = $0.01 per MJ, what is the
annual cost of heat loss from the line?

If T, = T,, in Equation 1.9, the radiation heat trans-

fer coefficient may be approximated as
= dgoT?

v_vh_ere T=(T, + T, )/2. We wish to assess the va-

lidity of this approximation by comparing values of

h, and h,., for the following conditions. In each case

represent your results graphically and comment on

the validity of the approximation.

(a} Consider a surface of either polished aluminum
{z = 0.05) or black paint (¢ = 0.9), whose tem-
perature may exceed that of the surroundings
(T, =25°C) by 10 to 100°C. Alsc compare
your results with values of the coefficient asso-
ciated with free convection in air (T» = Ty,
where h (W/m?-K) = 0.98 AT'".
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(b) Consider initial conditions associated with plac-
ing a workpiece at T, = 25°C in a large furnace
whose wall temperature may be varied over the
range 100=T, = 1000°C. According to the
surface finish or coating, its emissivity may as-
sume values of 0.05, 0.2, and 0.9. For each emis-
sivity, plot the relative error, (h,— h. )k, 85 a
function of the fumace temperature.

30 Consider the conditions of Problem 1.18. With heat

transfer by convection to air, the maximum a'llow—
able chip power is found to be 0.35W. If con51.de_ra-
tion is also given to net heat transfer by radiation
from the chip surface ta large surroundingsl at 15°C,
what is the percentage increase in the maximum al-
lowable chip power afforded by this consideration?
The chip surface has an emissivity of 0.9,

.31 Chips of width L. =15mm on a side are mounted to

o substrate that is instailed in an enclosure whose
walls and air are maintained at a temperature of
Tor = T = 25°C. The chips have an emissivity of
e=0060 and a maximum allowable temperature
of T, = 85°C.

Enclosure, Ty,

(a) If heat is rejected from the chips by radiation and
natural convection, what is the maximum operat-
ing power of each chip? The convection coef-
ficient depends on the chip-to-air temperature
difference and may be approximated as i =
C(T, — T)"*, where C=4.2 Wim® - K.

(b) If a fan is used to maintain air flow through the
enclosure and heat transfer is by forced convec-
tion, with & = 250 W/m® - K, what is the maxi-
mum operating power?

1.32 A vacuum system, as used in sputtering electrically

conducting thin films on microcircuits, is comprised
of a baseplate maintained by an electrical heatc?r at
300K and a shroud within the enclosure maintained
at 77K by a liquid-nitrogen coolant loop. The base-

Battery

plate, insulated on the lower side, is 0.3 m in diame-
ter and has an emissivity of 0.25.

~+— Vacuum
enciosure

«—— Liguid-nitrogen
filled shroud

- LN,

Electrical heater
Baseplate

(2) How much electrical power must be provided to.
the baseplate heater?

(b) At what rate must liquid nitrogen be supplied to
the shroud if its heat of vaporization is 125 kIfkg?

{¢) To reduce the liquid-nitrogen consumption, it i_s
proposed to bond a thin sheet of aluminum foil
(e = 0.09) to the baseplate. Will this have the
desired effect?

1.33 Consider the transmission case of Problem 1.23, but

now allow for radiation exchange with the
ground/chassis, which may be approximatec_l as large
surroundings at T, = 30°C. If the emissivity of the
case is & = 0.80, what is the surface temperature?

Energy Balance and Multimode Effects

1.34 An electrical resistor is connected to a battery, as

shown schematically. After a brief transient, the re-
sistor assumes a nearly uniform, steady-state tem-
perature of 95°C, while the battery and lead wires
remain at the ambient temperature of 25°C. Neglect
the electrical resistance of the lead wires.

Resistor

T
[ 7,=25C

Lead wire

(a) Consider the resistor as a system about which -a
control surface is placed and Equation 1.11a 13
applied. Determine the corresponding values of
E, (W), E, (W), Equ (W), and E,; (W). If a con-
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trol surface is placed about the entire system,
what are the values of E, E,, E,,, and E?

(b) If electrical energy is dissipated uniformly
within the resistor, which is a cylinder of diam-
eter D = 60 mm and length L =250 mm, what is
the volumetric heat generation rate, g (W/ m?)?

(¢) Neglecting radiation from the resistor, what is
the convection coefficient?

1.35 An aluminum plate 4 mm thick is mounted in a hori-

zontal position, and its bottom surface is well insu-
lated. A special, thin coating is applied to the top sur-
face such that it absorbs 80% of any incident solar
radiation, while having an emissivity of 0.25. The
density p and specific heat ¢ of aluminum are known
to be 2700 kg/m?® and 900 J/kg - K, respectively.

(a) Consider conditions for which the plate is at a
temperature of 25°C and its top surface is sud-
deﬁly/exposed to ambient air at T..=20°C and
to solar radiation that provides an incident flux
of 900 W/m?. The convection heat transfer co-
efficient between the surface and the air is
A=20W/m?-K. What is the initial rate of
change of the plate temperature?

(b) What will be the equilibrium temperature of the
plate when steady-state conditions are reached?

The surface radiative properties depend on the
specific nature of the applied coating. Compute
and plot the steady-state temperature as a func-
tion of the emissivity for 0.05 =g =1, with all
other conditions remaining as prescribed. Re-
peat your calculations for values of a5 = 0.5 and
1.0, and plot the results with those obtained for
as=0.8. If the intent is to maximize the plate
temperature, what is the most desirable combi-
nation of the plate emissivity and its absorptivity
to solar radiation? -

1.36 In an orbiting space station, an electronic package is

1.37

housed in a compartment having a surface area,
A,=1m?, which is exposed to space. Under normal
operating conditions, the electronics dissipate 1 kW,
all of which must be transferred from the exposed
surface to space. If the surface emnissivity is 1.0 and
the surface is not exposed to the sun, what is its
steady-state temperature? If the surface is exposed to
a solar flux of 750 W/m? and its absorptivity to solar
radiation is 0.25, what is its steady-state temperature?

The energy consumption associated with a home water
heater has two components: (i) the energy that must be
supplied to bring the temperature of groundwater to
the heater storage temperature, as it is introduced to re-

Discharge
-—
T,V
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place hot water that has been used, and (i) the energy
needed to compensate for heat losses incurred while
the water is stored at the prescribed temperature, In
this problem, we will evaluate the first of these compo-
nents for a family of four, whose daily hot water con-
sumption is approximately 100 gallons. If groundwater
is available at 15°C, what is the annual energy con-
sumption associated with heating the water to a storage
temperature of 55°C? For a unit electrical power cost
of $0.08/kWh, what is the annual cost associated with
supplying hot water by means of (a) electric resistance
heating or (b) a heat pump having a COP of 3.

1.38 Three electric resistance heaters of length L =250 mm

and diameter D = 25mm are submerged in a 10 gallon

tank of water, which is initially at 295 K. The water

may be assumed to have a density and specific heat of

p = 990kg/m® and ¢ = 41801/kg - K.

(a) If the heaters are activated, each dissipating
g, = 500W, estimate the time required to bring
the water to a temperature of 335 K.

{b) If the natural convection coefficient is given by
an expression of the form k= 370(T, -7,
where T, and T are temperatures of the heater -
surface and water, respectively, what is the tem-
perature of each heater shortly after activation
and just before deactivation? Units of % and
(T, — T) are W/m? - K and K, respectively.

(¢) If the heaters are inadvertently activated when
the tank is empty, the natural convection coeffi-
cient associated with heat transfer to the ambient
air at T,, = 300 K may be approximated as h =
0.70(T, — T. Y. If the temperature of the tank
walls is also 300K and the emissivity of the
‘heater surface is &€ = 0.85, what is the surface
temperature of each heater under steady-state
conditions?

1.39 A hair dryer may be idealized as a circular duct

through which a small fan draws ambient air and
within which the air is heated as it flows over a
coiled electric resistance wire.

Surcoundings, Ty,
< Air

Tl
{ L : |
T Electric resistor ‘ Fan
o i :
Poee Dryer, T,, €
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(a) If a dryer is designed to operate with an electric
power consumption of P, = 500 W and to heat
air from an ambient temperature of T; = 20°C to
a discharge temperature of T, = 45°C, at what
volumetric flow rate ¥ should the fan operate?
Heat loss from the casing to the ambient air and
the surroundings may be neglected. If the duct
has a diameter of D =70mm, what is the dis-
charge velocity V, of the air? The density
and specific heat of the air may be approxi-

volving use of a hot plae operating at an elevated
temperature T;. The wafer, initially at a temperature
of T, is suddenly positioned at a gap separation dis-
tance L from the hot plate. The purpose of the analysis
is to compare the heat fluxes by conduction through

the gas within the gap and by radiation exchange be-
tween the hot plate and the cool wafer. The initial
time rate of change in the temperature of the wafer,
(dT Jdt);, is also of interest. Approximating the sur-
faces of the hot plate and the wafer as blackbodies and
assuming their diameter D to be much larger than the

7
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" 3 0 5 2
g; =3.0x% 10° Wi, the temperature on its lower
surface is measured by a radiation thermometer and
found to have a value of T, ; = 997°C.

Heating lamps T = 27°C

P b

gr =3 x 10% wim?
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(a) For an initial condition corresponding to a

wafer temperature of T, ; = 300 K and the posi-
tion of the wafer shown schematically, deter-
mine the corresponding time rate of change of

the wafer temperature, (d7,/df),.

(b) Determine the steady-state temperature reached
by the wafer if it remains in this position. How
significant is convection heat transfer for this
situation? Sketch how you would expect the
waler temperature to vary as a function of ver-
tical distance.

mated as p = 1.10kg/m® and ¢, = 1007 J/kg * K, |
respectively. spacing L, the radiative heat flux may be expressed as . t
: U - " .= (T} — Ti). The silicon wafer has a thickness g : ——Water, k2.0 S .
(b) Consider a dryer duct length of £.= 150 mm and g;d o 0(7é oo density of 2700kg/nr’, and a spe- i 018 _ 1.44 Radioactive wastes are packed in a long, thin-walled
) ’ ’ =U.7gmm T, = 997°C cylindrical container. The wastes generate thermal

a surface emissivity of & = 0.3. If the coefficient
associated with heat transfer by natural convec-
tion from the casing to the ambient air is
h=4W/m K and the temperature of the air
and the surroundings is T = T, = 20°C, con-
firm that the heat loss from the casing s, in fact,

cific heat of 875 J/kg - K. The thermal conductivity of
the gas in the gap is 0.0436 W/m - K.

p————

\
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To avoid warping the wafer and inducing slip planes
in the crystal structure, the temperature difference
across the thickness of the wafer must be less than
2°C, Is this condition being met?

energy nonuniformly according to the relation
g=4q,[1 — (r/r,)"], where § is the local rate of en-
ergy genecration per unit volume, §, i$ a constant,
and r, is the radius of the container. Steady-state
cqnditions are maintained by submerging the con-
tainer in a liquid that is at 7., and provides a uniform

143 A furnace for processing semiconductor materials
is formed by a silicon carbide chamber that is
zone heated on the top section and cooled on the
lower section. With the elevator in the lowest posi-
tion, 4 robot arm inserts the silicon wafer on the

Hot plate, T),

negligible. The casing may be assumed to have

an average surface temperature of 7, = A0°C. . convection coefficient f.
1

Stagnant gas, &

1.40 In one stage of an annealing process, 304 stainless < Silcon vater, T,

steel sheet is taken from 300 K to 1250 K as it T ST
d

passes through an electrically heated oven at a Gap, L

speed of V,= 10 mm/s. The sheet thickness and
width are ¢,=8mm and W,=2m, respectively,
while the height, width, and length of the oven are
H,=2m,W,= 24m, and L,=25m, respec-
tively. The top and four sides of the oven are €X-
posed to ambient air and large surroundings, each
at 300 K, and the corresponding surface tempera-
ture, convection coefficient, and emissivity are
T,=350K h=10W/m’ K and & = 0.8. The bot-
tom surface of the oven is also at 350 K and rests
on a 0.5-m thick concrete pad whose base is at 300
K. Estimate the required electric power input, P>

to the oven.

Steel sheet

T,
Concrete pad

1.41 Annealing, an important step in semiconductor mafe-

rials processing, can be accomplished by rapidly heat-
ing the silicon wafer to a high temperature for a short
period of time. The schematic shows a method in-

.
IR
I Positioner mation

(@) For T,=600°CandT,,;= 20°C, calculate the
radiative heat flux and the heat flux by conduc-
tion across a gap distance of L =0.2mm. Also
determine the value of (4T, /dt); resulting from
each of the heating modes.

(b)| For gap distances of 0.2, 0.5, and 1.0 mm, de-
termine the heat fluxes and temperature-time
change as a function of the hot plate tempera-
ture for 300=T,=1300°C. Display your
results graphically. Comment on the relative
importance of the two heat transfer modes and
the effect of the gap distance on the heating
process. Under what conditions could a wafer
be heated to 900°C in less than 10 seconds?

1.42 In the thermal processing of semiconductor materi-

als, annealing is accomplished by heating a silicon

arrangement shown as follows, the wafer is in an
evacuated chamber whose walls are maintained at
27°C and within which heating lamps maintain a ra-
diant flux g, at its upper surface. The wafer is
078 mm thick, has a thermal conductivity of
30'W/m - K, and an emissivity that equals its absorp-
tivity to the radiant flux (e= ;= 0.65). For

mounting pins. In a production operation, the wafer is
rapidly moved toward the hot zone to achieve the
temperature-time history required for the process
recipe. In this position the top and bottom surfaces of
the wafer exchange radiation with the hot and cool
zones, respectively, of the chamber, The zone tem-
peratures are 7, =1500K and T,=330K, and the
emissivity and thickness of the wafer are &£=0.65
and d = 0.78 mm, respectively. With the ambient gas
at T, = 700K, convection coefficients at the up;er
and lower surfaces of the wafer are 8 and 4 W/m*-X
respectively. The silicon wafer has a density o%
2700kg/m?® and a specific heat of 875J/kg - K.

|~ SIC chamber

Heating zone

Elevator '
\ :

Water channel

L §= ¢, [1- ()2

Obtain an expression for the total rate at which en-
ergy is generated in a unit length of the container.
Use this result to obtain an expression for the
temperature T, of the container wail.

Consider thé conducting red of Example 1.3 under

-1.46

steady-state conditions. As suggested in Comment 3,
the temperature of the rod may be controlled by
varying the speed of air flow over the rod, which, in
turn, alters the convection heat transfer coefficient.
To consider the effect of the convection coefficient,
generate plots of T versus [ for values of #=150,

J—___,.V‘ wafer according to a temperature-time recipe and : Hot zane, T, = 1500K
then maintaining a fixed elevated temperature for a A T 1 2, . .
a 5 fa P | .l,,J \M . Cool zone, T, = 330K 00, and. 2§QW/m K. WOUld variations in the suz-
prescribed period of tme. For the process too _uu}?tlwgg face emissivity have a significant effect on the rod
in ha e .
. o temperature?

A long bus bar of diameter D is installed in a large
conduit having a surface temperature of 30°C and in
which the ambient air temperature is T,, = 30°C. The
electrical resistivity, p,(1£) - m), of the bar material is
a function of temperature, p, = p., [1 + (T — T,
where p., = 0.0171 xQ - m, T,=25°C, and a=



e ———————— T

[
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0.00396 K. The bar experiences free comnvection in
the ambient air, and the convection coefficient de-
pends on the bar diameter, as well as on the differ-
ence between the surface and ambient temperatures.
The governing relation is of the form, k=
CD-OB(T —T,)*, where C = 121 W - m '™ K%
The emissivity of the bar surface is & = 0.85.

(a) Recognizing that the electrical resistance per
unit length of the bar is R! = pJA,, where A, is
its cross-sectional area, calculate the current-
carrying capacity of a 20-mm diameter bus bar
if its temperature is not to exceed 65°C. Com-
pare the relative importance of heat transfer by
free convection and radiation exchange.

To assess the trade-off between current-carrying
capacity, operating temperature, and bar diame-
ter, for diameters of 10, 20, and 40 mm, plot the

- bar temperature T as a function of current for the
range 100=7=5000A. Also plot the ratio of
the heat transfer by convection to the total heat

(b) What is the steady-state iemperature of the
wall?

The convection coefficient depends on the ve-
locity associated with fluid flow over the canister
and whether or not the wall temperature is large
enough to induce boiling in the liquid. Compute
and plot the steady-state temperature as a func-
tion of h for the range l00=h= 10,000
W/m?- K. Is there a value of i below which op-

eration would be unacceptable?

1.49 Liquid oxygen, which has a boiling point of $0K

and a latent heat of vaporization of 214XkJ/kg, is
stored in a spherical container whose outer surface is
of 500-mm diameter and at a temperature of —10°C.
The container is housed in a laboratory whose air
and walls are at 25°C.

(2) I the surface emissivity is 0.20 and the heat
transfer coefficient associated with free con-
vection at the outer surface of the container is
10 W/m?- K, what is the rate, in kgfs, at which

m Problems

is removed if irradiation is maintained for a
period of 27

(b} Allowing for convection to ambient air, with

T. =20°C and A= 15W/m*-K, and radiation -

exchange with large surroundings (e=04,
T = 20°C), determine the instantaneous rate of
melting during irradiation.

1.52 Following the hot vacuum forming of a paper—pulp

mixture, the product, an egg carton, is transported on
a conveyor for 18 s toward the entrance of a gas-fired
oven where it is dried to a desired final water content.
To increase the productivity of the line, it is proposed
that a bank of infrared radiation heaters, which pro-
vide a uniform radiant flux of 5000 W/m? be in-
stalled over the conveyor. The carton has an exposed

area of 0.0625m? and a mass of 0.220kg, 75% of PcB, P,

which is water after the forming process.

) Bank of infrared radiant heaters
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Cool.ing of the electronic components on a board is
Prowded by the forced flow of air, equally distributed
in passages formed by adjoining boards, and the con-
v;ctmn coefficient associated with heat transfer from
the components to the air is approxim
h=200W/m?- K. Air enters the comqueI:' consoalteeg
a temperature of T; = 20°C, and flow is driven by a
fan whose power consumption is P,=25W.

Outlet air ¥ T,

1ta

A

transfer.

~a — AR G Gas-fired
oxygen vapor must be vented from the E ECarton — furnace
— —1

system? (.) a] 6/

1.47 A small sphere of reference-grade iron with a spe-
cific heat of 447 J/kg-K and a mass of 0.515kg is (b)| Moisture in the ambient air will result in frost
suddenly immersed in a water-ice mixture. Fine formation on the container, causing the surface
thermocouple wires suspend the sphere, and the emissivity to increase. Assuming the surface
temperature is observed (o change from 15 to 14°C temperature and convection coefficient to re-
in 6.35 5. The experiment is repeated with a metallic main at —10°C and 10 W/m?- K, respectively,
sphere of the same diameter, but of unknown com- compute the oxygen evaporation rate (kg/s) as a
position with a mass of 1.263kg. If the same ob- function of surface emissivity over the range
served temperafure change occurs in 4.59 s,what is 0.2=e=0094
the specific heat of the unknown material?

Conveyor

The chief engineer of your plant will approve the
purchase of the heaters if the carton water content is
reduced from 75% to 65%. Would you recommend
the purchase? Assume the heat of vaporization of
water is g, = 2400 kl/kg.

) Fan, Pr
Inlet air v, 7;

1.53 EIC(ftronic power devices are mounted to a heat sink
ha\{mg an exposed surface area of 0.045m? and an
emissivity of 0.80. When the devices dissipate a
total power of 20 W and the air and surroundings are
at 27°C, the average sink temperature is 42°C. What
average temperature will the heat sink reach when
the devif:es dissipate 30 W for the same environmen-
al condition? - (b) The component that is most susceptible to ther-

1.50 A freezer compartment is covered with a
2-mm-thick layer of frost at the time it malfunctions.
If the compartment is in ambient air at 20°C and a
coefficient of k= oWm?+-K characterizes heat
transfer by natural convection from the exposed sur-
face of the layer, estimate the time required to com-
pletely melt the frost. The frost may be assumed to

{a) If the temperature rise of the air flow, (T, — T)), is
not to exceed 15°C, what is the minimum all'ow-
_a!ale volumetric flow rate V of the air? The den-
sity and specific heat of the air may be approxi-

mated as p = 1.161 kg/m’ and ¢, = 1007J/kg-K
respectively. ,

1.48 A spherical, stainless steel (AISI 302) canister is
used to store reacting chemicals that provide for a
uniform heat flux ¢! to its inner surface. The canister
is suddenly submerged in a liquid bath of tempera-
wre T, < T, where T; is the initial temperature of the
canister wall.

have a mass density of 700 ke/m® and a latent heat of . - .
/ : mal failur 2
Canister Reacting chemicals fusion of 334 kI/kg. Power device minimize il::ssztizﬁa% :”Z;,Ctrﬁl of S]utff ﬁce area}.lTo
=06m . Lo ermal failure, where
k 151 A vertical slab of Woods metal is joined to a sub- i Tow=27C should the component be installed on a PCB?
T,=500 K T T 7,=300K strate on one surface and is melted as it is uniformly What is its surface temperature at this location?
= 8055 kg/m® k= 500 Wim*K irradiated by a laser source on the opposite surface. ! 1.55 Th .
= . N s L. . ) ; . e roof of a car i
¢,= 510 ke © Bath - The metal is initially at its fusion temperature of % diant flux of 800 @Eﬂ%‘““\ﬁﬁi‘?ﬁ abso;bs _a:lsolar ra-
S ="77° 1 4 ji . » e underside is per-
e 05m T, - ?2 C, and the melt Tuns gff by gravity as soon 3 g fectly insulated. The convection coefficient b p
: as it is formed. The absorptivity of the metal to the the roof and the ambient air is 12 5 etween
laser radiation is o = 0.4, and its latent heat of fu- 1 Pl i Heat sink. T @ Neglecti ir is 12 W/m” - K.
. . . . ion i = £ . ' T eglecting radiati ;
(2) Assuming negligible temperature gradients in sion is kg = 33 kl/kg. w7 AL roui dingsb Ca?glll"]]::;“thzxt‘;hang@ tWIth fttl;f sur-
s mperature of the roof

the canister wall and a constant heat fiux ¢, de- a) Neglecting heat transfer from the irradiated e ..
q; {a) g g T 2370 under steady-state conditions if the ambient air

velop an equation that governs the variation of
the wall temperature with time during the tran-
sient process. What is the jnitial rate of change
of the wall temperature if ¢ = 10° Wim??

surface by convection of radiation exchange
with the surroundings, determine the instanta-
neous rate of melting in kg/s+ m® if the laser
irradiation is 5kW/m’. How much material

1 .
34 bACOmputer consists of an array of five printed circuit
oards (PCBs), each dissipating P, = 20 W of power.

temperature is 20°C.

(b) For the same ambient air temperature, calculate

Fhe ‘temperature of the roof if its surface emissiv-
ity is 0.8.
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The convection coefficient depends on airflow

.56

Cold
finger
Liquid

litrogen

conditions over the roof, increasing with in-
creasing air speed. Compute and plot the roof
temperature as a function of hfor 2 =h =200
Wim® - K.

The operating temperature of an infrared detector for
a space telescope is to be controlled by adjusting the
electrical power, feee 10 2 thin heater sandwiched
between the detector and the “cold finger” whose
opposite end is immersed in liquid nitrogen at 77 K.
The cold finger rod of 5-mm diameter has a thermal
conductivity of 10 W/m-K and extends 50 mm
above the level of the liquid nitrogen in the dewar.
Assume the detector surface has an emissivity of 0.9
and the vacuum enclosure is maintained at 300 K.

Window
Detector

Electrical
heater

Cold finger

T,=77 K

(a) What is the temperature of the detector when no
power is supplied to the heater?

(b) How much heater power is required to maintain
the detector at 195 K?

Compute and plot the heater power required
to maintain a detector temperature of 195K as
a function of the thermal conductivity of the cold
finger for 0.1 = k = 400 W/m * K. Select a suit-
able finger material that would allow for main-
taining the prescribed detector temperature ata
low level of power consumption.

57| Consider the physical system depicted in Example 1.5

under conditions for which the combustion gases are
at 1300°C and heat transfer by convection from the
gases to the inner surface is characterized by a con-
vection coefficient of & = 30 W/m’ - K. The furnace
wall is made from a diatomaceous silica brick for
which k=03 Wm-Kand & = 0.8, while the ambi-
ent air and surroundings remain at 25°C. Radiation
exchange between the combustion gases and the inner

surface may be neglected. Compute and plot the inner

and outer surface temperatures, T,and T,, as a func-
tion of the wall thickness (0.025 = L = 0.50 m) for
an outside convection coefficient of A, = 10 Wim*- K
and as a function of the convection coefficient
(2 = h, <50 W/m*-K) for L=0.15m. Recommend
values of L and h, suitable for maintaining T, below a
maximum allowable value of 100°C.

1.58 For the conditions of Example 1.5, the furnace wall

has inner and outer surface temperatures of
T,=352°Cand T, = 100°C, respectively.

{a) To reduce the risk of burn injuries to operating
personnel, the outer surface temperature should
be maintained at or below 65°C. Could this ob-
jective be achieved by decreasing the wall ther-
mal conductivity or increasing the convection
cocfficient by factors of two? Would the risk
of burn injury be reduced by applying a low
emissivity coating (£ < 0.8) to the outer surface?

(b)| The convection coefficient at the outer surface
may be varied by controlling air flow over the
surface. For three different wall materials corre-
sponding to thermal conductivities of 0.3, 0.6,
and 1.2 W/m -+ K, plot the variation of T,(°C)
with k over the range 20 <h < 100W/m” - K.
Comment on conditions for which a safe outer
surface temperature may be maintained.

1.59 A surface whose temperature is maintained at 400°C

is separated from an airflow by a layer of insulation
25 mm thick for which the thermal conductivity is
0.1 W/m - K. If the air temperature is 35°C and the
convection coefficient between the air and the outer
surface of the insulation is 500 W/m? - K, what is the
temperature of this outer surface?

1.60 The wall of an oven used to cure plastic parts is

of thickness L =0.05m and is exposed to large
surroundings and air at its outer surface. The air and
the surroundings are at 300 K.

(a) If the temperature of the outer surface is 400K
and its convection coefficient and emissivity are
h=20Wim Kand e =038, respectively, what
is the temperature of the inner surface if the wall
has a thermal conductivity of k = 0.7 W/m K?

Consider conditions for which the temperature of
the inner surface is maintained at 600 K, while the
air and large surroundings to which the outer sut-
face is exposed are maintained at 300 K. Explore
the effects of variations in &, h, and & on (i) the
temperature of the outer surface, (i) the heat flux
through the wall, and (iii) the heat fluxes associ-
ated with convection and radiation heat transfer
from the outer surface. Specifically, compute and
plot the foregoing dependent variables for para-

u Problems

metric variations about baseline conditions - of
k=10W/m-K, h=20Wm"-K, and &=05.
Suggested ranges of the independent variables are
01 =k=400W/m-K, 2=h=200Wm-K
gncl 0.05 = ¢ = 1. Discuss the physical implica-’
tions of your results. Under what conditions will
the temperature of the outer surface be less than
45°C, which is a reasonable upper limit to avoid
burn injuries if contact is made?

1.61 An experiment to determine the convection coeffi-

cit?nt associated with airflow over the surface of a
thick steel casting involves insertion of thermocou-
ples in the casting at distances of 10 and 20 mm from
the surface along a hypothetical line normal to the
surface. The steel has a thermal conductivity of
15 W/m + K. If the thermocouples measure tempera-
tures of 50 and 40°C in the steel when the air temper-
ature is 100°C, what is the convection coefficient?

1.62 A thin electrical heating element provides a uniform

hea‘t ﬂu)f g. to the outer surface of a duct through
which air flows. The duct wall has a thickness of
10 mm and a thermal conductivity of 20 W/m - K.

Duct

Electrical
heater

Insulation

(a) At a particular location, the air temperature is
30°C and the convection heat transfer coefficient
between the air and inner surface of the duct is
100 W/m? + K.- What heat flux g, is required to
maiptain the inner surface of the duct at
T, = 85°C?

(b) For the conditions of part (a), what is the temper-
ature (T,) of the duct surface next to the heater?

With-T,- = 85°C, compute and plot g, and T, as a
function of the air-side convection coefﬁci[:ant h

for the range 10 = h =200 W/m®- K. Briefly
discuss your results.

1.63 A rectangular forced air heating duct is suspended

from the ceiling of a basement whose air and walls
are at a temperature of T, = T, = 3°C. The duct is
15 m long, and its cross-section is 350 mm X 200 mm.

(2) For an uninsulated duct whose average surface
temperature 1s 50°C, estimate the rate of heat
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loss frqm the duct. The surface emissivity and
convection coefficient are approximately 0.5 and
4Wfm* - K, respeclively.

(b) ‘If heated air enters the duct at 58°C and a veloc-
ity of 4m/s and the heat loss corresponds to the
result of part (a), what is the outlet temperature?
The density and specific heat of the air may
be assumed to be p= 1.10kg/m’ and ¢, =
1008 J/kg - K, respectively. ’

1.64 Consider the steam pipe of Example 1.2. The facilities

manager wants you to recommend methods for reduc-
ing the heat loss to the room, and two options are pro-
posed. The first option would restrict air movement
around the outer surface of the pipe and thereby re-
duce the convection coefficient by a factor of two.
T}le second option would coat the outer surface of the
pipe with a low emissivity (e = 0.4) paint.

(a) Which of the foregoing options would you
recommend?

f

To prepare for a presentation of your recom-
mendation to management, generate a graph of
the heat loss ¢’ as a function of the convection
cpefﬁcient for 2 = =20W/m”- K and emis-
sivities of 0.2, 0.4, and 0.8. Comment on the rel-
at?ve efficacy of reducing heat losses associated
with convection and radiation.

1.65 Plate glass at 600°C is cooled by passing air over its

Sl.lrface such that the convection heat transfer coeffi-
cient is k = 5 W/m? - K. To prevent cracking, it is
known that the temperature gradient must not ex-
ceed_ 15°C/mm at any point in the glass during the
cooling process. If the thermal conductivity of the
glass is 1.4 W/m - K and its surface emissivity is 0.8

vyhat is the lowest temperature of the air that can ini-,
tially be used for the cooling? Assume that the tem-
perature of the air equals that of the surroundings.

1,66 The curing process of Example 1.6 involves expo-

sure of the plate to itradiation from an infrared lamp
and attendant cooling by convection and radiation
elxchange with the surroundings. Alternatively, in
}1eu of the lamp, heating may be achieved by insert-
ing the plate in an oven whose walls (the surround-
ings) are maintained at an elevated temperature.

(a) Consider conditions for which the oven walls
are at 200°C, air flow over the plate is character-
ized by T.=720°C and /= I5W/m?- K, and
the coating has an emissivity of £ = 0.5, What is
the temperature of the plate?

For ambient air temperatures of 20, 40, and 60°C,

determine the plate temperature as a function of
the oven wall temperature over the range from
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150 to 250°C. Plot your results, and identify con-
ditions for which acceptable curing temperatures
between 100 and 110°C may be maintained.

.67 The clectrical-substitution radiometer shown sche-

matically determines the optical (radiant) power ofa
beam by measuring the electrical power required to
heat the receiver to the same temperature. With a
beam, such as a laser of optical power Pop, incident
on the receiver, its temperature, T,, increases above
that of the chamber walls held at a uniform tempera-
ture, T,,, = 77 K. With the optical beam blocked, the
heater on the backside of the receiver is enecrgized
and the electrical power, Puees required to reach the
same value of T, is measured. The purpose of your
analysis is to determine the relationship between the
electrical and optical power, considering heat trans-
fer processes experienced by the receiver.

Liquid nitrogen |

Chamber walls, Ty,

Ijopt

B 2Avavav
«~nne  Laser beam

A
-y
Receiver, T,

A

Consider a radiometer with a 15-mm diameter receiver
having a blackened surface with an emissivity of 0.95
and an absorptivity of 0.98 for the optical beam. When
operating in the optical mode, conduction heat losses
from the backside of the receiver are negligible. In the
electrical mode, the loss amounts (o 5% of the electri-
cal power. What is the optical power of a beam when
the indicated electrical power is 20.64 mW? What is
the corresponding receiver temperature?

1.68 The diameter and surface emissivity of an eclectri-

cally heated plate are D = 300mm and £ = .80,
respectively.
(a) Estimate the power needed to maintain a surface

temperagure of 200°C in a room for which the air
and the walls are at 25°C. The coefficient char-

Assess the effect of surface temperature on the

power requirement, as well as on the relative
contributions of convection and radiation to heat
transfer from the surface.

1.69 Bus bars proposed for use In a power transmission

station have a rectangular cross section of height

H = 600 mm and width W = 200 mm. The electrical

resistivity, p(u) - m), of the bar material is a

function of temperature, g, = el + (T =T,

where p, , = 0.0828 pll-m, T,=25°C and a =
0.0040K~". The emissivity of the bar’s painted sur-
face is 0.8, and the temperature of the surroundings
is 30°C. The convection coefficient between the bar

and the ambient air at 30°C is 10 Wi - K.

(a) Assuming the bar has a uniform temperature T,
calculate the steady-state temperature when a
current of 60,000 A passes through the bar.

Compute and plot the steady-state temperature
of the bar as a function of the convection coeffi-
cient for 10 = A = 100W/m? - K. What mini-
mum convection coefficient is required to main-
tain a safe-operating temperature below 120°C?
Will increasing the emissivity significantly af-
fect this result?

1.70 A solar flux of 700 W/m? is incident on a flat-plate

solar collector used to heat water. The area of the
collector is 3m?, and 90% of the solar radiation
passes through the cover glass and is absorbed by
the absorber plate. The remaining 10% is reflected
away from the collector. Water flows through the
tube passages on the back side of the absorber plate
and is heated from an inlet temperatare T, to an out-
let temperature T,. The cover glass, operating at a
temperature of 30°C, has an emissivity of 0.94 and
experiences radiation exchange with the sky at
—10°C. The convection coefficient between the
cover glass and the ambient air at 25°C is 10
Wim® - K.

o
/ ,—jL Cover glass
LX—

—

Air space

Absorber plate
Water tubing

Insulation

m Problems

{b) Calculatc? the temperature rise of the water,
T, - T,, if the flow rate is 0.01 kg/s. Assume the
specific heat of the water to be 4179 J/kg * K.

{c¢) The collector efficiency 7 is defined as the ratio
of the useful heat collected to the rate at which
solar energy is incident on the collector. What is
the value of ?

1.71 Consider a surface-mount type transistor on a circuit

beard whose temperature is maintained at 35°C. Air
at 20°C flows over the upper surface of dimensions
4mm by 8 mm with a convection coefficient of
50 W/m® + K. Three wire leads, each of cross section

" 1mm by 0.25 mm and length 4 mm, conduct heat

from the case to the circuit board. The gap between
the case and the board is 0.2 mm.

Transistor
case
Wire
lead

Circuit
board

(a) Asguming the case is isothermal and neglecting
radiation, estimate the case temperature when
1.50 mW are dissipated by the transistor and
(i) stagnant air or (ii) a conductive paste fills the
gap. The thermal conductivities of the wire
leads, air, and conductive paste are 25, 0.0263
and 0,12 W/m - K, respectively. ’

U§ing the conductive paste to fill the gap, we
wish to determine the extent to which increased
heat dissipation may bé accommodated, subject
to the constiaint that the case temperature
not exceed 40°C. Options include increasing the
air speed to achieve a larger convection coeffi-
cient i and/or changing the lead wire material to
one of larger thermal conductivity. Indepen-
dently considering feads fabricated from materi-
als with thermal conductivities of 200 and
400 W/m - K, compute and plot the maximum
allowable heat dissipation for variations in
hover the range 30 = h = 250 W/m®- K,
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heat.' transfer processes. Only then can the system be-
hav10r- be properly quantified. For the following sys-
tems identify the pertinent processes, designating
them by appropriately labeled arrows on a skTetch of
Fhe system. Answer additional questions that appear
in the problem statement.

(a) Id.entify the heat transfer processes that deter-
mine the temperature of an asphalt pavement on
a summer day. Write an energy balance for the
surface of the pavement.

{b) Microwave radiation is known to be transmitted
by plastics, glass, and ceramics, but to be ab-
sorbed by materials having polar molecules such
as water. Water molecules exposed to mi-
crowave radiation zlign and reverse alignment
with the microwave radiation at frequencies up
to 10.9 s~!, causing heat to be generated. Contrast
cooking in a microwave oven with cooking in a
conventional radiant or convection oven. In each
case what is the physical mechanism responsible
for heating the food? Which oven has the greater
energy utilization efficiency? Why? Microwave
heating is being considered for drying clothes. .
How wonld operation of a microwave clothes
qwer differ from a conventional dryer? Which is
11'kely to have the greater energy utilization effi-
ciency and why?

(c) Consider an exposed portion of your body (e.g.
your forecarm with a short-sleeved shirt) whicif;
you are sitting in a room, Identify all heat trans-
fer. processes that occur at the surface of your
skin. In the interest of conserving fuel and funds
you keep the thermostat of your home at 15°é
(59°F) throughout the winter months. You are
al')le to tolerate this condition if the outside (am-
bient) air temperature exceeds —10°C (14°F) but
feel cold if the ambient temperature falls much
below this value. Are you imagining things?

(d) C.onsider an incandescent light source that con-
sists of a tungsten filament enclosed in a gas-
ﬁlled glass bulb. Assuming steady-state opzra—
tion with the filament at a temperature of
approximately 2900 K, list all the pertinent heat
transfer processes for (1) the filament and (ii) the
glass bulb. |

(e) Th‘ere: is considerable interest in developing
buﬂc.h_ng materials that have improved insulating
qualitics. The development of such materials

(a) Perform an overall energy balance on the collec- Process Identification

pends on the surface temperature and, in units of tor to abtain an expression for the rate at which

Wim? - K, may be approximated by an expres- useful heat is collected per unit area of the col-

sion of the form, & = 0.80(T, — T, jector, ¢l Determine the value of G-

would do much to enhance energy conservation
by reducing space heating requirements. It
bas been suggested that superior structural and
insulating qualities could be obtained by using

acterizing heat wansfer by natural convection de-

1.7 i
2 :11: anal)fznng the performance of a thermal system,
€ engineer must be able to identify the relevant
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the composite shown. The material consists of a
honeycomb, with cells of square Cross section,
sandwiched between solid slabs. The cells are
filled with air, and the slabs, as well as the hon-
eycomb matrix, are fabricated from plastics of
low thermal conductivity. Identify all heat trans-
fer processes pertinent {0 the performance of the
composite. Suggest ways in which this perfor-
mance could be enhanced.

Surface
slabs

Cellular
air spaces

(f) A thermocouple junction is used to measure the
temperature of a hot gas stream flowing through
a channel by inserting the junction into the main-
stream of the gas. The surface of the channel is
cooled such that its temperature is well below
that of the gas. Identify the heat transfer
processes associated with the junction surface.
Will the junction sense a temperature that is less
than, equal to, or greater than the gas tempera-
ture? A radiation shield is a small, open-ended
tube that encloses the thermocouple junction, yet
allows for passage of the gas through the tube.
How does use of such a shield improve the accu-
racy of the temperature measurement?

S F T Y

L—Cuol channel

Thermaocouple
bead

(2) A double-glazed, glass fire screen is inserted be-
tween a wood-burning fireplace and the interior of
a roorn. The screen consists of two vertical glass
plates that are separated by a space through which
room air may flow (the space is open at the top
and bottom). Tdentify the heat transfer processes
associated with the fire screen.

Air channel

Glass plate

Air

173 In considering the following problems involving

heat transfer in the natural environment (outdoors),
recognize that solar radiation is comprised of long
and short wavelength components. 1f this radiation
is incident on a semitransparent medium, such as
water or glass, two things will happen to the nonre-
flected portion of the radiation. The long wavelength
component will be absorbed at the surface of the
medium, whereas the short wavelength component
will be transmitted by the surface.

(a) The number of panes in a window can strongly
influence the heat loss from a heated room to the
outside ambient air. Compare the single- and
double-paned units shown by identifying rele-
vant heat transfer processes for each case.

Y Double

pane

Ambient
air :

(b In a typical flat-plate solar collector, energy is
collected by a working fluid that is circulated
through tubes that are in good contact with the
back face of an absorber plate. The back face is
insulated from the surroundings, and the ab-
sorber plate receives solar radiation on its front
face, which is typically covered by one or more
transparent plates. Identify the relevant heat
transfer processes, first for the absorber plate
with no cover plate and then for the absorber
plate with a single cover plate. '

n Problems

(c) The solar energy collector design shown below
has been used for agricultural applications. Air
is blgwn through a long duct whose cross sec-
tIIOIl is in the form of an equilateral triangle. One
side of the triangle is comprised of a double-
paned, semitransparent cover, while the other
two sides are constructed from aluminum sheets
painted flat black on the inside and covered on
the gutside with a layer of styrofoam insulation.
During sunny periods, air entering the system is
hea‘ted for delivery to either a greenhouse, grain
drying unit, or a storage system.

Identify all heat transfer processes associated

with the cover plates, the absorber plate(s), and
the air.

(d) Evacuated-tube solar collectors are capable of
improved performance relative to flat-plate col-

Solar
radiation

Evacuated
tubes

Reflecting
panel
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lectors. The design consists of an inner tube en-
closed in an outer tube that is transparent to
solar radiation. The annular space between the
tubes is evacuated. The outer, opaque surface of
the inner tube absorbs solar radiation, and a
working fluid is passed through the tube to col-
lect the solar energy. The collector design gener-
ally consists of a row of such tubes arranged in
front of a reflecting panel. Identify all heat trans-

fer processes relevant to the performance of this
device.

Ty
00000

Working
fluid

outer tube

Inner *

Evacuated tube

space

Transparent |
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The primary objectives of this chapter were to improve your understanding of
the conduction raie equation (Fourier's law) and to familiarize you with the heat
equation. You may test your understanding of related concepts by addressing

the following questions.

« In the general formulation of Fourier’s law (applicable to anmy geomeltry),
what are the vector and scalar guantities? Why is there a minus sign on the
right-hand side of the equation?

« What is an isothermal surface? What can be said about the heat flux at any lo-

cation on this surface?

« What form does Fourier’s law take for each of the orthogonal directions of
Cartesian, cylindrical and spherical coordinate systems? In each case, what
are the units of the temperature gradient? Can you write each equation from
memory?

« An important property of matter is defined by F ourier’s law. What is it? What

is its physical significance? What are its units?

« What is an isotropic material?

» Why is the thermal conductivity of a solid generally larger than that of a lig-
wid? Why is the thermal conductivity of a liquid larger than that of a gas?

« Why is the thermal conductivity of an electrically conducting solid gener-
ally larger than that of a nonconductor? Why are materials such as beryl-
linm oxide, diamond and silicon carbide (see Table A.2) exceptions to this
rule?

« Is the effective thermal conductivity of an insulation system a true manifesta-
tion of the efficacy with which heat is transferred through the system by
conduction?

« Why does the thermal conductivity of a gas increase with increasing tempera-
ture? Why is it approximately independent of pressure?

« What is the physical significance of the thermal diffusivity? How is it defined
and what are its units?

« What is the physical significance of each term appearing in the heat equation?
« Cite some examples of thermal energy generation? If the rate at which ther-
mal energy is generated per unit volume, g, varies with location in a medium

of volume ¥, how can the rate of energy generation for the entire medium, E,
be determined from knowledge of g(x, y, 2)?

« For a chemically reacting medium, what kind of reaction provides a source of
thermal energy (g > 0)7 What kind of reaction provides a sink for thermal en-
ergy (4 < 0)?

«To solve the heat equation for the temperature distribution in a medium.
boundary conditions musi be prescribed at the surfaces of the medium. What
physical conditions are commonly suitable for this purpose?

8 Problems
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Fourier’s Law

2.1 Assume steady-state, one-dimensional heat conduc-
tion through the axisymmetric shape shown below.

Assurmpg constant propertics and no internal heat
generation, sketch the temperature distribution on

T—x coordinates. Briefly explai
. al
o coordin: ¥ ﬂp n the shape of the

2.2 A hot water pipe with outside radius | has a temper-
ature 7). A thick insulation applied to reduce the
lé)eat loss has an outer radius r, and temperature 7).
; n Tfr coor‘dmates', sketch the temperature distribuz—

on in the insulation for one-dimensional, steady-
state heat transfer with constant propcrties,. Give a

brief expl : - .
Shows planation, justifying the shape of the curve

- 23 i ith i
A spherical shell with inner radius r, and outer

i‘;cl‘fl;l; 1;}11:5 s;rface temperatures 7, and T, respec-

butio[; o r; ) > Tz.-SkBtCh the temperature distri-

oo Ir coordmat.es assuming steady-state,

g mf)naq conduction with constant proper-
- Briefly justify the shape of the curve shown.

24 Assume steady-state, one-dimensional heat condue-
tion through the symmefric shape shown.

Qo>

Ass‘um.ing that the‘re is no internal heat generation,
derive an expression for the thermal conductivity
k(x) for these conditions: A(x) = (1 — x), T(x) =
30001 — 2x — '3.), and g = 6000 W, where A is in
square meters, T in kelvins, and x in meters.

2.5 A solid, trunc-:ate.d cone serves as a support for a sys-
tem that maintains the top (truncated) face of the
cone at a temperature 7, while the base of the cone
is at a temperature T, << 7',

‘ T,<T,
1 Ay > Ay

The thermal conductivity of the solid depends on
temperature according to the relation k =k, — al’
0 >




"4 Chapter 2 » Introduction to Conduction i

where a is a positive constant, and th§ sides of‘ t'hc
cone are well insulated. Do the followmg qu_anntles
increase, decrease, or remain the same with 1nc;,rre?§‘;
ing x: the heat transfer raie g,, the heat flux s
thermal conductivity k, and the temperature gradient
dT/dx?

2.6 To determine the effect of the temperature depen-
dence of the thermal conductivity on thg temperagure
distribution in a solid, consider a material for which
this dependence may be represented as

k=k,+al

where k, is a positive constant and a is a coefﬁc1§nt

that may be positive or negauve. Skf.:tch the.'stez;1 '

state temperature distribution associated with _eat

transfer in a plane wall for three cases cotresponding
toa>0,a=0anda < 0.

2.7 One-dimensional, steady-state conduction Witholl:t
heat generation OCCULS in the system shown. '_I‘kc
thermal conductivity is 25 W/m - K and the thick-

ness L is 0.5 m.

P

Determine the unknown quantities for each case in
the accompanying table and sketch the temperature
distribution, indicating the direction of the heat flux.

I

dT/dx % ,
Case T T, (K/m) (W)
Case T T2 TR T
| . 400K 300K
2 100°C —252
S 30°C —3000

2.8 Consider steady-state conditions forl one-dimen-
sional conduction in a plane wall havu}g a thermfl_l
conductivity & = 50 W/m- K and a thickness L =
0.25 m, with no internal heat generation.

T14 %‘Tz
L;.x, )

Determine the heat flux and the unknown q}lagtity
for each case and sketch the temperagure distribu-
tion, indicating the direction of the heat flux.

;.
}.‘
E

t

Case T,(°C) 7,0°0) dT/dx (Kfm)
1 50 =20
=30 -10
i 70 160
4 40 —80
5 30 200

I —

2.9 Consider a plane wall 100 mm thick and of thc?qnal
conductivity 100 W/m - K. Steady-state condmot}f
are known to exist with 7, = 400K and T =
600 K. Determine the heat flux g anc_l the tempera-
ture gradient dT/dx for the coordinate systems
shown.

&

2.10 A cylinder of radius 1, 1epgth L, ?md thermal con-
ductivity & is immersed in a fluid of convection
coefficient k£ and unknown tempfara.ture- Tw.- At a
certain instant the temperature *distribution In the
cylinder is TH=a+ br?, where ¢ and D are con-
stants. Obtain expressions for the heat transfer rate
at r, and the fluid temperature.

i i illustrated, the gradient
2.11 In the two-dimensional body i
at surface A is found to be #Tlgy = 30 K/m. What
are T/dy and 8T/dx at surface B7?

insulation —7. <5

1 { B, Ty = 100°C
{':k = 10 WimK
o
L.
A Ty =0°C

i ipeline run above the
2.12 Sections of the Alaskan. pipeliné
ground and are supported by vertical steel shafts

& Problems

(k = 25 W/m-K) that are 1 m long and have a
cross-sectional area of 0.005 m? Under normal op-
erating conditions, the temperature variation along
the length of a shaft is known to be governed by an
expression of the form

T =100 — 150x + 10x°

where T and x have units of °C and meters, respec-
tively. Temperature variations are negligible over
the shaft cross section. Evaluate the temperature and
conduction heat rate at the shaft—pipeline joint
(x = 0) and at the shaft—ground interface (x = 1 m).
Explain the difference in the heat rates.

2.13 Steady-state, one-dimensional conduction occurs in
arod of constant thermal conductivity £ and variable
cross-sectional area A (x) = A, e™, where 4, and a

are constants, The lateral surface of the rod is well
insulated.

= ax
=A,e

Al

(a) Write an expression for the conduction heat rate,
4.(x). Use this expression to determine the tem-
perature distribution 7(x) and qualitatively
sketch the distribution for T{0} > T(L).

(b) Now consider conditions for which thermal
energy is generated in the rod at a volumetric
rate g = g,exp(—ax), where §, is a constant.
Obtain an expression foi- g,(x} when the left face
(x = 0) is well insulated.

Thermophysical Properties

2.14 A solid cylindrical rod of length 0.1 m and diameter
25 mm is well insulated on its side, while its end
faces are maintained at temperatures of 100 and 0°C,
What is the rate of heat teansfer through the rod if it
is constructed from (a) pure copper, (b) aluminum
alloy 2024-T6, (c) AISI 302 stainless steel, (d) sili-

con nitride, (e} wood (cak), (f) magnesia, 85%, and
(g) Pyrex?

15 A one-dimensional system without heat generation
has a thickness of 20 mm with surfaces maintained

75

at temperatures of 275 and 325 K. Determine the
heat flux through the system if it is constructed from
(a) pure aluminum, (b) plain carbon steel, (c) AISI

316 stainless steel, (d) pyroceram, () Teflon, and ()
concrete.

2.16 A TV advertisement by a well-known insulation man-
ufacturer states: it isn’t the thickness of the insulating
material that counts, it’s the R-value. The ad shows
that to obtain an R-value of 19, yon need 18 ft of rock,
15 in. of wood, or just 6 in. of the manufacturer’s in-
sulation. Is this advertisement technically reasonable?
If you are like most TV viewers, you don’t know the
R-value is defined as L/, where L (in.) is the thick-
ness of the insulation and & (Btu - in./hr - fi2 - °F) is the
thermal conductivity of the material.

2.17 An apparatus for measuring thermal conductivity
employs an electrical heater sandwiched between
two identical samples of diameter 30 mm and length
60 mm, which are pressed between plates maintained
at a uniform temperature 7, = 77°C by a circulating
fluid. A conducting grease is placed between all the
surfaces to ensure good thermal contact. Differential
thermocouples are imbedded in the samples with a
spacing of 13 mm. The lateral sides of the samples
are insulated to ensure one-dimensional heat transfer
through the samples.

—Plate, T,

Plate, T,

(a) With two samples of SS316 in the apparatus, the
heater draws 0.353 A at 100 V and the differential
thermocouples indicate AT, = AT, = 25.0°C.
What is the thermal conductivity of the stainless
steel sample material? What is the average tem-
perature of the samples? Compare your result
with the thermal conductivity value reported for
this material in Table A.1.

{b) By mistake, an Armco iron sample is placed in
the lower position of the apparatus with one of
the 88316 samples from part (a) in the upper
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portion. For this situation, the heater draws
0.601 A at 100V and the differential thermo-
couples indicate AT, = AT, = 15.0°C. What are
the thermal conductivity and average tempera-
ture of the Armco iron sample?

(c) What is the advantage in constructing the.appa—
ratus with two identical samples sandwiching
the heater rather than with a single heater—
sample combination? When would heat leakage
out of the lateral surfaces of the samples become
significant? Under what conditions would you
expect AT, # AT,?

2.18 A common comparative method for measuring the
thermal conductivity of metals is illustrated in the
sketch. Cylindrical test samples (1 and 2) and a
reference sample of equal diameter anq length
are stacked under pressure and well insulated
~(not shown on sketch) on their lateral surfaces. The
thermal conductivity of the reference material,
Armco iron in this case, 18 assumed @own from
Table A.l. For the source—sink condition of T;, =
400K and T, = 300K, the differential th‘ermo-
couples imbedded in the samples with a spacing of
10mm indicate AT, = 249°C and AT, =
AT,, = 3.32°C for the reference and test samples,

respectively.

Heat source, T), = 400K

I j AT,

Test sample 1

Reference material ————— j AT,

t—— j AT.'. 2
e

Test sample 2

Cold sink, T, = 300K

(a) What is the thermal conductivity of the test ma-
terial? What temperature would you assign to
this measured value?

(b) Under what conditions would you expect AT,
not to equal AT,,?

219 A method for determining the thermal conductivitylk
and the specific heat ¢, of a material is illustrated in

the sketch. Initially the two identical samples of di-
ameter D = 60 mm and thickness L = 10 mm and
the thin heater are at a uniform temperature of T; =
23.00°C, while surrounded by an insulating powdelr.
Suddenly the heater is energized to prov@de a uni-
form heat flux ¢/ on each of the sample mterfac'es,
and the heat flux is maintained constant for. a p.erllo'd
of time, Af,. A short time after sudden heatlpg is ini-
tiated, the temperature at this interface T, 1s related
to the heat flux as

¢ 172
Tn—T;= 2%(

pck

For a particular test run, the electrical heater dissi-
pates 15.0W for a period of Ar, = 120s and tc})ua
temperature at the interface is T,(30s) = 24.57 C
after 30 s of heating. A long time after the hea}er is
deenergized, ¢ 3 Af,, the samples reach thc. uniform
temperature of T,(«<) = 33.50°C. The density of the
sample materials, determined by lgleasurement of
volume and mass, is p = 3963 kg/m’.

Sample 1, D, L, p

Heater leads

Sample 2, D, L, p

Determine the specific heat and thermal conductivity
of the test material. By looking at values of tpe thu'er—
mophysical properties in Table A.1 or A2, identify
the test sample material.

The Heat Equation

2.20 At a given instant of time the temperature distribu-

tion within an infinite homogeneous body is given
by the function

T, y,0) =X — 2 + 22 —xy + 2z
Assuming constant properties and no internal heat
generation, determine the regions where the emper-
ature changes with time.

2.21 A pan is used to boil water by placing it on a stove,

from which heat is transferred at a fixed raie g-
There are two stages to the process. In Stage 1, the
water is taken from its initial (room) temperature T;
to the boiling point, as heat is transferred fr‘om the

b

n Problems

pan by natural convection. During this stage, a con-
stant value of the convection coefficient 4 may be
assumed, while the bulk temperature of the water in-
creases with time, T, = T,.(#). In Stage 2, the water
has come to a boil, and its temperature remains at a
fixed value, T, = T}, as heating continues. Consider
a pan bottom of thickness L and diameter D, with a
coordinate system corresponding to x =0 and x = L
for the surfaces in contact with the stove and water,
respectively,

(a) Wrile the form of the heat equation and the
boundary/initial conditions that determine the
variation of temperature with position and time,
T(x,1), in the pan bottom during Stage 1. Express
your result in terms of the parameters g, D, L, h,
and T, as well as appropriate properties of the
pan material.

(b) During Stage 2, the surface of the pan in con-
tact with the water is at a fixed temperature,
NL,y=T,>T, Write the form of the heat
equation and boundary conditions that deter-
mine the temperature distribution, 7(x), in the
pan bottom. Express your result in terms of the
parameters g, D, L, and 77, as well as appropri-
ate properties of the pan material.

2.22 Uniform internal heat generation at § = 5 X 10" W/m®

is occurring in a cylindrcal nuclear reactor fuel rod of
50-mim diameter, and under steady-state conditions the
temperature distribution is of the form T(r) = a + &%,
where T is in degrees Celsius and r is in meters, while
a = 800°C and b = —4.167 X 10°*C/m*. The fuel rod
properties are k = 30 W/m-K, p = 1100 kg/m®, and
¢, = 800 J/kg- K.

(a) What js the rate of heat transfer per unit length

of the rod at ¥ = Q (the centerline) and at r = 25
mm {the surface)?

(b) If the reactor power level is suddenly increased
to 4, = 10° W/m?, what is the initial time rate of
temperature change at r = 0 and r = 25 mm?

2.23 The steady-state temperature distribution in a one-di-

mensional wall of thermal conductivity 50 W/m + K
and thickness 50 mm is observed to be T(°C) =
a + bx%, where a = 200°C, b = — 2000°C/m2, and x
is in meters.

(a) What is the heat generation rate ¢ in the wall?

(b) Determine the heat fluxes at the two wall faces.
In what manner are these heat fluxes related to
the heat generation rate?

2.24 The temperature distribution across a wall 0.3 m thick
at a certain instant of time is T(x)=a + bx + cx?,
where T is in degrees Celsius and x is in meters,
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a = 200°C, b = —200°C/m, and ¢ = 30°C/m>. The
wall has a thermal conductivity of 1 W/m - K.
(a) On a unit surface area basis, determine the rate

of heat transfer into and out of the wall and the
rate of change of energy stored by the wall.

(b) If the cold surface is exposed to a fluid at 100°C,
what is the convection coefficient?

2.25 A plane wall of thickness 2L = 40 mm and thermal

conductivity £=35W/m-K experiences uniform
volumetric heat generation at a rate g, while convec-
tion heat transfer occurs at both of its surfaces
(x=—L, + L), each of which is exposed to a fluid
of temperature 7., = 20°C. Under steady-state con-
ditions, the temperature distribution in the wall is of
the form T(x) =a+ bx + cx?, where a= 82.0°C,
b= —-210°C/m, ¢=—-2X 10*C/m?, and x is in
meters. The origin of the x-coordinate is at the
midplane of the wall.

(a} Sketch the temperature distribution and iden-
tify significant physical features.

(b) What is the volumetric rate of heat generation
4 in the wall?

(c) Determine the surface heat fluxes, g7(~-L) and
q(+L). How are these fluxes related to the
heat generation rate?

(d) What are the convection coefficients for the
surfacesatx= — Land x = + L?

(e) Obtain an expression for the };eat flux distribu-
tion, g,(x). Is the heat flux zero at any location?
Explain any significant features of the distr-
ibution,

(f)  If the source of the heat generation is suddenly

deactivated (¢ = 0), what is the rate of change
of energy stored in the wall at this instant?

(g) What temperature will the wall eventually
reach with ¢ =07 How much energy must be
removed by the fluid per unit area of the wall
(J/m®) to reach this state? The density and spe-
cific heat of the wall material are 2600 kg/m’
and 800 J/kg - K, respectively.

2,26 One-dimensional, steady-state conduction with

uniform internal energy generation occurs in a plane
wall with a thickness of 50 mm and a constant
thermal conductivity of 5 W/m * K. For these condi-
tions, the temperature distribution has the form,
T(x) = a + bx + ex. The surface at x = 0 has a tem-
perature of 7(0)=7T,=120°C and experiences
convection with a fluid for which T, = 20°C and
h=3500W/m? K. The surface at x=1 is well
insulated.




T,= 120°C

T.=20°C
It = 500 Wim™K
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7. k=5 WimK

i

_H"'d l—»x 7 L= 5l0 mm

(a) Applying an overall energy balance to the wall,
calculate the internal energy generation rate, ¢.

(b) Determine the coefficients a, b, and ¢ by apply-
ing the boundary conditions to the prescribed
temperature distribution. Use the results 10 cal-

_culate and plot the temperature distribution.

(c) Consider conditions for which the convection
coefficient is halved, but the internal energy gen-
eration rate remains unchanged. Determine the
new values of a, &, and ¢, and use the results to
plot the temperature distribution. Hint: recog-
nize that T(0) is no longer 120°C.

(d) Under conditions for which the internal energy
generation rate is doubled, and the convection co-
efficient remains unchanged (b = 500 W/m? - K),
determine the new values of a, b, and ¢ and plot
the corresponding temperature distribution. Re-
ferring to the results of Parts (b), (c), and (d) as
Cases 1, 2, and 3, respeciively, compare the tem-
perature distributions for the three cases and dis-
cuss the effects of /and g on the distributions.

227 A salt-gradient solar pond is 2 shaliow body of
water that consists of three distinct fluid layers and
is used to collect solar energy. The upper- and
lower-most layers are well mixed and serve (0
maintain the upper and lower surfaces of the cen-
tral layer at uniform temperatures 7, and T, where
T, > T,. Although there is bulk fluid motion in the
mixed layers, there is no such motion in the central
layer. Consider conditions for which solar radiation
absorption in the central layer provides nonuniform
heat generation of the form § = Ae ™, and the tem-
perature distribution in the central layer is

T = — 2z Bx+ €
ka

The quantities A (Wim?), a (1/m), B (K/m), and C
(K) are known constants having the prescribed
units, and k is the thermal conductivity, which is

also constant.

Solar radiation fij‘:fj

Mixed layer ——

- &t}

—— ), k

Central (stagnant) layer ———

Mixed layer

{a) Obtain expressions for the tate at which heat is
transferred per unit area from the lower mixed
layer to the central layer and from the central
layer to the upper mixed layer.

(b) Determine whether conditions are steady or
transient.

(c) Obtain an expression for the rate at which ther-
mal energy is generated in the entire central
layer, per unit surface area.

228 The steady-state temperamic distribution in a semi-

transparent material of thermal conductivity k and
thickness L exposed to laser irvadiation is of the form

A -
T = — Ao @+ Bx+ C
() kaz

where 4, a, B, and C are known constants. For this
situation, radiation absorption in the material is man-
ifested by a distributed heat generation term, g(x).

Laser irradiation

X

. -
Semitransparent medium, Tix)

{a) Obtain expressions for the conduction heat
fluxes at the front and rear surfaces.

(b) Derive an expression for g(x).

(c) Derive an expression for the rate at which radia-
tion is absorbed in the entire material, per unit
surface area. Express your result in terms of the
known constants for the temperature distribu-
tion, the thermal conductivity of the material,
and its thickness.

220 The steady-state temperature distribution in a one-
dimensional wall of thermal conductivity k and
thickness L is of the form T= ad + bl +extd
Derive expressions for the ‘heat generation rate PeT

m Problems

unit volume in the wall and the heat fluxes at the two

wall faces (x = 0, L).

One-dimensional, steady-state conduction with no
internal energy generation is occurring in a plane

wall of constant thermal conductivity,

-~

X

ot — §=0, k = 4.5 WimK
] To=20°C
h =30 WimZ-K

B

{a) Is t,},]e p_rescribed temperature distribution possi-
ble? Briefly explain your reasoning,

{b) With the temperature at x = 0 and the fluid tem
peratpre fixed at 7{0) = 0°C and T, = 20°C re:
spectively, compute and plot the temperatu;e at
x = 2L, T(L), as a function of & for 10 < }; = 100
W/m- - K. Briefly explain your results.

= 0.18m

2,31 A plane l‘aycr of coal of thickness L = 1 m experi-
t?nfes unlforgn volumetric generation at a ratg of
q= 20 W/m” due to slow oxidation of the coal par-
ticles. Averaged over a daily period, the top surface
o_f the layer transfers heat by convection to ambi
air for which 4 = 5 Wim®+ K and T, = 25°C Wlf'?t
re:cewmg2 solar irradiation in the amount ’ G 1:6
400 W/nr’. Irradiation from the atmosphere may besne—
glected. The solar absorptivity and emissivity of th
surface are each a; = £ = 0,95, ’ ’

Ambient air
T,

.
g
g
o Tk

Coal,
k,
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(a) Write. the steady-state form of the heat diffusion
equation for the layer of coal. Verify that this
equation is satisfied by a t istri
uanon 18 sad y a temperature distribu-

P L
T(x) T5+2k(1—ﬁ)

Frorq _this distribution, what can you say about
conditions at the bottom surface (x = 0)? Sketch

the temperature distributio
o o n and label key

(b) Obtain an expression for the rate of heat transfer
by conduction per unit area at x = L. Applying
an energy balance to a control surface about the
top surface of the layer, obtain an expression

for T,. Evaluate T, and T(0)
" 5 for the i
conditions. prescened

Daily average values of G and h depend on a
number of factors such as time of year, cloud
cover, and wind conditions. For h = 5 W/m? - K
compute and plot T, and 7(0) as a function of G,
Eor 50 = Gg = 500 W/m?. For G, =400 Wi,
fcc));r;p;—t; E-l_gcé ([))]\(;/t/zl}?an;{i T(0) as a function of h

2.32 The cylindrical system illustrated has negligible

Xarlauon of temperature in the r and z directions
ssume that Ar = r, — r; is small compared to r; and

denote lhe Iel]gth n the dlIeCthll, IlOIlnal 1o the
Z

(a) Beginning wi-th'a properly defined control vol-
ume and cons1d<_3r1ng energy generation and stor-
age effects, derive the differential equation that
presc]nbes the variation in temperature with the
angular coordinate ¢, Compare yo i

: ) ur
Equation 2.20, pate your result with

(b) For stea_ady—state conditions with no internal heat
generation and constant properties, determine
the temperature distribution T(¢) in terms of the
constants T, T}, r;, and r,. Is this distribution ki
ot " istribution lin-

(¢) For the conditions of i
- part (b} write th -
sion for the heat rate g, ° e
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2,33 Beginning with a differential control volume in the
form of a cylindrical shell, derive the heat diffusion
equation for a one-dimensional, cylindrical, radial
coordinate system with internal heat generation.
Compare your result with Equation 2.20.

2.34 Beginning with a differential control volume in the
form of a sphericat shell, derive the heat diffusion
equation for a one-dimensional, spherical, radial co-
ordinate system with internal heat generation. Com-
pare your result with Equation 2.23.

2.35 Derive the heat diffusion equation, Equation 2.20,
for cylindrical coordinates beginning with the differ-
ential control volume shown in Figure 2.9.

2.36 Derive the heat diffusion equation, Equation 2.23,
for spherical coordinates beginning with the differ-
ential control volume shown in Figure 2.10.

2.37 A steam pipe is wrapped with insulation of inner and
outer radii, r; and 7, respectively. At a particular in-
stant the temperature distribution in the insulation is
known to be of the form

T = C, 1n(—r‘"—) +C,

Are conditions steady-state of transient? How do the
heat flux and heat rate vary with radius?

2.38 For a long circular tbe of inner and outer radii ry
and r,, respectively, uniform temperatures Ty and T,
are maintained at the inner and outer surfaces, while
thermal energy generation is occurring within the
tube wall (r, <1 < 12} Consider steady-state condi-
tions for which T, > T5. I8 it possible to maintain a
linear radial temperature distribution in the wall? If
so0, what special conditions must exist?

2.30 Passage of an electric current through a long corn-
ducting tod of radius r; and thermal conductivity k,
results in uniform volumetric heating at a rate of 4.
The conducting rod is wrapped in an electrically
nonconducting cladding material of outer radius 7,
and thermal conductivity &, and convection cooling
is provided by an adjoining fluid.

Conducting
rod, 4, k,

Cladding, k.

For steady-state conditions, write appropriate forms
of the heat equations for the rod and cladding. Ex-
press appropriate boundary conditions for the solu-
tion of these equations.

2.40 Two-dimensional, steady-state conduction occurs in
a hollow cylindrical solid of thermal conductivity
k= 16 W/m + K, onter radins r, = 1m, and overall
length 2z, = 5 m, where the origin of the coordinate
system is located at the midpoint of the centerline.
The inner surface of the cylinder is insulated, and the
femperaiure distribution within the cylinder has the
form T(r,)=a+ britclnr+dzh where
a=20°C, b= 150°C/m?, c¢=—12°C, d =
—300°C/m? and r and z are in meters
(a) Determine the inner radius r; of the cylinder.

{b) Obtain an expression for the volumetric rate of -
heat generation, g(Wim?).

(c) Determine the axial distribution of the heat flux
at the outer surface, gi(r,, 7). What is the heat
rate at the outer surface? Is it into or out of the
cylinder?

(d) Determine the radial distribution of the heat flux
at the end faces of the cylinder, qa(r, + z,) and
¢a(r, — z,)- What are the corresponding heat
rates? Are they into or out of the cylinder?

(&) Verify that your results are consistent with an
overall energy balance on the cylinder.

2.41 An electric cable of radius 7, and thermal conduetiv-
ity k, is enclosed by an insulating sleeve whose outer
surface is of radius r, and experiences convection
heat transfer and radiation exchange with the adjoin-
ing air and large surroundings, respectively. When
electric current passes through the cable, thermal en-
ergy 1s generated within the cable at a volumetric

rate §.
TSUT n
Electrical cable
Insulation
I Tai
© Ambient air
T.h

H

(a) Write the steady-state forms of the heat diffu-
sion equation for the insulation and the cable.

;

n Problems

Verify. that these equations are satisfied by the
following temperature distributions:

In(r/r,)
In(r/r;)

Insulation: T(N=T,,+{T,; — T,,)
v £, 3.

Cable: T(r) = T:,l + q_r%(l _ ﬁ)

. 4k, 2

"
Sketch the temperature distribution, 7(#), in the
cable and the sleeve, labeling key features.

(b) App]yin_g Fourier’s law, show that the rate of
conduction heat transfer per unit length through
the sleeve may be expressed as

T In (#:/r))

Applying an energ
y balance to a control surface
place_d around the cable, obtain an alternative ex
pression for ¢/, expressing yo i f
oy g your result in terms of
(c) Applying an energy balance to a control surface
plficed around the outer surface of the sleeve, ob-
tain an expression from which T, may be d:ater-
mined as a function of g, ry, A, Tw: g,and T,

] sur*
(d) F:onmdcr conditions for which 250 A are pass
ing thrpugh a cable having an electric rcsisfanc;
I;er umltslength of R, =0.005 (}/m, a radivs of
= mm, and a thermal conductivi
k,=200W/m - XK. For k.= 0.15 W/drﬁc-tlglt{ if
155 mm, h=25Whn-K, &=00, T g
25°C, and T, = 35°C, evaluate the surifacemtem—
peratures, T, and 7,, as well as the tempera-
ture T, at the centerline of the cable. ’
With all other conditions remaining the same

compute and plot 7, T,,, and T, i
of ;for 155 =r, =20 1’111]1’1 w2 2 & funetion

242 A sphe_rical shell of inner and outer radii , and r
;:lsc{)zu:ely, _contaips heat-dissipating comi)onent;:
i partlcu-lar ms'.tant the temperature distribu-

n in the shell is known to be of the form

C
(N =—++G

ﬁ;aetcf?ndltions steady-state or transient? How do the
ux and heat rate vary with radius?

24 i i
3 é ai(ilégimcally reacting mixture is stored in a thin-
e spherical f:ontainer of radius r; = 200 mm,
o Z exothermic reaction generates heat at a uni—’
P » DUl temperature-dependent volumetric rate of
= ;1&, ;xg(—A/To): where g, = 5000 W/m®, A = 75
: o 18 the mixture temperature in kelvins. The
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ves;el is enclosed by an insulating material of o
radius #,, thermal conductivity k, and re:missivitllter
Thc.outer surface of the insulation experiences o
vectlop _he_at transfer and net radiation exchange f:ltll;
the adjoining air and large surroundings, respeftive]ly

Tsur
Chemical
reaction, g(T,)
Ambient air
T, h

{nsulation,
ke

() Write_ the steady-state form of the heat diffusion
equation fpr the insulation. Verify that this equa-
tion is satisfied by the temperature distribution

T(r)‘= T, — (T;,l ) |:11_—_(_(?%:|
1

Sketch the temperature distributi
. stribution, Ti 3
ing key features. n, T(r), label

(b) Applying Fourier’s law, show that the rate of
h.eat transfer by conduction through the insula-
tion may be expressed as

T(Ur) = (Ur)

Abpplying an energy balance o a control surface
about the container, obtain an alternative expres-

sion for g, , expressing yor ;
. g your result in t 7
and r,. erms of g

(c)} Applying an energy balance (o a control surface
plac?d around the outer surface of the insulation
obta:ln an expression from which T, may be de:
termined as a function of g, ri, &, T:, g,and T,

y sur

(d) The process engineer wishes to maintain a reac-
tcgr.temperature of T, = T(r,) = 95°C under con-
ditions for which k=005W/m-K, r, =
208 mm, h =5 Wi K, &= 0.9, 7, = 25°C
and T, = 35°C. What is the outer surface tem:
perature of the insulation, T,,?

gompute and plot the variation of T,, with r, for
0l = r, =210mm. The engineer is concerned
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about potential burn injuries to personnel who tributions for the following conditions: initial ] conditi
ndition (r = 0), steady-state condition

may come into contact with the exposed surface condition (7 = 0), steady-state condition (z — =), (t— ) .
of the insulation. Is increasing the insulation and two intermediate times. © On o ), and two intermediate times.
thickness a practical solution to maintaining " . e : c) On g,—t coordinates, sketch the heat flux
- i . at
T,, = 45°C? What other parameter could be var- (0) Qn g, — t coordmates, slietch the variation with g the locations x = 0 and x = L. That is, sh 1k glrz0}
LT time of the heat flux at x = L. ualitati " - s, show 7,—
ied to reduce T;,? E duatta ively how (0, 7) and ¢,(L, 2) vary with
(c) If i = 100 W/m? - K, what is the heat flux aL x = ¢ tme. y
1, and ¢ = 07 If the wall has a thermal conductiv- (d) Write an expression for the ¢ -
. . . . ! otal ene -
Graphical Representations ity of k = 50 W/m - K, what is the corresponding ferred to the wall per uni 8y trans
| 5 per unit volume of the wall R
temperature gradient atx = L? (J/m’), L e
X

2.47 A plane wall has constant properties, no internal
heat generation, and is initially at a uniform temper-
ature T.. Suddenly, the surface at x = L is heateé) b
a ﬂu1d. at T, having a convection coefficient s. At thi
same instant, the electrical heater is energizé:d o
viding a constant heat flux ¢, at x = 0. P

2.44 The one-dimensional system of mass M with con-
stant properties and no internal heat generation
shown in the figure is initially at a uniform tempera-
ture T, The electrical heater is suddenly energized
providing a uniform heat flux g, at the surface x = 0.
The boundaries at x = L and clsewhere are perfectly

(d) Consider a plate of thickness 2L = 20 mm
with a density of p = 2770 kg/m® and a spe-
cific heat ¢, = 875 J/kg - K. By performing an
energy balance on the plate, determine the
amount of emergy per unit surface area of
the plate (J/m?) that is transferred to the bath

(a) Qn T-— x coordinates, sketch the temperature dis-
trlbut‘lc.)ns for the following conditions: initial
condition {¢ == 0}, steady-state condition (t — =)
a1'1d .for two intermediate times. Show also thf:;
Fhstnbution for the special condition when ther
18 no heat flow at the x = L boundary. )

insulated. ’ -
over the time required to reach steady-state
Insulation Conditions' = .. i
e _ (b) On g7 —! coordinates, sketch the heat flux for
() From other considerations, it is known that, dur- Heater Tk the locations x = 0 and x = L, that is, g0, 1)
System, mass M ing the quenching process, the heat flux at , and g}(L, 1), respectively. > 4
x = + Land x = — L decays exponentially with 2.49 Consi ..
Electrical i : X 5 onsider the o i ;
h:ezcterrlca time according to the relation, q = ’3 exp(; Bn), ; : but now Withca 23:&22;32?:&;2 ;"lth ﬁoﬁlem oy
.. — 3 i Or WIlC| .
‘ ) ' ) ) . where 13 in seconcgis, fli 1.80 >< .10 Wlm‘ , and : nsulation —- (@) On T — x coordinates, sketch T.<T,
(a) Write the differential equation and identify the B = —4.126 X 10°s7". Use this information to : 5 butions for th , SKelC the temperature distri-
boundary and initial conditions that could be determine the energy per unit surface area of the o @=0) or the following conditions: initial condition
used to determine the temperature as a function plate that is transferred to the fluid during the _— 7 in;rm:a Sfead)’_-State cond'mon (t—>), and for two
of position and time in the system. quenching process. !__ - L it iate times. Identify key features of the dis-
N utions, especially the location of the maximum

temperature and the temperature gradient atx = L

(o) On T—x coordinates, sketch the temperature 2,46 The plane wall with constant properties and 1o ner
(b) On ¢" — ¢ coordinates, sketch the heat flux for

(a) On T—x coordinates, sketch the temperature distri-

distributions for the initial condition (7 = 0) and nal heat generation shown in the figure is initially at
a uniform temperature T;. Suddenty the surface at x

for several times after the heater is energized.
= L is heated by a fluid at 7. having a convection

Will a steady-state temperature distribution ever

]Z:UthHS for the following conditions: initial condi-
tion (¢ 5 0), steady-state condition (r — ), and
for two intermediate times. ’

the locations x = 0 and x = L, that is, q. (0,0
and g, (L, 1), respectively. Identity key U
features of the flux histories.

heat transfer coefficient A The boundary atx = 018

be reached?
erfectly insulated. b - ; .
P ¥y (b} On g,—x coordinates, sketch the heat flux corre- 2.50 A very thin electrically conducting foil is sandwiched

(¢} On g,—t coordinates, sketch the heat flux g;(x,0)
.';lt thg PIHFZS x=0, x=L2,and x=L as a 1 SI;?tlldlng to the four temperature distributions of between. two electrically nonconducting plane wall
unction ot Ume. ¥ e 4 part (a). ;)ff eQuivale-nt thickness L and thermal conductivit;(1 ks
an electric current is passed through the foil, heat is.

(d) After a period of time 1, has elapsed, the heater locatl
power is switched off. Assu@ng that the insula- tgfianims x=0 f}ﬂd x ="L. That is, show quali- generat‘ed within the foil, creating a uniform heat flux
tion is perfect, the system will eventually reach g vely how "gi(0,7) and gi(L,#) vary with at the interface between the walls. Consider condi-
a final uniform temperature Ty, Derive an ex- me. tions for which the walls are initially at a unifo
pression that can be used to determine Ty as @ temperature T; and Ohmic heating maintains a u;[-n
- & -
function of thf: Parametcrs qos L, Tjp and the sys- form heat flux ¢, at the interface for ¢ = 0. Concui-
tem characteristics M, c,, and A, (the heater sut- rently, the exposed surfaces are maintained at a fixed
temperature 7, that exceeds 7.

(c) On g,—t coordinates, sketch the heat flux at the

(d pD;ritve an expression-for the steady-state tem-
rature at the heater surface, 7(0, o), i

_ of g, T, k, b, and L. (O dn fems

2.48

A )
plane wall with constant properties is initially at a

face area).
i
245 A large plate of thickness 21, is at a uniform tem- xnifOLn;; temperature T,. Suddenly, the surface at
e S . = e . .
perature of T;= 200 C, Wiher} it is suddenly (a) Write the differential equation and identify the at T, (> }“)";fjd, to a convection process with a fluid Foil, ¢,”
quenched by dipping it in a liquid bath of tempera- boundary and initial - conditions that could be suddenly ;he Jla?lg 2 COH‘:FBctlon coefficient 4. Also, k k
xperiences a uniform internal T —
. & _To

used to determine the temperature as a function
of position and time in the wall.

() On T — x coordinates, sketch the temperature
distributions for the following conditions: initial

ture T, = 20°C. Heat transfer to the liguid is charac-

. . . volu i S A .
erized by the convection coefficient A. metric heating ¢ that is sufficiently large to in-

duc i
. walf %:N rlr11.ax1mum steady-state temperature within the
o 2 ich exceeds that of the fluid. The bounda
* = 0 remains at 7, N +
o ’ IL Y ]
- +L

(a) If x = 0 corresponds to the midplane of the wall,
on T — x coordinates, sketch the temperature dis-
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{a) On T—x coordinates,
tribution 7(x) in the
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sketch the temperature dis-
walls (—L =x = +L) for

the initial condition (¢ = ), for the final steady-

state condition & —
ate times.

w), and for two intermedi-

(b) On g — ¢ coordinates, sketch the variation of
the local heat flux for the locations x = 0 and
x = L, that is, g,(0,1) and qo(L.f), respectively.

1.51 A plane wall of thickness L = 0.1 m experiences

uniform volumetric hea
of the wall (x = 0) is in

ting at a rate 4. One surface
sulated, while the other sur-

face is exposed to a fluid at T.. = 20°C, with con-
vection heat transfer characterized by k= 1000

W/m? - K. Initially, the

temperature distribution in

the wall is T =a+ b, where a=300°C,
b = —1.0 X 10°°C/m* and x is in meters. Suddenly,

the volumetric heat

generation 1s deactivated

“(g'=0 for r=0), while convection heat transfer
continues to occur at x = L. The properties of the
wall are p = 7000 kg/m®, ¢, = 450 Jkg - K, and

k=90 W/m-K

(a) Determine the magnitude of the volumetric en-
grgy generation rate g associated with the initial

condition (¢ < Q).

(tyOn T—x coordinates, sketch the temperature
distribution for the following conditions: initial

condition (< 0), s
and two intermedia

teady-state condition (t—>°),
te conditions.

(c) On g, — t coordinates, sketch the variation with
time of the heat flux at the boundary exposed

to the convection
the corresponding
1=0, 4, (L O).

process, (L, 1)- Calculate
value of the heat flux at

(d) Calculate the amount of energy removed from
the wall per unit area (J/m?) by the fiuid stream

as the wall cools
condition.

from its initial to steady-state

2,52 A plane wall that is insulated on one side (x = 0) is

initially at a uniform
posed surface at x =
perature T,

temperature T, when its ex-
L is suddenly raised to a tem-

(a) Verify that the following equation correctly char-
acterizes the subsequent variation of the wall
temperature, T(x, ), with position and time:

T T ex _mat) o TX
771,  'OF\ 4 \2L

where €, is a constant and o is the thermal
diffusivity.

{b) Obtain expressions for the heat flux at x = 0 and
x=L.

(c) Sketch the temperatore distribution  T(x) at
t =0, at t— o0, and at an intermediate time.
Skeich the variation with time of the heat flux at
x = L, ¢i(0)-

{dy What effect does « have on the thermal
response of the material to a change in surface

temperatare?

2.53 A thin electrical heater dissipating 4000 Wim? is

sandwiched between two 25-mm-thick plates whose
exposed surfaces experience convection with a
Auid for which T, = 20°C and k= 400 wim® - K.
The thermophysical propertics of the plate
material are p = 2500kg/m’, ¢ = 700J/kg" K, and
k=5W/m- K.

Electric heater, gq

() On T —x coordinates, sketch the steady-state
temperature distribution for —L=x=+ L.
Calculate values of the temperatures at the sur-
faces, x = = L, and the midpoint, x = 0. Label
this distribution as Case 1, and explain its salient
features.

(b) Consider conditions for which there is 2 loss
of coolant and existence of a nearly adiabatic
condition on the x = + L surface. Onthe T — X
coordinates used for Part (a), sketch the corré-
sponding steady-state temperature distribution

m Problems

in% indicate the temperatures at x=10, = L

abel the distribution as Case 2 lain its
, and expl

key features. pam e

{c) With the system operating as described in Part
{b), the surface x = —L also experiences a sud-
den loss of coolant. This dangerous situation goes
undetected for 15 minutes, at which time the
power to the heater is deactivated. Assuming no
heat losses from the surfaces of the plates, what is
the eventual {f—> o), uniform, steady-state tem-
perature distribution in the plates? Show this dis-
tribution as Case 3 on your sketch, and explain its
key features. Hint: Apply the conservation of en-
ergy requirement on a time-interval basis, Eq
l.llb,‘for the initial and final conditions c’orre—'
sponding to Case 2 and Case 3, respectively.

(d) Qn T — 1 coordinates, sketch the temperature
history at the plate locations x = 0, = L during
the transient period between the distributions
for Cases 2 and 3. Where and when will the

temperature in the system achieve a maximum
value?

2.54 Typically, air is heated in a hair dryer by blowing it

across a coiled wire through which an electric cur-
re'nt is p'assed. Thermal energy is generated by elec-
tric resistance heating within the wire and is
trfimsferred by convection from the surface of the
wire .to .the air. Consider conditions for which the
wire is initially at room temperature, T}, and resis-
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T

CONCUITE: ltl l]l[t]ated Wlth air ﬂOW

(a) Fora wi'rc radius r,, an air temperature 7., and a
convection coefficient %, write the form of the
?eat cl?uatlon and the boundary/initial condi-
ions that govern the transient ther

mal respon
T(r, 1), of the wire, pomse

(b) If the length and radins of the wire are 500 mm
and 1 mm, respectively, what is the volumetric
rate of tl}.ermal energy generation for a power
consumption of Py, = 500 W? What is the con-
vection heat flux under steady-state conditions?

(c) Qn ‘Tf r'coordinates, sketch the temperature
dlstr{b}ltions for the following conditions: initial
condition (¢ = 0}, steady-state condition {t — <)
and for two intermediate times. 1

" .
{d) On g, — r coordinates, sketch the variation of
the heat flux with time for locations at r =0
andr=r,

Coiled wire {r,, L, k, p, c,)
'

Air flow
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L

the film is exposed to air at 7., and a convection heat
transfer coefficient h.

. m on Cool-

By passing an electric cwmrent through the foil,
heat is dissipated uniformly within the foil and the

) . . corresponding flux, Py, may be inferred from re-
. Air 3
i ibuti Proceedings of the International Syrpposm — a " e
| Fried, E., “Thermal Con;lucuon Contrlbggon;gelizztl ing Technilogy for Flectronic Equipment, Honolulu, Tl iz:?dnvtoﬁzaie ar;d ;u;’lrlzntthmeamllremercllts.tglthe ;nsu
Transfer at Contacts,” in R.P. Tye,L on. 1069 1087, pp. 438448, {_ : 1,=0.25mm kIl0 ;rll]esﬁ e egn}a clzor'l uctivity & are
Conductivity, Yol. 2, Academic Press, LO ’ | ich. M. M., and M. Tuarze, “Experimental ¥ [ | I A ;= 0.025 Wim+K own and the fluid, foil, and insulation temperatures
: a V. W. Amonett, “Small See® T O Evidence of Therma i Soldered Joints,” T .7 . o L;=10mm (T., T,, T,) are measured, the convection coefficient
2. Eid, J. C., an L i inst Sili- Evidence of Thermal Resistance at Jolce , , e T, K o008 . ‘ . :
mal Contact Resistance of SIS (8, Ferrel AIAA J. Spacecraft Rockets, 6, 1013, 1969. L, Subsirate s may be determined. Consider condu;ons for which
con” in C.L. Tien, V.P. Carey, and 'J. K. Ferrel, : 4 LS. Fletcher, “Contact . }_ T. =T, - 25°C, Ph_=2000 Wim® L=10mm,
’ Transfer—I1986, Vol. 2, Hemisphere, New 7. Madhusudana, C.V., and L. 5. ! Ly 510 TR
Bas, Heat Trany 9-664 J Heat Transfer—The Last Decade, AIAA J., 24,510, ] T}J . .
York, 1986, pp. 659664 S . Probert, “In- 1986. ] - (a) With water fiow over the surface, the foil tem-
Bl Mo W'lo’fco?ncagggtlﬁﬁg Thermal Conduc- 8, Yovanovich, M. M., “Recent Developments in Ther- () Show the thermal circuit representing the perature measurement yields 7, = 27°C. Deter-
terstitial Materials g .

mal Contact, Gap and Joint Conductance Theories
and Experiment," in C.L. Tien, V.P. Carey, and
J. K. Ferrel, Eds., Heat Transfer—1986, Vol. 1,

steady-state heat transfer situation. Be sure to
label all elements, nodes, and heat rates. Leave
in symbolic form.

tances across Pressed Metallic Contacts,” Appl.
Energy, 16, 175, 1984.

4. Yovanovich, M. M., “Theory and Application of
Constriction and Spreading Resistance Concepts for

mine the convection coefficient. What error
would be incurred by assuming all of the dissi-
pated power to be transferred to the water by con-

Assume the following conditions; T, = 20°C, vection?

Microelectronic Thermal ManagemenF,” Presented at
the [nternational Symposium on Cooling Technology
“for Electronic Equipment, Honolulu, 1987,

5. Peterson, G. P., and L. S Fletcher, “Thermal Contact

Resistance of Silicon Chip Bonding Materials,”

10.

Hemisphere, New York, 1986, pp. 35-45. . . : 3 )
. Harper, D.R., and W.B. Brown, “Mathematical x

Equations for Heat Conduction in the Fins of Air
Cooled Engines,” NACA Report No. 158, 1922.
Schneider, P. J., Conduction Heat Transfer, Addison-
Wesley, Reading, MA, 1955.

k=50 W/m?-K, and 7, = 30°C. Calculate the

heat flux g that is required to maintain the
bonded surface at 7, = 60°C.

(¢c)| Compute and plot the required heat flux as a
function of the film thickness for 0 = L; = 1 mm.

(d){ If the film is not transparent and all of the radi-
ant heat flux is absorbed at its upper surface,
determine the heat flux required to achieve
bonding. Plot your results as a function of L; for

(b) If, instead, air flows over the surface and the tem-
perature measurement yields 7, = 125°C, what is
the convection coefficient? The foil has an emis-
sivity of 0.15 and is exposed to large surround-
ings at 23°C. What error would be incurred by
assuming all of the dissipated power to be trans-
ferred to the air by convection?

Typically,-heat flux gages are operated at a fixed
temperature (7}, in which case the power dissipa-

0=L;=1mm. tion provides a direct measure of the convection
coefficient. For T, = 27°C, plot P}, as a function
of h, for 10 = h, = 1000 W/m®+ K. What effect
does h, have on the error associated with neglect-

ing conduction through the insvlation?

Problems
) ment, a uniform heat flux may be established at the

Plane Wall

3.1 Consider the plane wall of Figure 3.1, separating hot
and cold fiuids at temperatures Ty and T, respec-
tively. Using surface energy balances as boundary
conditions at x = Qand x =L (see E:qu'atlon 227, ob-
tain the temperature distribution within the wall and
the heat fiux in terms of Twp: Tw2s hy, g, K, and L.

inner surface.

(a) For 4-mm-thick window glass, ‘determine the elejc—
trical power required per unit window area to main-
tain an inner surface temperature of 15°C when.the
interior air temperature and convection c:oefﬁcwnt
are T,,; = 25°C and ; = 10 Win? - K, while the ex-

sor (ambient) air temperature and convection co-
Sfﬁcieglt are T, = —10°C and 1, = 65 W/m*- K.

In practice Tug and h, vary according t© weather
conditions and car speed. For values of h, = 2,20,
65, and 100 W/m’- K, determine anq plot the elec-
trical power requirement as a function of 7., for
-30 = T, = 0°C. From your results, whffat can you
conclude about the need for heater operation ak low
values of #,? How is this conclusion affect.cd by the
value of T.,,,? If b = V", where Vis the vehicle speed

- i iti does the vehicle
i and 7 is a positive exponent, how doe:
ice T, and h, vary according to weather s
cotfiont d 8 Oeed For values of b, =2, speed affect the need for heater operal ‘
o 100 Wt - K. con . i rocess, a iransparent film 18
65. and 100 W/m? + K, compute and plot theinner 34 In a manufacturing p , arent i 5
anél outer surface temperatures as a function of being bonded to a substrate as sh;wr; ;Zdiant el
° the bond at a temperature Ly, rce 4
Too for =30 =Ty = 0°C. To cure 1 ; el e |
3.3 The re!;r window of an automobile is defogged by at- is uied ;segr(;\truti;eabllcsée%uiu%gag\z;’r;h)é o e |
. i i Im-type heating element is absorbe the surfs o
taCf_llllg ; ttt'l lgér}railspg?n;iegtiasllg heatin: this ele- substrate is maintained at Tj while the free surfac
to its inne .

3.5 The walls of a refrigerator are typically constructed by
sandwiching a layer of insulation between sheet metal
panels. Consider a wall made from fiberglass insula-
tion of thermal conductivity &; = 0.046 W/m - K and
thickness L; = 50 mm and steel panels, each of ther-
mal conductivity k, = 60 W/m - K and thickness L, =
3mm. If the wall separates refrigerated air at T,,; =
4°C from ambient air at .., = 23°C, what is the heat
gain per unit surface area? Coefficients associated
with natural convection at the inner and outer surfaces
may be approximated as i;= h, = 5 W/m” - K.

3.7 The wind chill, which is experienced on a cold,
windy day, is related to increased heat transfer from
exposed human skin to the surrounding atmosphere.
Consider a layer of fatty tissue that is 3 mm thick and
whose interior surface is maintained at a temperature
of 36°C. On a calm day the convection heat transfer
coefficient at the outer surface is 25 W/m*- K, but
with 30 km/h winds it reaches 65 W/m?« K. In both
cases the ambient air temperature is —15°C.

3.2 The rear window of an automobile is defogged by
passing warm air over its inner surface.

(a) If the warm air is at Ty = 40°C and thi:

corresponding convection coefficient is f; =

30 W/m? - K, what are the inner and outer su_rface

temperatures of 4-mm-thick winc‘low glass, if tzle

outside ambient air temperature 18 T.,= —10°C

and the associated convection coefficient is
h, = 65 Wim? - K?

.6 A technique for measuring convection heat transfer co-
efficients involves adhering one surface of a thin
metallic foil to an insulating material and exposing the
other surface to the fluid flow conditions of interest.

(a) What is the ratio of the heat loss per unit area from
the skin for the calm day to that for the windy day?

{b) What will be the skin outer surface temperature
for the calm day? For the windy day?

(¢) What temperature would the air have to assume
on the calm day to produce the same heat loss oc-
curring with the air temperature at —15°C on the
windy day?

— Foil (P, T.)
—

Foam Insulation ) 3.8 A thermopane window consists of two pieces of

glass 7 mm thick that enclose an air space 7 mm
L thick. The window separates room air at 20°C from
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(b) Determine the total heat loss through the wall.

Absorbed Insulation, k

radiation, qlaq

g]g a ‘stea(.iy-state cavity temperature of 5°C for a
xeq time interval and recording the electrical energy
required to operate the refrigerator. In such an exper-

outside ambient air at — 10°C. The convection coef-
ficient associated with the inner (room-side) surface
is 10 W/m* - K.

. | (¢) If the wind2 were blowing violently, raising k, to
| 300 W/in'- K, determine the percentage oin-

(a) If the convection coefficient associated with Oven air- . Room 7“ . “rease in th .
the outer (ambient) air is i, = 80 wim’- K, i Bi T,_., o in the heat loss. iment for which steady operation is maintained o
what is the heat loss through a window that is T T T T (d) What is the controlling resistance that determines a 12-hour period, the input electrical cneru),w:
i the amount of heat fiow through the wall? 125,000 J. Determine the refrigerator’s coefficient of
performance (COP).

0.8 m long by 0.5m wide? Neglect radiation,

and assume the air enclosed between the panes 3.14 Consider th
- T 3
e composite wall of Problem 3.13 under 3.17 In the design of buildings, energy conservati
» ion re-

(a) Draw the thermal circuit for the wall and label all conditions for which C Y
which the inside air is still character- quirements dictate that the exterior surf
urface area, A,

to be stagnant.

Compute and plot the effect of h, on the heat

loss for 10 = h, = 100 W/m? - K. Repeat this
calculation for a triple-pane construction in
which a third pane and a second air space of
equivalent thickness are added.

3.9 The composite wall of an oven consists of three
materials, two of which are of known thermal con-
ductivity, ks =20 Wim- K and ke = 50 W/m- K,
and” ¥nown thickness, L,=030 m and Lo =
0.15 m. The third material, B, which is sandwiched
between materials A and C, is of known thickness,
Ly = 0.15 m, but unknown thermal conductivity kg.

T, T.

5.:<\ k}\ ‘ kB kc “e
B v
A =

Under steady-state operating conditions, measure-
ments reveal an outer surface temperature of Ty, =
20°C, an inner surface temperature of T; = 600°C,

temperatures, heat rates, and thermal resistances.
{b) What insulation thickness L is required fo
inaintain the outer wall surface ata safe-to-touch
temperaiure of T, = 40°C?
The exterior walls of a building are a composite
consisting of 10-mm-thick plaster board, 50-mm-
thick urethane foam, and a 10-mm-thick soft wood.
On a typical winter day the outside and inside air
femperatures are —15°C and 20°C, respectively,
with outer and inner convection coefficients of
15 W/m? - K and 5 W/m® - K, respectively.
(a) What is the heating load for a 1-m? section of
the wall?
(b) What is the heating load if the composite wall is
replaced by a 3.mm-thick glass pane window?
{c) What is the heating load if the composite wall is
replaced by a double-glazed window consisting
of two 3-mm-thick glass pancs separated by a
5-mm-thick stagnant air gap?

3,13 A house has a composite wall of wood, fiberglass

insulation, and plaster board, as indicated in the

3,15 Consider a composite wall that includes an‘

ized by T..; = 20°C and #; = 30 W/m® - K. However
use th.e more realistic conditions for which the out:
side air is characterized by a diurnal (time) varying

t=3

temperature of the form

— . [ 27
T, oK) 273-%—55111(52!) 0=r=12h

T, (K) = in 27
oK) 273+Ilsm(§t) 12=t=24h

with &, = 60 Wi+ K. Assuming quasisteady

cctnd'mons for which changes in energy storage

within the wall may be neglected, estimate the daily

lzlggt lozss through the wall if its total surface area is
m-,

8-mm-thick hardwood siding, 40-mm by 130-mm
pardwgod studs on 0.65-m centers with glass fiber
insulation (paper faced, 28 kg/m®), and a 12-mm
layer of gypsum (vermiculite) wall board.

be .mmimized. This requirement implies that, for a
desm?d floor space, there may be optimum ’va!ucs
a§soc1ayed with the number of floors and horizontal
d111:|en510ns of the building. Consider a design for
which the floor space, A, and the vertical distance
between floors, Hy, are prescribed.

(a) [f. the building has a square cross section of
width W on a side, obtain an expression for the
value of W that would minimize heat loss to
the surroundings. Heat loss may be assumed
to occur from the four vertical side walls and

from a flat roof. Ex| i
. Express your result in ¢
Ap and Hp. e of

(b} If A; = 32,768 m* and H; = 4 m, for what val-
ues of W and N; (the number of floors) is the ‘
heat loss minimized? If the average overall heat
tr‘ansfer coefficient is U = 1 W/m?* K and the
difference between the inside and ambient air
temperatures is 25°C, what is the corresponding
heat loss? What is the percent reduction in heat
loss compared with a building for N; = 27

and an oven air temperature of T, = 800°C. The : .
inside convection coefficient h is known to be sketch. On a cold winter day the convection heat _ 318
55 Wim? - K. What is the vabue of ky? rransfer coefficients are h, = 60 Wim?- K and F; = I Wood siding  3+18 Concrete of normal strength loses about 75% of its

30 W/m? - K. The total wall surface area is 350 m’. 3 strength at approximately 600°C, and explosi

3,10 Consider the self-cleaning oven of Example 3.1. In 130mm - tud spalling can occur in high-siren ’th co o be.
the Comments section, it was shown that, for an G'?;%T(‘;%E)'azket L Insulation tween 350 and 600°C. Both efficts c; Cr;%tedbe-
oven wall temperature of T, = 400°C and an outer b ; structural collapse during fires. The wl:lllse aof tz
& Wall board room experiencing a flash-over fire, which in-

3.11

convection coefficient of h, =30 wim?- K, the
outer surface would be at a safe-to-touch tempera-
ture of T,, = 43°C. For oven wall temperatures of
500 and 600°C, determine the values of h, required
to maintain this safe-to-touch temperature.

The wall of a drying oven is constructed by
sandwiching an insulation material of thermal con-
ductivity k = 0.05 W/m~ K between thin metal
sheets. The oven air is at Tui= 300°C, and the
corresponding convection coefficient is hy =730
W/m? - K. The inner wall surface absorbs a radiant
flux of gy = 100 W/m® from hotter objects within
the oven, The room air is at 7w, = 25°C, and the
overall coefficient for convection and radiation from
the outer surface is h, = 10 W/m* - K.

Plaster board, kp’—l

iy, T., ;= 20°C

r—— Plywood siding, &,
“Dutside

11 .

10mm—+ +—100 mn—™l fa—20 mm

L, L L,

(a) Determine 2 symbolic’ expression for the total
thermal resistance of the wall, including inside
and outside convection effects for the prescribed

conditions.

316

40mm—>| |<— =

ghaF is the the}'mal resistance associated with a wall
at is 2.5 m high by 6.5 m wide (having 10 studs
each 2.5 m high)? ' ’

E"e thermal characteristics of a small, dormitory re-
; gerator are detcrmin‘ed by performing two separate
xpgrlments, each with the door closed and the

Eﬁugerator placed in ambient air at T, = 25°C
Py go:ritt(:)ase, an electﬁc heater is suspended in the re-'
W [hl,; c;vny, wh'lle. the‘ refrigerator is unplugged.
tompesat eater c*chss.1pmmg 20 W, a steady-state
Wi }rle of 90°C is recorded within the cavity.
operat eater removed and the refrigerator now in
on, the second experiment involves maintain-

Vol‘_ves all the contents of the room, may receive a
radiant flux of 25 kW/m? from the fire, while also
experiencing convection heat transfer with the fire-
side room air at 400°C -and & = 200 W/m?- K
C('mmder steady-state conditions for a ISO-mm-I
thick concrete wall whose exterior surface is at

o N
300 C', the ignition temperature for most household
or office materials.

(a) Represent the '-wa]l and the heat transfer processes
by a thermal circuit, labeling all the temperatures
heat fluxes, and thermal resistances. ’

(b) Calculate the temperature at the fire-side surface
of the wall, and comment on whether the wall is

llkely to experience structural collapse for these
conditions.
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} A firefighter’s protective clothing, referred to as a
furnouf coat, is typically constructed as an ensemble
of three layers separated by air gaps, as shown
schematically.

Sheil (s} Moisture
( ( barrier (mb}
SR I e e T

1mm-—= L 1 mm

Firefighter

Air gap

Air gap

Representative dimensions and thermal conduc-
tivities for the layers are as follows.

Layer = Thickness (mm) k (W/m-K)
Shell (s) 08 0.047
Moisture barrier (b} 0.55 0.012
Thermal liner (il) 3.5 0.038

The air gaps between the layers are 1 mm thick, and
heat is transferred by conduction and radiation
exchange through the stagnant air. The linearized
radiation coefficient for a gap may be approximated
as, hyy = o(Ty + T + T2) ~ 40T, where Ty,
represents the average temperature of ‘the surfaces
comprising the gap. and the radiation flux across the
gap may be expressed a Graa = Peaa T1 — T,).

(a) Represent the turnout coat by a thermal circuit,
labeling all the thermal resistances. Calculate
and tabulate the thermal resistances per unit area
(m? - K/W) for each of the layers, as well as for
the conduction and radiation processes in the
gaps. Assume that a value of Ty, = 470 K may
be used to approximate the radiation resjstance
of both gaps. Comment on the relative magni-
tudes of the resistances,

(b) For a pre-flash-over fire environment in which
firefighters often work, the typical radiant heat
flux on the fire-side of the turnout coat is
0.25 W/cm?, What is the outer surface tempera-
ture of the turnout coat if the inner surface
temperature is 66°C, a condition that would re-
sult in bumn injury?

Contact Resistance

3.20 A composite wall separaies combustion gases
at 2600°C from a liquid coolant at 100°C, with

Chapler 3 = One-Dimensional, Steady-State Conduction

gas- and liquid-side convection coefficients of 50
and 1000 W/m?- K. The wall is composed of a
10-mm-thick layer of beryllium oxide on the gas
side and a 20-mm-thick slab of stainless steel (AISI
304) on the liquid side. The contact resistance be-
tween the oxide and the steel is 0.05 m? - K/W.
What is the heat loss per unit surface area of the
composite? Sketch the temperature distribution from
the gas to the liquid.

3,21 Two stainless steel plates 10 mm thick are subjected
to a contact pressure of 1 bar under vacuum condi-
tions for which there is an overall temperature drop
of 100°C across the plates. What is the heat flux
through the plates? What is the temperature drop
across the contact plane?

3.22 Consider a plane composite wall that is composed of
two materials of thermal conductivities k, = 0.1 W/m
‘K and kg = 0.04 Wim-K and thicknesses L, =
10 mm and Lg = 20mm. The contact resistance at
the interface between the two materials is known to
be 0,30 m? + K/W. Material A adjoins a fluid at 200°C
for which 2 = 10 W/m? - K, and material B adjoins a
fluid at 40°C for which 2 = 20 Wim* - K.

(a) What is the rate of heat transfer through a wall
that is 2 m high by 2.5 m wide?

(b) Sketch the temperature distribution.

The performance of gas turbine engines may be im-
proved by increasing the tolerance of the turbine
blades to hot gases emerging from the combustor.
One approach o achieving high operating tempera-
tures involves application of a thermal barrier
coating (TBC) to the exterior surface of a blade,
while passing cooling air through the biade.
Typically, the blade is made from a high-tempera-
ture superalloy, such as Inconel (k = 25 Wim - K),
while a ceramic, such as zirconia (k = 1.3 W/m " K),
is used as a TBC.

Superalloy

Bonding
agent

TBC

Consider conditions for which hot gases at T =
1700 K and cooling air at Tu; = 400 K provide

outer and inner surface convection coefficients of

h, = 1000 W/m* - K and ; = 500 W/m? + K, respec-
tively. If a 0.5-mm-thick zirconia TBC is attached

m Problems

toa STmm-thick Inconel blade wall by means of a
n?etalllc bonding agent, which provides an interfa-
cial thermal resistance of RY. = 107" m® - K/W, can
the Inconel be maintained at a temperature th’at is
b.elcfw its maximum alfowable value of 1250 K? Ra-
diation effects may be neglected, and the turbine
blade may be approximated as a plane wall. Plot the
temperature distribution with and without the TBC.
Are there any limits to the thickness of the TBC?

3.24 A commercial grade cubical freezer, 3 m on a side
has a composite wall consisting of an exterior shee;
of 6.35-mm-thick plain carbon steel, an intermediate
layer of 100-mm-thick cork insulation, and an inner
sheet of 6.35-mm-thick aluminum alloy (2024)
Adhesive interfaces between the insulation and thf;
metallic strips are each characterized by a thermal
contact resistance of R, =2.5X 10 *m®-K/W
Wh.at is the steady-state cooling load that must be-
mallntaincd by the refrigerator under conditions for
which the outer and inner surface temperatures are
22°C and —6°C respectively?

325 Sorn.e undergraduate students at a midwestern uni-
ver§1ty have rented a poorly constructed home in
which the windows are of single-pane construction
One: of the students is an engineer and, like all gooci
engineers, wishes to conserve energy, not to men-
tion a few dollars in fuel savings. She therefore pro-
poses that winter heat losses be reduced by cover-
ing the windows with a polystyrene insulation
(kin's = (.027 W/m - K) during the evening hours. To
estimate the energy savings, consider application
of‘ 25-mm-thick insulation panels to 6-mn-thick
windows (k,, = 1.4 W/m - K). The contact resistance
bet\x{een the glass and the insulation may be ap-
proximated as (R, = 0.002 m* - K/W), while the
cqnvecugn coefficient at the outer surface of the
window is nominaily (%, = 20 W/m? - K). With the
1nsu1atiqn, the convection coefficient at the inner
is;x;iaczc ;s vﬁt[i/r;ﬁ g/mz - K; without the insulation, it
(@ What. is the percentage reduction in heat loss

associated with use of the insulation?

(b) If the total surface area of the windows in the
home is A, = 12 m?, what are the heat losses
associated with insulated and uvninsulated win-
dows for interior and exterior air temperatures
of T,,=20°Cand T, = —12°C?

(¢) If the home is heated by a gas furnace operating
at an efficiency of 7, = 0.80 and natural gas is
priced at C, = $0.01 per MJ, what is the daily

savings associated with covering the windows
for 12 hours?
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3.260 A silicon chip is encapsulated such that, under
§teady-state conditions, all of the power it dissipates
is t‘ransferred by convection to a fluid stream for
Whlch h = 1000 W/m?- K and T.. = 25°C. The chip
1s‘separated from the fluid by a 2-mm-thick alu-
minum cover plate, and the contact resistance of the
chip/aluminum interface is 0.5 X 107* m” - K/W.

Fuid —>

T.h o —

- —— Aluminum
| 1 l cover
=f< Chip

If the chip surface area is 100 mm’ and its maxi-
mum allowable temperature is 85°C, what is the
maximum allowable power dissipation in the chip?

3.27 Approximately 10° discrete electrical components
can be placed on a single integrated circuit (chip)
with electrical heat dissipation as high as 30 006
W/m>. The chip, which is very thin, is eXp:JSGd
to a dielectric diquid at its outer surface, with h, =
1000 Wim?+ K and T, = 20°C, and is joined ta
circuit board at its inner surface. The thermal con-
tacE4resistance between the chip and the board is
107* m? - KW, and the beard thickness and thermal
conductivity are L, =5mm and k=1 W/m*K
respectively. The other surface of the board is ex:
posed to ambient air for which #; = 40 W/m?- K
and T,,; = 20°C.

Coulaﬁi
Lo h,

Chip g, T,

c

II R L TR o C Y S e STy
T ~ - - =

Ly . Thermal contact resistance, R/ .
s Board, k; '
Air
Tk >

(a) Sketch the equivalent thermal circuit corre-
sponding to steady-state conditions, In variable
form, label appropriate resistances, tempera-
tures, and heat fluxes.

{b) Under steady-state conditions for which the chip
heat dissipation is ¢7 = 30,000 W/m? what is
the chip temperature?

‘ The maximum allowable heat flux, 4%, is
determined by the constraint that them::hjp
temperature must not exceed 85°C. Determine
gg‘,,, for the foregoing conditions. If air is used
in liex of the dielectric liquid, the convection
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coefficient is reduced by approximately ar}l order
of magnitude. What is the value of gcn. for

= 100 W/m® - K? With air cooling, can sig-
n‘i)ﬁcant improvements be realized by usin-g an
aluminum oxide circuit board and/or by using a
conductive paste at the chip/board interface for
which RY, = 107 m* - K/W?

3.28 Consider a power transistor encapsulated in an
gluminum case that is attached at its base to a
square aluminum plate of thermal conducnyity
k = 240 Wim - K, thickness L = 6 mm, and width
W =20 mm. The case is joined to the plate by
screws that maintain a contact pressure of 1 bar, and
the back surface of the plate transfers heat b_y nat-
ural convection and radiation to ambient air and
large surroundings at 7., = T, = 25°C. The §urface
has an emissivity of & = 0.9, and the convection ¢o-
efficient is A = 4 W/m? - K. The case is completely

~enclosed such that heat transfer may be assumed o
occur exclusively through the base plate.

TSI.I!’

Transistor
case
late, (k, £)
Ts.c- Pelec Base
Interface, A,
w
Enclosure T T T
Rir
i T It
fa——!
L

() If the air-filled aluminum-to-aluminum inter-
face is characterized by an area of A,=2X
10~* m? and a roughness of 10 pm, what is the
maximum allowable power dissipation if the
surface temperature of the case, T, is DOL 1O
exceed 85°C?

The convection coefficient may be increased by
subjecting the plate surface to a forced flow of
air. Explore the effect of increasing thze coeffi-
cient over the range 4 = h =200 Wim* - K.

Aliernative Conduction Analysis

3,29 The diagram shows a conical section fabrica'ted
from pure aluminum. It is of circular cross lsfc;:ctum
having diameter D = ax'?, where a = 0.5 m'"“. The
small end is located at x; = 25 mm and the large

end at x, = 125 mm. The end temperatures are T; =
600 K and T, = 400 K, while the lateral surface 1s

well insulated.

(2) Derive an expression for the temperat_ure dis-
tribution T(x) in symbolic form, assuming one-
dimensional conditions. Sketch the temperature
distribution.

(b) Calculate the heat rate g,.

3.30 A truncated solid cone is of circular cross sec_tion,
and its diameter is related to the axial cgordmate
by an expression of the form D= ax*?, where
a=1.0m "

The sides are well insulated, while the top surface
of the cone at x, is maintained at T and the bottom
surface at x, is maintained at To.

(a) Obtain an expression for the temperature distri-
bution T(x).

(b) What is the rate of heat transfer across the cone
if it is constructed of pure aluminum with
x=0075 m Th = 100°C, x, = 0.225 m, and
T, = 20°C?

3.31 From Figure 2.5 it is evident that, over a wide tem-
perature range, the temperature dependence of the
thermal conductivity of many solids may be ali-
proximated by a linear expression of the form k=

k, + oT, where k, is a positive constant and a is 2

coefficient that may be positive or negative. Obtain

I
an expression for the heat flux across a plane \S’a;t
whose inner and outer surfaces are maintaine 1

mn Problems

T, and T, respectively. Sketch the forms of the
temperature distribution corresponding to @ > 0,
a=20,and a < 0.

3.32 Consider a tube wall of inner and outer radii r; and
r,, whose temperatures are maintained at T, and T,
respectively. The thermal conductivity of the cylin-
der is temperature dependent and may be repre-
sented by an expression of the form & = k(1 + aT),
where k, and ¢ are constants. Obtain an expression
for the heat transfer per unit length of the tube.
What is the thermal resistance of the tube wall?

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

Assuming that the thermal conductivity has a linear
dependence on temperature, k = k,(1 + af’), where
« is a constant, develop a relationship to evaluate o
in terms of AT,, T}, and T>.

3.34 Use the alternative conduction analysis method to
derive the expression for the thermal resistance of a
hollow cylinder of thermal conductivity &, inner and
outer radii #; and r,, respectively, and length L.

Cylindrical Wall N
3.35 A steam pipe of 0.12-m outside diameter is insu-
lated with a layer of calcium silicate.

(a) If the insulation is 20 mm thick and its inner and
outer surfaces are maintained at 7T, , = 800K
and T,, = 490 K, respectively, what is the heat
loss per unit length (g°) of the pipe?

We wish to explore the effect of insulation thick-
ness on the heat loss ¢’ and outer surface
temperature T,, with the inner surface tempera-
ture fixed at 7, = 800 K. The outer surface is
exposed to an airfiow (7., = 25°C) that maintains
a convection coefficient of # = 25 W/m” - K and
o large surroundings for which T =T, =

159

25°C. The surface emissivity of calcium silicate
is approximately 0.8. Compute and plot the tem-
perature distribution in the insulation as a func-
tion of the dimensionless radial coordinate, (r —
r)(ry — 1), where r) = 0.06 m and r; is a vari-
able (0.06 < r, = 0.20 m). Compute and plot the
heat loss as a function of the insulation thickness
for0=(r, — 1) =014 m

3.36 Consider the water heater described in Problem

3.37

1.37. We now wish to determine the energy
needed to compensate for heat losses incurred
while the water is stored at the prescribed temper-
ature of 55°C. The cylindrical storage tank (with
flat ends) has a capacity of 100 gallons, and
foamed urethane is used to insulate the side and
end walls from ambient air at an annual average
temperature of 20°C. The resistance to heat trans-
fer is dominated by conduction in the insulation
and by free convection in the air, for which i = 2
W/m? - K. If electric resistance heating is used to
compensate for the losses and the cost of electric
power is $0.08/kWh, specify tank and insulation di-
mensions for which the annual cost associated with
the heat losses is less than $50.

A thin electrical heater is wrapped around the outer
surface of a long cylindrical tube whose inner
surface is maintained at a temperature of 5°C.
The tube wall has inner and outer radii of 25 and
75 mm, respectively, and a thermal conductivity of
10 W/m - K, The thermal contact resistance between
the heater and the outer surface of the tube (per unit
length of the tube) is R; .= 0.0l m-K/W. The
outer surface of the heater is exposed to a fluid with
T.=—10°C and a convection coefficient of
h =100 W/m® - K. Determine the heater power per
unit length of tube required to maintain the heater at
T, = 25°C.

[3.38 |[n the foregoing problem, the electrical power re-

3.39

quired to maintain the heater at 7, = 25°C depends
on the thermal conductivity of the wall material &,
the thermal contact resistance R;., and the convec-
tion coefficient 4. Compute and plot the separate ef-
fect of changes in k (1 = k = 200 W/m-K), R,
O=R,, =01m-K/W}, and i (10 = h = 1000
W/m? + K) on the total heater power requirement, as
well as the rate of heat transfer to the inner surface
of the tube and to the fluid.

A stainless steel (AIST 304) tube used to transport a
chilled pharmaceutical has an inner diameter of 36
mm and a wall thickness of 2 mm. The pharmaceu-
tical and ambient air are at temperatures of 6°C and
23°C, respectively, while the corresponding inner
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(b) If the wire is not insulated and is in ambient air
and large surrounding for which T, = Ty =
20°C, what is the temperature T of the wire?
The wire has an emissivity of 0.3, and the coef-
ficient associated with heat transfer by natural
convection may be approximated by an expres-
sion of the form, h = CI(T — T MDY, where
€= 1.25 W™ - K*.

mlf the wire is coated with plastic insulation of
2 mm thickness and a thermal conductivity of
0.25 W/m + K, what are the inner and outer sur-

(b} Calculate the surface temperature of the rod for

and outer convection coefficients are A00 Wim? - K
the prescribed conditions.

and 6 W/m? - K, respectively.

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

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

40 Superheated steam at 575°C is routed from a
boiler to the turbine of amn electric power plant
through sieel tubes (k = 35 W/m + K) of 300 mm
inner diameter and 30 mm wall thickness. To re-

ptrO\gdes a convection coefficient of h,. Under
steady-state conditions, a uniform v i

3.45 The evaporator section of a refrigeration unit consists dissipated by the heater. e
of L!nn-walled, 10-mm-diameter tubes through which
refrigerant passes at a temperature of —18‘% Alr is
cooled as it flows over the tubes, maintainin;,; a sur-
face convection coefficient of 100 W/m?- K, and is

subsequently routed to the refrigerator compartment

(a) Sketch the equivalent thermal circuit of the

system and express all resistances in terms of
relevant variables.

(b) Ol-:)tain an expression that may be used to deter-
mine the heater temperature, T,

(¢) Obtain an expression for the ratio of heat fAows
to the outer and inner fluids, g./g). How might

{a} For the foregoing conditions and an air temper-
ature of —3°C, what is the rate at which heat is

duce heat loss to the surroundings and to maintain
a safe-to-touch outer surface temperature, a layer
of calcium silicate insulation (k = 0.10 W/m * K)
is applied to the tubes, while degradation of the

face temperatures of the insulation? The insula-
tion has an emissivity of 0.9, and the convection
coefficient is given by the expression  of
Part (b). Explore the effect of the insulation

extracted from the air per unit tube length?

[()]If the refrigerator’s defrost unit malfunctions

frost will slowly accumulate on the outer tube
surface. Assess the effect of frost formation on

Fhe. variables of the problem be adjusted to min-
imize this ratio?

3.47 An electrical current of 700 A flows through a stain-

less sFeel cable having a diameter of 5 mm and an
electrical resistance of 6 X 107* /m (ie., per
meter of cable length). The cable is in an e-m-;irgn-
ment having a temperature of 30°C, and the total co-
efficient associated with convection and radiation
between the cable and the environment is approxi-
mately 25 W/m?- K.

(a) If the cable
temperature?

insulation is reduced by wrapping it ina thin sheet

of aluminum having an emissivity of & = 0.20.

The air and wall temperatures of the power plant

are 27°C.

(a) Assuming that the inner surface temperature of
a steel tube corresponds to that of the steam and
an outer convection coefficient of 6 Wim*- K
for the aluminum sheet, what is the minimum
insulation thickness needed to insure that the
temperature of the aluminum does not exceed
50°C? What is the corresponding heat loss per
meter of tube length?

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

341 A thin electrical heater is inserted between a long
circular rod and a concentric tube with inner and low ceramic cylinder, creating an enclosure that is
outer radii of 20 and 40 mm. The rod (A) has a ther- filled with air.
mal conductivity of k, = 0.15 W/m K, while the
tube (B) has a thermal conductivity of ks = 1.5 | '

W/m - K and its outer surface is subjected to con-  7,=25°C
vection with a fluid of temperature T., = —15°C and T
heat transfer coefficient 50 W/m? - K. The thermal !
contact resistance between the cylinder surfaces and
the heater is negligible.
(a) Determine the electrical power per unit length
of the cylinders (W/m) that is required to main-

thickness on the surface temperatures.

343 A 2-mm-diameter electrical wire is insulated
by a 2-mm-thick rubberized sheath (k= 0.13
W/m -+ K), and the wire/sheath interface is char-
acterized by a thermal contact resistance of
R/, =3x10"*m’ - K/W. The convection heat
transfer coefficient at the outer surface of the sheath
is 10 W/m?- K, and the temperature of the ambient
air is 20°C. If the temperature of the insulation may
not exceed 50°C, what is the maximum allowable
electrical power that may be dissipated per unit
length of the conductor? What is the critical radius
of the insulation?

thfz cooling .capacity of a tube for frost layer
thicknesses in the range 0 = § < 4 mm. Frost

may be assumed to have a thermal o
of 0.4 Wim-K. al conductivity

(c) Th_e refrigerator is disconnected after the defrost
unit malfunctions and a 2-mm-thick layer of frost
has. formed. If the tubes are in ambient air for
w%nch T, = 20°C and natural convection main-
tains a convection coefficient of 2 W/m? - K, how
long will it take for the frost to ;'nelt‘?
The frost may be assumed to have a mass den.—

sity of 700 kg/m® and a latent h i
5 ke eat of fusion of

is bare, what is its surface

(b)Ifa very thin coating of electrical insulation is
applied to the cable, with a contact resistance of

0.02 m® - K/W, what are the insulation and cable
surface temperatures?

(c) Therfa is some concern about the ability of the in-
su}anon to withstand elevated temperatures. What
th}ckness of this insulation (k= 0.5 W/m +K)
w1}1 yield the Iowest value of the maximum insu-
!atlon temperature? What is the value of the max-
imum temperature when the thickness is used?

3.44 Electric current flows through a long rod generating
thermal energy at a uniform volumetric rate of
g =2 % 10°W/m®. The rod is concentric with a hol-

346 A cor_nposite cylindrical wall is composed of two
materials of thermal conductivity k, and ku, which
are separated by a very thin, electric resistance

heater for which i i

interfacial contact resist
» 0 an
negligible. e

3.48 A 0.20-m diameter, thin-walled steel pipe is used to
transport saturated steam at a pressure of 20 bars in
a room for which the air temperature is 25°C and the
o convection heat transfer coefficient at the outer sur-
face of the pipe is 20 Wim?+ K.

(a) What is the heat loss per unit length from the

bare p%pe (no insulation)? Estimate the heat loss
per unit length if a 50-mm-thick layer of insula-

Ceramic, k = 1.75 WimK
D;= 40 mm
D,=120mm

Resistance heater
Gy -7

| e
Enclosure, air space

_ Q‘

Rod, g, D, =20 mm

tain the outer surface of cylinder B at 5°C. .
(b) What is the temperature at the center of ']:“he thermal resistance per unit length due o fi}dlfi' i gm;m:.:l;:uw‘ tion (magnesia, 85%) is added. The steel and
tion between the enclosure surfaces is Rau= Lt f magnesi n
3 e gnesia may each be assumed (o have an

cylinder A? : . .
i d with jsivi
don betveen the enclosre o s B emissivity of 0.8, and the steam-side convection

3.42 A wire of diameter D = 2 mm and uniform temper- free convection in the enclosure is & = 20 Wim® * K. :Vanrmier;t;f-r -‘ res
i

arure T has an electrical resistance of 0.01 4/m and ircui d to o Ty
(a) Construct a thermal circuit that can be use LA (b) The costs associated with generating the steam
and igstalling the insulation are known to be
$4/ 10°1 and $100/m of pipe Iength, respec-
tively. If the steam line is to operate 7500 h/yr

how many years arc needed to pay back the
initial investment in insulation?

a current flow of 20 A.

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

calculate the surface temperature of the rod,
7.. Label all temperatures, heat rates, and ther-
mal resistances, and evaluate each thermal
resistance.

Ij;lqmd pumpe.d through the tube is at a temperature
inmﬁ;: :Islﬂ r%:trcmdes a convect-ion coefficient #; at the
i ace of th.e composuc. The outer surface is

Posed to ambient air, which is at 7., and
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19 Steam at a temperature of 250°C flows through a

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

(a) Sketch the thermal circuit of the system. Label

(using the above symbols) all pertinent nodes
and resistances.

(b) For the prescribed conditions, what is the total
heat Toss from the pipe? What are the outer sur-
face temperatures T, and Toomy!

3.53 A Bakelite coating is to be used with a 10-mm-diam-

eter conducting rod, whose surface is maintained af
200°C by passage of an electrical current. The rod is
in 2 fluid at 25°C, and the convection coefficient is

n Problems

3.57 A hollow aluminum sphere, with an electrical heater

in the center, is used in tests to determine the ther-
mal conductivity of insulating materials. The inner
and outer radii of the sphere are 0.15 and 0.18 m
respe_c-tlvely, and testing is done under steadg'—state!
coqdltlpns with the inner surface of the aluminum
maintatned at 250°C. In a particular test, a spherical
shell of insulation is cast on the outer sujrface of the
sphere to a thickness of 0.12 m. The system is in a
room fqr which the air temperature is 20°C and the
convection coefficient at the outer surface of the

163

3.61 The wall of a spherical tank of 1-m diameter con-

3.02

tamg an exothermic chemical reaction and is at
200°C when the ambient air temperature is 25°C
What thickness of urcthane foam is required to re:
duce th§ exterior temperature to 40°C, assuming the
convection coefficient is 20 W/m? - K for both it
atlo.ns? What is the percentage reduction in heat rat

achieved by using the insulation? )

A composite spherical shell of inner radius r, = 0.25 m
is constructed from lead of outer radius r, =0.30 m

E We wish to determine the effect of adding a layer

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

thickness.

3.51 An uninsulated, thin-walled pipe of 100-mm diam-

eter is used -to transport water (0 equipment that
operates outdoors and uses the water as a coolant.
During particularly harsh winter.conditions, the pipe
wall achieves a temperature of —15°C and a cylin-
drical layer of ice forms on the inner surface of the
wall, Tf the mean water temperature is 3°C and a
convection coefficient of 2000 Wim?- K is main-
tained at the inner surface of the ice, which is at
0°C, what is the thickness of the ice layer?

3.52 Steam flowing through a long, thin-walled pipe
maintains the pipe wall at a uniform temperature of
500 K. The pipe is covered with an. insulation blan-
ket comprised of two different materials, A and B.

ky = 2 WinvK
ke = 0.25 WimeK

The interface between the two materials may be as-
sumed to have an infinite contact resistance, and
the entire outer surface is exposed to air for which

T, = 300K and h = 25 Wim® - K.

140 W/m? - K. What is the critical radius associated
with the coating? What is the heat transfer rate per
unit length for the bare rod and for the rod with a
coating of Bakelite that corresponds to the critical ra-
dius? How much Bakelite should be added to reduce
the heat transfer associated with the bare rod by 25%?

Spherical Wall

3.54 A storage tank consists of a cylindrical section that has

a length and inper diameter of L=2m and
D; = 1 m, respectively, and two hemispherical end sec-
tions. The tank is constructed from 20-mm-thick glass
(Pyrex) and is exposed to ambient air for which the
temperature is 300 K and the convection coefficient is
10 W/m2- K. The tank is used to store heated oil,
which maintains the inner surface at a temperature of
400 K. Determine the electrical power that must be
supplied to a heater submerged in the oil if the pre-
scribed conditions are to be maintained. Radiation ef-
fects may be neglected, and the Pyrex may be assumed
to have a thermal conductivity of 1.4 Wim- K.

3.55 Consider the liquid oxygen storage system and the

laboratory environmental conditions of Problem

1.49. To reduce oxygen loss due to vaporization, an

insulating layer should be applied to the outer sur-

face of the container. Consider using a laminated
aluminum foil/glass mat insulation, for which the
thermal conductivity and surface emissivity are k=

0.00016 W/im-Kand e = 0.20, respectively.

(a) If the container is covered with a 10-mm-thick
layer of insulation, what is the percentage re-
duction in oxygen loss relative to the uncovered
container?

Computc and plot the oxygen gvaporation rate
{kgfs) as a function of the insulation thickness
t for 0 = ¢t = 50 mm.

3.56 In Example 3.4, an expreséion was derived for the

critical insulation radius of an insulated, cylindrical
tube. Derive the expression that would be appropri-
ate for an insulated sphere. .

insulation is 30 W/m® - K. If 80 W are dissipated by
the heater under steady-state conditions, what is the
thermal conductivity of the insulation?

3.58 A spherical tank for storing liquid oxygen on the

space shuttle is to be made from stainless steel of
O.&O;m outer diameter and 5-mm wall thickness. The
boiling point and latent heat of vaporization of liquid
oxygen are 90K and 213 kl/kg, respectively. The
tank is to be installed in a large compartment v‘vhose
temperature i to be maintained at 240 K. Design a
thermal insulation system that will maintain oxygen
losses due to boiling below 1 kg/day, ¢

3.59 A spherical, cryosurgical probe may be imbedded in

diseased tissue for the purpose of freezing, and
thereby Qesuoying, the tissue. Consider a pro!be of
3-rnr§1 diameter whose surface is maintained at
=30°C .when imbedded in tissue that is at 37°C
A spherical layer of frozen tissue forms around thf;
probe, with a temperature of 0°C existing at the
phase. front (interface) between the frozen and nor-
mal‘tlssue. If the thermal conductivity of frozen tis-
sue is approximately 1.5 W/m * K and heat transfer at
the phas-e front may be characterized by an effective
convection coefficient of 50 W/m?« K, what is the
thickness of the layer of frozen tissue?,

.3.60 A spherical vessel used as a reactor for producing
=

phsﬁ-maceuncals has, a 10-mm thick stainless steel
%’;1 (k= _17 W/m - K) and an inner diameter of | m.

e ‘exterllor surface of the vessel is exposed to
ambient air (T, = 25°C) for which a convection co-
efficient of 6 W/m?+ K may be assumed.

(a) f)unng steady-state operation, an inner surface
emperature ‘of 50°C is maintained by energy
generated within the reactor. What is the heat
loss from the vessel?

(b) g; a 20-mm-thick layer of fiberglass insulation

o = 0.040 W/m - K) is applied to the exterior of

e Ve§sel and the rate of thermal energy

generation is unchanged, what is the inner sur-
face temperature of the vessel?

and AISI 302 stainless steel of outer radius r, =
0.31 m. The cavity is filled with radioactive wa;tes
that generate heat at a rate of § = 5 X 10° Wim®. It is
proposed to submerge the container in oceanic W;aters
tha_t are at a temperature of 7. = 10°C and provide a
uniform convection coefficient of # = 500 W/m?- K
at the outer surface of the container. Are there a

problems associated with this proposal? v

3.63|As an alternative to storing radioactive materials in

oceanic waters, it is proposed that the system of Prob-
lem 3.62 be placed in a large tank for which the flow
of water, and hence the convection coéfficient /4, can be
controlled. Compute and plot the maximum te:mpera—
ture of the lezztd,_T {r7), as a function of /& for 100 < &
= 1000 W/m* » K. If the temperature of the lead is not
to exceed- 500 K, what is the minimum allowable value
of h? To improve system reliability, it is desirable to in-
crease the thickness of the stainless steel shell, For k =
300, 500, and 1000 W/m? - K, compute and plot the
maximum lead temperature as a function of shell thick-
ness for r; = 0.30 m. What are the corresponding val-
ues of the maximum allowable thickness?

3.64 The energy transferred from the anterior chamber of

the eye through the cornea varies considerably de-
pending on whether a contact lens is worn. Treat the
eye as a spherical system and assume the system to
be at steady state. The convection coefficient A, is
unchanged with and without the contact lenso in
place.- The cornea and the lens cover one-third of the
spherical surface area, :

T . h
Anterior E ) ”_h'
chamber

Cornea

Contact
/ lens
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Values of the parameters representing this situa-

tion are as foliows:

What effect will ice formation have on heat gain
to the LP gas? How could this situation be

u Problems

gz | 43 i
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mine T, and 75, as well as th
e Tt e heat fluxes through

— - ided? .
r = 10.2 mm ry = 127 mm avol A A middle wall has a th i
;= 16.5 mm 3.68 A transistor, which may be approximated as hemi- T f W/m - K and exp erie:;g;a; Ez?fucnvlty of kg = 15
T,, = 37°C Tep = 21°C spherical heat source of radins r, = 0.1 mm, is | of g = 4 X 10° Wi, while t}?I‘m heat generation
ky = 0.35 Wim- K k, = 0.80 W/m K embedded in a large silicon subsirate (k= 125 | no generation. ’ e outer walls have
b= 12 Wim?-K h,=6 Wi K W/m - K and dissipates heat at a rate 4. All bound- : ) Neelecting i ] .
' ‘ aries of the silicon are maintained at an ambient . (a) Neglecting interfacial contact resistances, deter-
|
i

(a) Construct the thermal circuits, labeling all po-
tentials and flows for the systems excluding the
contact lens and including the contact lens.
Write resistance elements in terms of appropri-

ate parameters.

(b) Determine the heat loss from the anterior cham-

ber with and without the contact lens

in place.

(c) Discuss the implication of your results.

3.65 The outer surface of a hollow sphere of radius r; is
-subjected to a uniform heat flux g% The inner sur-
face at r, is held at a constant temperature T 1.

(a) Develop an expression for the temperature dis-

tribution T(#) in the sphere wall in terms of g3,
T,y 11> T2, and the thermal conductivity of the

wall material k.

(b) If the inner and outer tube radii are ry = 50 mm

and r, = 100 mm, what heat flux g3

is required

to maintain the outer surface at T, = 50°C,
while the inmer surface is at Ty, = 20°C? The
thermal conductivity of the wall material is

temperature of T = 27°C, except for a plane surface
that is well insulated.

———— Silicon

suhstrate

Obtain a general expression for the substrate tem-
perature distribution and evaluate the surface
temperature of the heat source for g =4 W.

3.69 One modality for destroying malignant tissue in-

volves imbedding a small spherical heat source of
radius r, within the tissue and maintaining local
temperatures above a critical value T, for an ex-
tended period. Tissue that is well removed from the
gource may be assumed ko remain at normal body
temperature (T, = 37°C). Obtain a general expres-

.

{a) Comment on the relative magnitudes of ¢ and

g3 and of g and g.

{b) Comment on the relative magnitudes of k, and

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

372 A pl.ar.le wall of thickness 0.1 m and thermal con-
ductivity 25 W/m - K having uniform volumetric
h_eat generation of 0.3 MW/m® is insulated on one
Sldf, while the other side is exposed to a fluid at
92°C. The convection heat transfer coefficient be-
tween the wall and the fluid is 500 W/m?- K. De-

termme the maximum temperature in the wall.

3.73 Conside.r one-dimensional conduction in a plane
col'nposne wall. The outer surfaces are exposed to a
ﬂ.md at 25°C and a convection heat transfer coeffi-
cient of 1000 W/m? - K. The middle wall B experi-
ences u}nfnrm heat generation gy, while there 12 no
generation in walls A and C. The temperatures at th
nterfaces are T} = 261°C and T, = 211°C )

Consider conditions for which contact resis
tances of 0.0025 and 0.001 m? - K/W exist at thz;
A/B and B/C interfaces, respectively. Determine
T, and T, and plot the temperature distribution.

3.75 Consider the composite wall of Example 3.6. In the

Colt'ilments section_, temperature distributions in the
wall were determined assuming negligible contact
resistance between materials A and B. Compute and

plot the. temperature distributions if the thermal con-
tact resistance is R, ., = 107" m? - K/W

3.76 A plane wall of thickness 2L and thermal conduc-

tivity k experiences a uniform volumetric generatio

rate ¢. As shown in the sketch for case 1, the surI}
face at x = —L is perfectly insulated \;vhile the
other surface is maintained at a unifor;n constant
temperature T,. For case 2, a very thin’dielectric
strip is ingerted at the midpoint of the wall (x = Q)
in order to electrically isolate the two sections, A
arlle B. The thermal resistance of the strip’ is
R, =0.0005m* - K/W. The paramefers associated

k=10 Wm-K. sion for the radial temperature distribution in the tis- ]
3.66 A spherical shell of inner and outer radii r; and r,, re- sue under steady-state conditions for which heat is 7, T, Wlih the \évall are k=50W/m-K, L=20mm
spectively, is filled with a heat-generating material dissipated at a rate g. If r, = 0.5 mm, what heat rate o PR g=15X10°W/m’, and T, = 50°C. ’
that provides for a uniform volumetric generation must be supplied to maintain a tissue temperature of = T h
rate (W/m®) of ¢. The outer surface of the shell is ex- T=7, =42°C in the domain 0.5 = r =5 mm? ' C Case 1 Case 2
posed to a fluid having a temperature Te and a con- The tissue thermal conductivity is approximately A B c I I T o e Thin dielectric strip, R
vection coefficient . Obtain an expression for the 0.5 Wim* K. ) =,‘ o
steady-state temperature distribution T(r) in the shell, R g : T
expressing your result in terms of 73, o & h, T.., and fa—i,—w—3 Ly—] 1y e ; @ ak T,
the thermal conductivity k of the shell material. Conduction with Thermal Energy Generation ky = 25 WimK L-d
a=25WimK L, =30 mm
3.67 A spherical tank of 3-m diameter contains a 370 Consider cylindrical and spherical shells with inper ko = S0WMK Ly = 30 mm , )
liquified-petroleum gas at —60°C. Insulation with a and outer surfaces at r, and r, maintained at uniform fe =20 mm g s : .,
- +L

X . .
(&) ils:;ummg negligible contact resistance at the in-
. ac'es, determine the volumetric heat genera-
on gy and the thermal conductivity kg,

b -
® Plot the temperature distribution, showing its
lmportant features.

temperatures Ty, and T, respectively. If there is
uniform heat generation within the shells, obtain ex-
pressions for the steady-state, one-dimensional ra-
dial distributions of the temperature, heat flux, and
heat rate. Contrast your results with those surnma-
rized in Appendix C. =
371 The steady-state temperature distribution in 2 3

composite plane wall of three different materials,
each of constant thermal conductivity, is shown as
follows. !

thermal conductivity of 0.06 W/m - K and thickness
250 mm is applied to the tank to reduce the heat gain.

(a) Determine the radial position in the insulation
layer at which the temperature is 0°C when
the ambient air temperatuxe is 20°C and the
convection coefficient on the outer surface is
6 Wim? - K.

(b} If the insulation is pervious to moisture from the
atmospheric air, what conclusions can you reach
about the formation of ice in the insulation?

(a) Sketch the tlempcrature distribution for case 1 on
T_—x c_oordmates. Describe the key features of
this distribution. Identify the location of the

maximum temperature in the wall and calculate

(C) C() lSii €] iti n s (4] this elll]!e]f“ 1EC.
. T COHdltlonS Correspond' g to a l ARy f i

16{70(?1112 at the exPosed surface of material
o =0). DFteane T, and T, and plot the
perature distribution throughout the system.

(b) Sketch the temperature distribution for case 2

on the same T — x coordinates, Describe the key
features of this distribution.

{c) What is the temperature difference between the
two walls at x = 0 for case 27

4 Consi i
su?;:;c:e:l the composite plane wall of Problem 3.73
ed to the same convection conditions. The
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(d) What is the location of the maximum tempera-
ture in the composite wall of case 27 Calculate
this temperature.

377 A nuclear fuel element of thickness 2L is covered
with a steel cladding of thickness b. Heat generated
within the nuclear fuel at a rate g is removed by a
fiuid at T, which adjoins one surface and is charac-
terized by a convection coefficient . The other sur-
face is well insulated, and the fuel and steel have
thermal conductivities of kg and &, respectively.

Steel Nuclea[r fuel Steel
AN S A I,
A1 th
, STk
L»|«L 'b'

{2) Obtain an equation for the temperature distribu-
tion T(x) in the nuclear fuel. Express your re-
sults in terms of g, k;, L, b, kg, h, and T.,.

(b} Sketch the temperature distribution T(x) for the
entire system.

378 Consider the clad fuel element of Problem 3.71.

(a) Using appropriate relations from Tables C.1 and
C.2, obtain an expression for the temperature dis-
tribution T(x) in the fuel element. For k=60
W/m-K, L=15mm, b =3 mm, k= 15 W/m+
K, h = 10,000 W/m’ - K, and T, = 200°C, what
are the largest and smallest temperatures in the
fuel clement if heat is generated uniformly at a
volumetric rate of ¢ = 2 X 107 W/m*? What are
the corresponding locations?

(b) If the insulation is removed and equivalent
convection conditions are maintained at each
surface, what is the corresponding form of the
temperature distribution in the fuel element? For
the conditions of part (a), what are the largest
and smallest temperatures in the fuel? What are
the corresponding locations?

For the conditions of parts (a) and (b), plot the
temperature distributions in the fuel element.

3779 The air inside a chamber at T,,; = 50°C s heated con-
vectively with h; =20 W/m*- K by a 200-mm-thick
wall having a thermal conductivity of 4 W/m - K and
a uniform heat generation of 1000 Wim’,
To prevent any heat generated within the wall from
being lost to the outside of the chamber at 7., =
25°C with h, =5 W/m*-K, a very thin electrical
strip heater is placed on the outer wall to provide a
uniform heat flux, g5

Strip heater, g,—8 Wwall, &, § )
Qutside chamber - Inside chamber
T lo : Teo, it I
l:. I
. x L

(a) Sketch the temperature distribution in the wall
on T-x coordinates for the condition where no
heat generated within the wall is lost to the out-
side of the chamber.

(b) What are the terperatures at the wall boundaries,
T(0) and T(L), for the conditions of part (a)?

(c) Determine the value of g that must be supplied by
the strip heater so that all heat generated within the
wall is transferred to the inside of the chamber.

(d) If the heat generation in the wall were switched
off while the heat flux to the strip heater re-
mained constant, what would be the steady-state
temperature, 7¢0), of the outer wall surface?

In the previous problem, the sirip heater acts to
guard against heat losses from the wall to the out-
side, and the required heat flux ¢" depends on cham-
ber operating conditions such as g and T..;. As a first
step in designing a controller for the guard heater,
compute and plot ¢, and T(0) as a function of g for
200 = & = 2000 W/m® and T,,; = 30, 50, and 70°C.

3.81 The exposed surface (x = 0) of a plane wall of ther-
mal conductivity k is subjected to microwave radia-
tion that causes volumetric heating to vary as

. - x

glx) =4, (1 - z)
where §, (W/m®) is a constant. The boundary at
x = L is perfectly insulated, while the exposed sur-
face is maintained at a constant temperature T,
Determine the temperature distribution T(x)} in terms
of x, L, k, 4, and T,

3.82 A quartz window of thickness L serves as a viewing
port in a furnace used for annealing steel. The inner
surface (x = 0) of the window is irradiated with a
uniform heat flux g due to emission from hot gases
in the furnace. A fraction, 8, of this radiation may
be assumed to be absorbed at the inner surface,

while the remaining radiation is partially absorbed

as it passes through the quartz. The volumetric heal
generation due to this absorption may be described
by an expression of the form

g(x) = (1 — Byggae™

where « is the absorption coefficient of the guartZ 3
Convection heat transfer occurs from the outer suf- %
face (x = L) of the window to ambient air at Te 2B 3

n Problems

is chara;terized by the convection coefficient £
Convection and radiation emission from the inner-
surfaqe may be neglected, along with radiation
emission from the outer surface. Determine the tem-
perature distribution in the quartz, expressing your
result in terms of the foregoing parameters.

3.83 F(?r the conditions described in Problem 1.44, deter-
m}nc the temperature distribution, 7(), in tI;e con-
tainer, expressing your result in terms of §,, r,, T.
h, and the thermal conductivity & of the radiogcti\z
wastes.

3.84 A cylindrical shell of inner and outer radii, r; and
¥ oo re_spectively, is filled with a heat-gene;ating
material that provides a uniform™ volumetric
generation rate (W/m®) of ¢. The inner surface is in-
sulated, while the outer surface of the shell is ex-
posed to a fluid at T, and a convection coefficient A.

(a) Obtain an expression for the steady-state tem-
Perature distribution, 7{(r), in the sheli, express-
ing your result in terms of 7, r,, g, &, T, and the
thermal conductivity k of the shell material.

(b) D’ctcrmine an expression for the heat rate
q (r,), at the outer radius of the shell in terms of
¢ and shell dimensions.

Consider the sclid mbe of Example 3.7. Using
Equation (7) with Equation (10} in the JHT Vwork?
space, calculate and plot the temperature distribu-
tions for a tube of inner and outer radii, 50 mm and
100 mm, and a thermal conductivity of 5 W/m K
for volumetric generation rates of 1 X 10°
?X 10°, and 1 X 10°W/n®. The inner surface’
is .cooled by a fluid at 30°C with a convection coef-
ficient of 1000 W/m? - K.

3.86 An air heater may be fabricated by coiling
Nlchrf)me wire and passing air in cross flow over
tl}e wire. Consider a heater ‘fabricated from wire of
diameter D = 1 mm, electrical resistivity p, = 107°
0 *m, _thermal conductivity & = 25 W/m -GK, and
emissivity & = 0.20. The. heater is designed to de-
hver.a.lr at a temperature of T, = 50°C under flow
Zogdmons thazt provide a convection coefficient of
the_ ESO W/m - K for the wire. The temperature of

ousing that encloses the wire and through

which the air flows is T, == 50°C.
Wire

p' Lip, ke, T Housing, T,
“Air
iy
—_—
N T..h
AE
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-If the maximum allowable temperature of the wire
is Ty = 1200°C, what is the maximum allowable
t-alectric current /7 If the maximum available voltage
is AE = 110V, what is the corresponding length L
of wire that may be used in the heater and the p%war
rating of the heater? Hins: In your solution, assume
negligible temperature variations within the wire
but after obtaining the desired results, assess the va:
lidity of this assumption.

3.87 The cross section of a long cylindrical fuel element
ina nuc‘lear reactor is shown. Energy generation oc-
curs uniformly in the thorium fuel rod, which is of

difnmeter D =25 mm and is wrapped in a thin alu-
minum cladding.

Coolant
T h

Thorium Thin aluminum
fuet rod cladding

(a) I.t is proposed that, under steady-state condi-
tions, the system operates with a generation rate
of g =7 X 10® W/m® and cooling system char-
acteristics of T.. = 95°C and h = 7000 W/m®-
K. Is this proposal satisfactory?

Exp]ore the effect of variations in ¢ and % by
plotting temperature distributions, T(r), for a
range of parameter values. Suggest an envelope
of acceptable operating conditions. '

3.88 A puclear reactor fuel element consists of a solid
f:yhndrical pin of radius r, and thermal conductiv-
ity k. The fuel pin s in good contact with a clad-
ding m.aterial of outer radius r, and thermal
condnctivity k. Consider steady-state conditions
for which uniform heat generation occurs within the
fuel at a volumetric rate ¢ and the outer surface of
the cladding is exposed to a coolant that is charac-

ter_ized by a temperature T, and ‘a convection coef-
ficient A.

(a) thain equations for the temperature distribu-
tions T4(#) and T.(r) in the fuel and cladding, re-

spectively. Express your results exclusively in
terms of the foregoing variables.

{b) Consider a uranium oxide fuel pin for which
kg = 2 W/m-K and r| = 6 mm and cladding for
which £, =25 W/m-Kand r, = 9 mm. If § =
2 X 10° Wim®, h = 2000 W/m®- K, and 7., =
300 K, what is the maximum temperature inwthe
fuel element?
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(c)| Compute and plot the temperature distribution,
7(r), for values of h = 2000, 5000, and 10,000
W/m? - K. If the operator wishes to maintain the
centerline temperature of the fuel element below
1000 K, can she do so by adjusting the coolant
flow and hence the value of h?

.89 Consider the configuration of Example 3.7, where

uniform volumetric heating within a stainless steel
tube is induced by an electric current and heat is
transferred by convection o air flowing through the
tube. The tube wall has inner and outer radii of r| =
25 mm and r, = 35 mm, a thermal conductivity of
k=15 W/m-K, an clectrical resistivity of p, =
0.7 X 1078 () +m, and a maximum allowable oper-
ating temperature of 1400 K.

(a) Assuming the oufer tube surface to be perfectly
“" insulated and the air flow to be characterized
by a temperature and convection coefficient of
T, =400 K and i, =100 Wim?® - K, deter-
mine the maximum allowable electric current 1.

Compute and plot the radial temperature distri-
bution in the tube wall for the electric current of

part (a) and three values of Iy (100, 500, and
1000 W/m? -+ K). For each value of A;, determine
{he rate of heat transfer to the air per unit length

() Assuming that steady-state conditions are
reached shorily after application of the current,
determine the form of the steady-state tempera-
ture distribution T(r) in the pipe wall during the
melting process.

(b) Develop an expression for the time t,, required
to completely melt the ice. Calculate this time
for [ = 100 A, R, = 0.30 Q/m, and r, = 50 mm.

3.91 A high-temperature, gas-cooled nuclear reactor con-

sists of a composite cylindrical wall for which
a thorium fuel element (k == 57 W/m- K) is encased
in graphite (k = 3 W/m - K) and gaseous helium
flows through an annular coolant channel, Consider
conditions for which the helium temperature is
T, =600 K and the convection coefficient at the
outer surface of the graphite is /1 = 2000 wim? - K.

Coolant channel with
helium flow (T, /1)

—"- Graphite
- Thorium, §

n Problems

3.94 Radioactive wastes are packed in & thin-walled spherical

container. The wastes generate thermal energy nonuni-
formly a‘ccording to the relation g = ¢,[1 — (r/r,)]
where ¢ is the local rate of energy generation per (:mi;
vc.)lume, g, s a constant, and r, is the radius of the con-
tainer. Steady-state conditions are maintained by sub-
merging the container in a liquid that is at 7, and
provides a uniform convection coefficient A. )

Coolant
Tk
. . =g, [1- (r."r;,)?']
—
—

Deterlmme the temperature distribution, 7(r), in the
container, Express your result in terms of ¢, ., T
s f o -1

h errnal COnduCtl lty k l tlle v
aI]d [llc th V. O
N radloaCtl e

3.95 Radioactive wastes (k,, = 20 W/m + K) are stored in

a _spherical, stainless steel (k, = 15 W/m-K) con-
tainer of inner and outer radii equal to r; = 0.5 m and
r,= 0.6 m. Heat is generated volumetrically within
the wastes at a uniform rate of g = 10° W/m?, and the
outer surface of the container is exposed to’a water
flow for which & = 1000 W/m?+ K and T,, = 25°C
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outside convection coefficient to a maximum
achievable value of 2 = 5000 W/m?- K (by in
creasing the water velocity) and the ContZiner
wall thickness. Is the proposed extension feasi-
b'le? If so, recommend suitable operating and de-
sign conditions for 4 and , respectivelya.

3.96 Unique characteristics of biologically active materials

such. as fruits, vegetables, and other products require
spt?mal care in handling. Following harvest and sepa-
ration from producing plants, glucose is catabolizec{J to
produce carbon dioxide, water vapor, and heat, with
attendant internal energy generation. Consider ,a car-
t9n of apples, each of 80-mm diameter, which is ven-
tilated with air at 5°C and a velocity of 0.5 m/s. The
con:esponzdjng value of the heat transfer cocfﬁcim;,nt is
7.5' Wim~+ K. Within each apple thermal energy is
umforrn])f generated at a total rate of 4000 J/kg - da
The density and thermal conductivity of the apple afe
840 kg/m® and 0.5 W/m + K, respectively.

Apple, 80 mm
diameter

of tube. !
- Tk

(c)|In practice, even the best of insulating materials
would be unable to maintain adiabatic condi-
tions at the outer tube surface. Consider use of
a refractory insulating material of thermal
conductivity k = 1.0 W/m - K and neglect radi-
ation exchange at its outer surface. For by =
100 W/m?+ K and the maximum allowable
current determined in part (a), compute and plot
the temperature distribution in the composite
wall for two values of the insulation thickness
(5 =25 and 50 mm). The outer surface of the
insulation is exposed to rcom air for which
T, ,= 300 K and h = 25 W/m? - K. For each
insulation thickness, determine the rate of heat
transfer per unit tube length to the inner air flow
and the ambient air.

3,90 A homeowner, whose water pipes have frozen dur-

ing a period of cold weather, decides to melt the
ice by passing an electric current [ through
the pipe wall. The innet and outer radii of the wall
are designated as ry and ry, and its electrical resis-
tance per unit length is designated as R; (Q1/m).
The pipe is well insulated on the outside, and dur-
ing melting the ice (and water) in the pipe remain
at a constant temperature T, associated with the
melting process.

(a) If thermal energy is uniformly generated in the
fuel element at a rate g = 10° W/m®, what are
the temperatures T, and T at the inner and outer
surfaces, respectively, of the fuel element?

Compute and plot the temperature distribution in
the composite wall for selected values of 4.
What is the maximum allowable value of 47

392 A long cylindrical rod of diameter 200 mm with

thermal conductivity of 0.5 W/m -+ K experiences
uniform volumetric heat generation of 24,000 Wiy,
The rod is encapsulated by a circular sleeve having
an outer diameter of 400 mm and a thermal con-
ductivity of 4 W/m-K. The outer surface of the
sleeve is exposed to cross flow of air at 27°C with
a convection coefficient of 25 Wim® - K.

(a) Find the temperature at the interface between the

rod and sleeve and on the outer surface.

(b) What is the temperature at the center of the rod?

3.93 A radioactive material of thermal conductivity k is cast

as 2 solid sphere of radius r, and placed in 2 tiquid
bath for which the temperature T, and convection ¢0
efficient b are known. Heat is uniformly generated
within the solid at a volumetric rate of 4. Obtain the

steady-state radial temperature distribution in the solid: 3

expressing your result in terms of 75, 4, k, h, and Tor

Radioactive wastes,
kﬂlﬂ' é
Stainless sieel,
k

55

T, o T,

y
Vv .e‘ e state outer SUIfaCG [empela

) a]uate the Stead y = ic I f
( b E v state mner su. -
J ace lempcra

(c) gbt‘am an exPression for the temperature distri-
ution, 7(r), in the radioactive wastes. Express

your result in terms of r;, T;;, k., and §. Evalu-
ate the temperature at r = Q.

(d)| A proposed extension of the foregoing design in-

:‘I:)lves storing waste materials having the same
. ;Il‘rilfil —conducti;!ity b[;t ltwice the heat genera-
tainerq.o —f 2 X. 10 Wf'fn } in a stainless steel con-
P eq_ulvah'znt inner radius (; = 0.5 m).
ety considerations dictate that the maximum
zjést::lp temperatuFe not exceed 475°C and that the
ml‘;rall:iner wall thickness be no less than ¢ = 0.04
o Breferably at or close to the original de-
gn (2 = 0.1 m). Assess the effect of varying the

" Air
T.=5°C

(a) Determine the a
pple center and surf;
temperatures. -

| (b)|For the stacked arrangement of apples within
the crate, the convection coefficient depends on
the velocity as h = C, V% where ¢, =
10.1 W/m?- K- (m/s)***>, Compute and 1;10t
the center and surface temperatures as a func-

tion of the air velocity for 0.1 = V = 1 m/s.

3.97 Consider the plane wall, 10n.g cylinder, and sphere

§h9wn schematically, each with the same character-
istic length a, thermal conductivity & and uniform
volumetric energy generation rate 4.

Plang wall Long cylinder Sphere

—— L 1.y T
a

(@ Qn the same graph, plot the steady-state dimen-
sionless temperature, [T(xor ) — T(@)]/ [(Qaz)
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[2k], versus the dimensionless characteristic
length, x/a or rla, for each shape.

(b) Which shape has the smallest temperature dif-
ference between the center and the surface? BEx-
plain this behavior by comparing the ratio of the
volume-to-surface area.

tc) Which shape would be preferred for use as a nu-
clear fuel element? Explain why.

Extended Surfaces
3.98 The radiation heat gage shown in the diagram is made
from constantan metal foil, which is coated black and
is in the form of a circular disk of radius R and thick-
ness £. The gage is located in an evacuated enclosure.
The incident radiation flux absorbed by the foil, g
 diffuses toward the outer circumference and into the
‘larger copper ring, which acts as a heat sink at the
constant temperature T(R). Two copper lead wires are
attached to the center of the foil and to the ring to
complete a thermocouple circuit that allows for mea-
surement of the temperature difference between the
foil center and the foil edge, AT = T(0) — T(R).

Evacuated
enclosure

Copper
wires

Obtain the differential equation that determines T(r),
the temperature distribution in the foil, under steady-

state conditions. Solve this equation to obtain an

expression relating AT to g7 You may neglect radia-

tion exchange between the foil and its surroundings.

3.99 Copper tubing is join
plate solar collector as shown.

_I__-— Cover
piate

«———— Evacuated

space

Water
T,

w

ol

insulation

One-Dimensional, Steady

ed to the absorber of a fiat-

rad Absorber
plate
. __L .4

-State Conduction

The aluminum alloy (2024-T6) absorber plate is 6
mm thick and well insulated on its bottom. The top
surface of the plate is separated from a transparent
cover plate by an evacuated space. The tubes are
spaced a distance L of 020 m from each other, and
water is circulated through the tubes to remove the
coliected energy. The water may be assumed to be
at a uniform temperature of T,=60°C. Under
steady-state operating conditions for which the nef
radiation heat flux to the surface is ghg = 800 Wint,
what is the maximum termperature on the plate and
the heat transfer raie per unit length of tube? Note
that g represents the net effect of solar radiation
absorption by the absorber plate and radiation ex-
change between the absorber and cover plates. You
may assume the emperature of the absorber plate
direcily above a tube to be equal to that of the water.

oined to a solar collector plate of
thickness 7, and the working fluid maintains the
temperature of the plate above the tubes at T,
There is a uniform net radiation heat flux g to the
top surface of the plate, while the bottom surface
is well insulated. The top surface is also exposed
to a fluid at T, that provides for a uniform convec-

tion coefficient A,

3.100 Copper tubing isj

- T h
rag
T, \\\
4| h

Working fluid

(a) Derive the differential equation that governs
the temperature distribution T(x) in the plate.

(b) Obtain a solution to the differential equation
for appropriate boundary conditions.

3101 A thin flat plate of length L, thickness z, and width

W 3 L is thermally joined to two large heat sinks

that are maintained af a temperature T,. The bottom

of the plate is well

a uniform value of g¢.

insulated, while the net heal 2
flux to the top surface of the plate is known to have 3

m Problems

() t]?Ierivc the differential equation that determines
e steady-state temperature distributi
t istribut

in the plate. won 169

(b) S_olv; thfe foregoing equation for the temperature
distribution, and obtain an expression for the rate
of heat transfer from the plate to the heat sinks,

3.102 Consider the flat plate of Problem 3.101, but with
the heat sinks at different temperatures ,T(O) =T
and T({L) =T,, and with the bottom ,surface ng
longer insulated. Convection heat transfer is now
allowed to occur between this surface and a fluid
at T.., with a convection coefficient h.

(a) ]l)1erive the differential equation that determines
the steady-state temperature distributi
' 1strib
in the plate. toution 700

) S.olv_e the foregoing equation for the temperature
distribution, and obtain an expression for the rate
of heat transfer from the plate to the heat sinks

For g = 20,000 W/m?, T, = 100°C, T, = 35°C
T, = 25°C, k=25 Wim-K, h =50 Wim? K,
L =100 mm, ¢ = 5 mm, and a plate width of W
=30 mm, plot the temperature distribution and
determine the sink heat rates, ,(0) and g (1), On
tl?e same graph, plot three additional temit)erature
dlStl:lbUthl’lS corresponding to changes in the fol-
lowing parameters, with the remaining parame-
ters unchgnged: (i} g7 = 30,000 W/m?, (i) & =
200 W/m* - K, and (iii) the value of ¢ for which
¢4{0) = 0 when 2 = 200 W/m*- K. ’

/3,103 A bonding operation utilizes a laser to provide a
constant h.eat flux, ¢, across the top surface of a
thin adhe_swe-backed, plastic film to be affixed to a
metal strip as shown in the sketch. The metal stri

has a thickness ¢ = 1.25 mm and its width is lar g
reIatlve' to that of the film. The thermoph sicil
properties of the strip are p = 7850 kg/m’, ¢ i 435
Jikeg-K, and &k = 60 W/m- K. The ther;n::l resis-
tance of the plastic film of width w, = 40 mm is
qegllgll?le. The upper and lower surfaces of the strip
E:)Iil;luc!mg thi plastic film) experience convection
i 2afr Kat%f C a}nd a convection coefficient of 10
sl n(; el strip and film are very long in the di-
e 1 rmal to the page. Assume the edges of the

p are at the air temperature (7).

Laser source, ¢
-—
“«—— T, h
|‘ﬁ|‘"’1—’i
- ]
!
Ly

d
-
A f

Wa

171

(a) Qeﬁv‘e an expression for the temperature dis-
trlbunon_ in the portion of the steel strip with
the plastic film (—w/2 < x = +w/2).

(b) If the2 heat ﬂu:i( provided by the laser is 10,000
Eﬁ;ﬂ . :let;:lrmme the temperature of the plastic

at the center (x =0) and it
a2 its edges
Plgt the temperature distribution for the entire

strip and point out its special features.

3.104 A thin metallic wire of thermal conductivity &, di-
amete‘r D, and length 2L is annealed by passin:I an
electrical current through the wire to induce aTmi-
form volumetric heat generation ¢, The ambient air
around the wire is at a temperature T, while the
ends of the wire at x = * L are also maintained at
T.. Heat transfer from the wire to the air is char-
actcnzeFI by the convection coefficient /. Obtain an
expression for the steady-state temperature distrib-
ution 7(x) along the wire. 1

‘

3.105 A motor draws electric power P, from a suppl
line and delivers mechanical po;ver P fcf} i
pump t}}n?ugh a rotating copper shaft o? ctcﬁermal
conduc.tlvuy k., length-L, and diameter D. The
motor is mounted on a square pad of wid;h W,
thickness r, and thermal conductivity k,. The sur-,
face of the housing exposed to ambielft air at T,
is of area Ay, and the corresponding convectio;
coefficient is &, Opposite ends of the shaft are at
temperatures of T, and T, and heat transfer from
the shaf.t to the ambient air is characterized by the
convection coefficient 4. The base of the pad is

at T,.
- —_—
Teor hh —_—
- Motor housing, T}, A,
—_—
T R S, T.,,. hj —_—
Electric , T,
Pelec [ Pump
L
Pad, &
? —Shaft, &, P o

(a) Expressing your result in terms of P Prech
- L,. D, W, t, k,, Ay, hy, and h,, obtain an ex-
pression for (T, — T..).

(b) What is the value of 7} if P,. =25

Ppus = 15 KW, k, = 400 W/m - K, L = 0.5
D=005m W=07 m, t=005 m, k=
05Wm- K, A4, =2 m? h,=10 Win? - K

hy = 300 Wim? - K, and T,, = 25°C?

kw,
m



{5 s

172 Chapter 3 = One-Dimensional, Steady-State Conduction

3.106 Steel pipes used to transport pressurized water are
bolted together by flanges of thickness { = 15 mm.
The inner and outer diameters of the pipes are
D;= 120 mm and D, = 150 mm, respectively, and
the outer diameter of the flanges is Dy = 250 mm.

Air
 Tuah

Pressurized
water

Flange

.Under normal operating conditions, the inner sur-
face of the pipe is at a temperature of T, = 300°C,
while the ambient air is at T,, = 20°C. If the con-
vection coefficient at the flange surfaces ish=10
W/m?- K, what is the heat loss through the
flanges? The thermal conductivity of the pipe and
flange is k = 40 W/im- K.

3.107 The thermocouple (TC) instailation on a snow-
mobile engine cylinder head is shown in the
schematic. The TC wire leads are attached to the
upper and lower surfaces of the cylindrically T
shaped solder bead. The base of the bead is at-
tached to the cylinder head operating at 385°C, and
there is a thermal resistance between the bead
and the cylinder head due to the constriction of
heat flow from the head to the bead. This constric-
tion resistance may be cxpressed as R =
U(2kieaq Dior)- The TC wire leads are very long and
experience heat loss to the winter air at —10°C
with a convection coefficient of 100 Wi - K.
Values of other geometrical and thermal param-
eters are shown on the schematic.

. Winter air conditions, .
(T, =—10°C, h = 100 Wm*K".
’ : S - Solder bead,

D, =6mm . h s :

Very long TC wires, | o = 10 WK key features of the distribution and compare it
D,=3mm | to your sketch of part (a). .
ky = 70 WK T2 T 3.109 A long rod passes through the opening in an oven :
Ley=10mm having an air temperature of 400°C and is pressed 4
T firmly onto the surface of a billet. Thermocouples §

Cylinder head,
Thead = 385°C
Kppoad = 40 W/meK

3.108

The objective of this problem is to develop a ther-
mal model that can be used to determine the
temperature difference (T, — T») between the two
intermediate-metal TC junctions. Assume that the
solder bead does not experience any heat loss from
its lateral surface.

(a) Sketch a thermal circuit of the installation,
labeling temperatures, thermal resistances,
and heat rates. Write expressions for cach of
the thermal resistances and calculate their
values.

(b) Use your thermal circuit to evaluate (T7,—T3)
for the prescribed conditions. Comment on the
assumptions made in building your model.

Consider a rod of diameter D, thermal conductvity
k, and length 2L that is perfectly insulated over
one portion of its length, ~-L=x= 0, and experi-
ences convection with a fluid (T., h) over the
other portion, 0 = x = +L. One end is maintained
at 7,, while the other is separated from a heat
sink at 7, by an interfacial thermal contact
resistance Ry

CfL=20C
. k=500 WIM™K

Insulation

(a) Sketch the temperature distribution on T--x
coordinates and identify its key features. As-
sume that T, > T3 > T

(b) Derive an expression for the midpoint temper-
ature T, in terms of the thermal and geometric
parameters of the system.

(¢) For T, = 200°C, T5 = 100°C, and the condi-
tions provided in the schematic, calculate T3
and plot the temperature distribution. Describe

imbedded in the rod at locations 75 and 120 mm -3

from the billet register temperatures of 325 and

375°C, respectively. What is the temperature of the

billet?

m Problems

Rod
7 < Qven
wall
| A, 400°C
Thermocouples ’
>

7 1
L 0. iBillet
Ml

3.110 A probe of overall length L = 200 mm and diam-
eter D = 12.5 mm is inserted through a duct wall
:such th?lt a portion of its length, referred to as the
immersion length L; is in contact with the water
stream whose temperature, 7., is to be determined.
The .convection coefficients over the immersion and
ambient-exposed lengths are &, = 1100 W/m*- K
and h, = 10 W/m? - K, respectively. The probe has
a thermal conductivity of 177- W/m+K and is in
poor thermal contact with the duct wall,

. Amblentair = | |Duct wall
Tmlo, by
5
T

Senser, T}

P |

[ ] T

L

(a) Derive an expression for evalvating the mea-
surement exror, AT,, = Ty, — T, which is the
difference between the tip teniperature, Ty
and t}?e water temperature, 7..,. Hint: Deﬁneu];
coordinate system with the oi‘igin at the duct
'wall and treaf the probe as two fins extending
inward and outward from the duct, but having
the same base temperature. Use case A results
from Table 3.4.

With the water and ambient air temperatures at
80 and 20°C, respectively, calculate the mea-
s_urcmlent error, AT,., as a function of immer-
sion length for the conditions L/L = (.22
0.425, and 0.625. / =

: Comput_c :':md plot the effects of probe thermal
conductivity and water velocity (i) on the
meagurement error.

1 dA rod of diameter D = 25 mm and thermal con-
ucttvity k = 60 W/m « K protrudes normally from
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T

a fqrnace wall that is at T\, = 200°C and is covered
!)y insulation of thickness L;,, = 200 mm. The rod
is welded to the furnace wall and is used as a hanger
for suPporting instrumentation cables. To avoeid
fiamagmg the cables, the temperature of the rod at
its exppsed surface, T,, must be maintained below
a specified operating limit of 7, = 100°C. The
amb.ient air temperature is T,, = 25°C, and the con-
vection coefficient is £ = 15 W/m® - K.

Air
T h
Hot furnace — N b
wall > _4_
Lo L, |

(a) Derive an expression for the exposed surface
temperature T, as a function of the prescribed
thermal and geometrical parameters. The rod has
an'exposéd length I;, and its tip is well insulated.

Will a rod with L, = 200 mm meet the speci- '
fied operating limit? If not, what design para-
meters would you change? Consider another
lpaterial, increasing the thickness of the insula-
tion, and increasing the rod length. Also, con-
sider how you might attach the base of the rod
to the furnace wall as a means to reduce T,

3.112 A metal rod of length 27, diameter D, and thermal
conductivity & is inserted into a perfectly insulating
wall, exposing one-half of its length to an ai?
stream that is of temperature T, and provides a
convection coefficient % at the surface of the rod.
An electromagnetic field induces volumetric en-
ergy generation at a uniform rate ¢ within the em-
bedded portion of the rod.

T, =20C
_h=100 WK

SR Dk 5o mm

y '_.-,___._.H______I_ D=5mm
- f_c=25me-K
4= 1% 105 Wim*

(a) Derive an expression for the steady-state tem-
perature T, at the base of the exposed half of
the rod. The exposed region may be approxi-
mated as a very long fin.
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T4 Chapter 3 = One-Dimensional, Steady-Stale Conduction
) equation from which the tempera- The blades, which are fabricated from Inconel, 3.118 Consider an e?(tended surfaf:e of rectangular
{b) Derive an expression for the steady-state tem- (a) ?T’:\:jeissr?bugon on from S sy be deter éhm IflOdW/m 'ﬁI](, lﬁave ; le{]fgth  fom In .mmi goss o Ry g—
oo enpetisa et o . inent assumptions. e blade profile has a uniform cross-sectiona irection.
perature T, 2t he &7 mined. List all pertinen

area of A, =6 X 107" m’ and a perimeter of
P =110 mm. A proposed blade-cooling scheme,
which involves routing air through the supporting &
disc, is able to maintain the base of each blade at a §

the rod. -
i i ided in the

¢) Using numerical values provided in
© schematic, plot the temperature chsmbutlgn
in the rod and describe key features of the dis-

(b) Determine the temperature distrib.ution in a
wire lead, expressing your results in terms of
the prescribed variables.

. . ice of thickness Ly, di- temperature of T, = 300°C.
tbut d behave as & very long fin? . A disk-shaped electronic device of s L _ '
tribution. Does the 10 ] PR 3115 ameter D,pand thermal conductivity k4 d1551p?tf:s ] @ .If e i anowame T l i
3.113 A very long rod _Of i 25d‘:§:fnn?t.e %a-:; s:bjected electrical power at a steady rate P, along one of 115 : e imun lowablo blade (emperatre L
thermal conductivity k& = |

o ed base at 3 i ic. i i
The center, 30-mm- surfaces. The device 18 bond.ed to a cool . | be‘adlabanc, is the proposed cooling scheme
to a heat treafment process. t? ind tion heat T, using a thermal pad of thickness L, a0 d th | satisfactory? In this problem we seek to determine conditions
- ithi uc - . i T- . . .
long portion of .the rod WI}?;I—;I evcl)lllurl"letl’ic heat conductivity k,. A 19“‘5 ﬁl:l %f dlﬁc;era?gzﬁemt;g ‘ (b) For the proposed cooling scheme, what is the for which the transverse {y-direction) temperature
ing coil experiences unt mal conductivity k;is bonded to the heal~

’ rate at which heat is transferred from each s .. .
generation of 7.5 X 105 Wim®, surface of the device using an identical thermal pad. blade 1o the coolant? gradient is negligible compared to the longitudinal

i led by an air stream, which is at a tem- : {x-direction) gradient, such that the one-dimen-
) T, The fin is cooled by h ient b . . ‘e . . . . . .
Induction heating ceil d provides a convection cocfficient h. 3.117 In a test to determine the friction coefficient, p, as- sional analysis of Section 3.6.1 is valid.
Ty ll:_ perature T, and pr . . . . .
= :| _ sociated with a disc brake, one disc and its shaft A that th distri
! _ i o150 Device: are rotated at a constant angular velocity w, while @) b Stsigm? 2 be]_transc\l/er?athtenflpcrature tstrl-
Region experiencing &~ o 30 mm —! Very long rod, 5-mm dia. L Bt WimK L= an equivalent disc/shaft assembly is stationary. HHon 15 parabolic and of the lorm
. trude Lp—-*']""rrlv ting surface, P, = 15W, T, Pdd 3 Each disc has an outer radius of r, = 180 mm, () — T,(%) y\2
The unheated portions of the rod, which prot - Heat generating S T - 15my a shaft radius of r, =20 mm, a thickness of Tm 7.0 ; ot (;
from the heating coil on e1th'er 51§e,f);%§ge:n 4 T2 E o k, = 50 Win-} t=12 mm, and a thermal conductivity of k = 15 s olX
convection vgith the ambmnl'fl atlrthii:re Gigs-no COnvee- ERRE S Fini:!)—Gmm E : W/m-K. A known 'force. F is applied to tI}e sys- where T,(x) is the surface temperature and
= 10 W/m? - K. Assume tha in the ol ice, Long fin, D, & kj:ZSUW" tem, and the ?OITEESPDI]dlIlg torque T l:EqUII'Cd to To(x) is the centerline temperature at any x-lo-
tion from the surface of the rod withi ‘ Therma! pads, 3 maintain rotation is measured. The dlsg contact cation. Using Fourier’s law, write an expres-
(a) Calculate the stcady-state temperature T, of the E pressure may be assumed to be uniform (i.e., inde- sion for the conduction heat flux at the surface,
rod at the midpoint of the heated portion in the (a) Construct a thermal circuit of the system. E : pendent of location on the interface), and the discs gy(»), in terms of T, and 7,,.
coil (b) Derive an expression for the temperature Tyof 3 e may be assumed to be well insulated from the sur- (b) Write an expression for the convection heat
: . ice i ! roundings. . .
(b) Calculate the temperature of the rod T, at the the heat-generating surface of‘ the device lg & flux at the surface for the x-location. Equating
edge of the heated portion. terms of the circuit thermal resistances, T, an the two expressions for the heat flux by
: i - the thermal resistances in terms of conducti d tion, identify th -
Problem 1.71, consider the wire leads con T... Bxpress the nduction and convection, identify the para
i Ezz?;ng the ansistor to the circuit board. The leads appropriate parameters. N i - 4 % ™ meter that determines the ratio (T, — T,/
are of thermal conductivity &, thickness £, wuﬁh W, (¢c) Calculate T, for the prescribed conditions. 3 B ;/Tx (T — Ta)

i intained at a . ‘o ] ! i i ' ite-
and tength L. One end of a lead 11:’ r[tm:;nsistor case, 3.116 Turbine blades mounted to a rotatifg disc inagas 4 o & _*_ (©) Efomf the fog‘;fé‘;’l{ﬂg analysis, develop a crite
temperature 7, corresponding Lo the ir ature T, . turbine engine are exposed to a gas stream that 18 F.—-»-_&-_)_-_ _— rion for establishing the validity of the one-di-
while the other end L;J.SS.LImESt tl(liz ) ::;Ttlgz perationb at T, = 1200°C and maintains a convection coeffi- ] . ” 7 — m(znshcnllal Ifif:3surnpt1on used to model an

. H d. During steady- 1 . @ 2., c. ) o e exiendeqa surrace.
of the circuit bow h tl;ge leads provides for cient of & = 250 W/m® - K over the blad : 7—— Disk interface,
current flow thl:oufs’ (e \ &. while 5 % - friction coefficiant, g
uniform volumetric heating in the amount ¢, d Blade tip E : B Simple Fins
there is convection cooling to air that 1s al 1, an -

| | 3119 A long, circular aluminum rod is attached at one
maintains a convection coefficient f. .

end to a heated wall and transfers heat by convec-

(a) Obtain an expression that may be used to eval- tion to a cold fluid.

uate u from known quantities.

. Transistor b E K . i (a) If the diameter of the rod is tripled, by how
Air —_— caselT,) ®) or the region r, = N S T2 determine Fhe’ fa much would the rate of heat removal change?
Tk N Wire dial temperature distribution, 7(r), in the . ) .

—_ gl ) disc, where T(r,) = T, is presumed to be {b) If a copper rod of Ehf: same diameter is used in
known. . place of the aluminum, by how much would

o cireui . . . )

gg;rudTT,,) (c) Consider test conditions for which £ = 200 N, the rate of heat removal change?
@ =40 rad/s, 7=8 N-m, and T, = 80°C. 3.120 A brass rod 100 mm long and 5 mm in diameter
4 I . Evaluate the friction coefficient and the maxi- extends horizontally from a casting at 200°C, The
G?p __________ b * Air confant mum disc temperature. rod is in an air environment with T, = 20°C and
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= 30 W/m?+ K. What is the temperature of the
rod 25, 50, and 100 mm from the casting?

3.121 The extent to which the tip condition affects the
thermal performance of a fin depends on the fin
geometry and thermal conductivity, as well as
the convection coefficient. Consider an alloyed
aluminum (k= 180 W/m - K) rectangular fin of
length L= 10 mm, thickness = | mim, and

width w = . The base temperature of the fin Is 3125 Circular copper rods of diameter D

Chapter 3 = One-Dimensional, Steady-State Conduction

compare- the fin heat rate, efficiency, and volume
for rectangular, triangular, and parabolic profiles.

3,124 Two long copper rods of diameter D = 10 mm are
soldered together end to end, with solder having a
melting point of 650°C. The rods are in air at 25°C
with a convection coefficient of 10 Wim? - K. What
is the minimum power input needed to effect the

soldering?

=1 mm and

T, = 100°C, and the fin is exposed to a fluid of Jength L = 25 mm are used to enhance heat trans-

temperature T = 25°C.

(2) Assuming a uniform convection coefficient of
= 100 W/m?- K over the entire fin surface,
determine the fin heat transfer rate per unit
width gf, efficiency 1y effectiveness &, ther-
mal resistance per unit width R, and the fip

- temperature T(L) for Cases A and B of Table
3.4. Contrast your results with those based on

an infinite fin approximation.

[ (b)| Explore  the cffect of varadons in the
convection coefficient on the heat rate for

10 < h < 1000 W/m’ - K. Also consider the
effect of such variations for a stainless steel
fin (k = 15 W/m- K).

3.122 The extent to which the tip condition affects the
thermal performance of a fin depends on the fin
geomefry and thermal conductivity, as well as the
convection coefficient. Consider an alloyed alu-
minum (k = 180 W/m - K) rectangular fin whose
base temperature is T, = 100°C. The fin is exposed
{0 a fluid of temperature T,, = 25°C, and a uniform
convection coefficient of A = 100 Wim? - K may
be assumed for the fin surface.

(a) For afin of length L = 10 mm, thickness t = 1
mm, and width w21, determine the fin heat
transfer rate per unit width g/, efficiency 7y, ef-
fectiveness &, thermal resistance per unit width

R} ;, and tip temperature T(L) for Cases A and  ;iimcts

B of Table 3.4. Contrast your results with those
based on an infinite fin approximation.

Explore the effect of variations in L on the heat
rate for 3 < L < 50 mm. Also consider the ef-
fect of such variations for a stainless steel fin

(k = 15 W/m-K).

3.123 A straight fin fabricated from 2024 aluminum alloy
(k = 185 W/m * K) has a base thickness of t=
3 mm and a length of L = 15 mm. Its base tem-
perature is T, = 100°C, and it is exposed to a fiuid
for which T, = 20°C and h =350 W/m? - K. For
the foregoing conditions and a fin of unit width,

_FLgﬂ L | S —Lg_4 .

for from a surface that is maintained at T, =
100°C. One end of the rod is attached to this sur-
face (at x = ), while the other end (x = 25 mmy) is
joined to a second surface, which is maintained at
T,, = 0°C. Air flowing between the surfaces (and
over the rods} is also at a temperature of T, = 0°C,
and a convection coefficient of # = 100 Wim? - K
is maintained.

(a) What is the rate of heat transfer by convection

from a single copper rod to the air?

(bY What is the total rate of heat transfer from a

i-m by 1-m section of the surface at 100°C, if
a bundle of the rods is installed on 4-mn

centers?

3,126 Pin fins are widely used in electronic sysiems (o
provide cooling as well as to support devices. Con-
sider the pin fin of uniform diameter D, length L,
and thermal conductivity & connecting two identi-
cal devices of length L, and surface area A,. The
devices are characterized by a uniform volumetric
generation of thermal energy ¢ and a thermal con-
ductivity k,. Assume that the exposed surfaces of
the devices are at a uniform temperature CcOrTe-
sponding to that of the pin base, T, and that heat
is transferred by convection from the exposed sur-
faces to an adjoining fluid. The back and sides of
the devices are perfectly insulated.

Pin fin, D, k
T, [ T,

Tk

thoottt o

Derive an expression for the base temperature Ty in
terms of the device parameters (kg &> Le» Ap), the 3
convection parameters (Tw» #), and the fin param- §

eters (k, D, L).

Heat generZi8
device, by

n Problems

3127 Cpnsider two long, slender rods of the same
dlam'eter but different materials. One end of each
rod 01s attached to a base surface maintained at
100 .C, while the surface of the rods are exposed to
ambient air at 20°C. By traversing the length
of each rod with a thermocouple, it was obser\?ed
that‘ tlhe temperatures of the rods were equal at the
positions x, = 0.15 m and xg = 0.075 m, where x
is meaSI'Jred from the base surface. If th:a thermal
conductivity of rod A is known to be k, = 70
Wim - K, determine the value of kg for rod ?3.

3.128 Consider a slender rod of length L, which is ex-
posed to convection cooling (7., ) and has both
ends maintained at 7, > T.. For each of the three
ce.lses_described below, sketch the temperature dis-
Lnbunon- on T—x coordinates and identify features
Z; dth-: dlstril?uﬁolrll. Assume the end temperatures

convection he i
and conveetion at transfer coefficient are the

(a) The rod has a thermal conductivity k,.

(b) The rod has a thermal conductivity kg, where
kB < kA- ’

{c) The rod is a composite rod with k, for 0 = x
=l andkgfor L2 =x =1L,

3.129 An experimental arrangement for measijring the
thermal conductivity of solid materials involves the
use of two long rods that are equivalent in every
respect, except that one is fabricated from a stan-
dar'd material of known thermal conductivity %
while the other is fabricated from the materia?
whose thermal conductivity &y is desired. Both
rods are attached at one end to a heat SOL;I'CC of
fixed temperature T}, are exposed to a fluid of tem-
perature T, and are instrumented with thermocon-
ples to measure the temperature at a fixed distance
X frqm the heat source. If the standard material is
aluminum, with k, = 200 W/m - K, and measure-

.ments reveal values of 7y = 75°C and Ty = 60°C
at x| for T, = 100°C and T, = 25°C, wﬁat is the
thermal conductivity ky of the test material?

: in Systems and Arrays

130 Finned passages are frequently formed between
E:\:allel plates to enhance convection heat transfer
1'Cor_npac‘:t peat exchanger cores. An important ap-

g n1;:at10n is in z?lectronic equipment cooling, where
heat-(érisﬁore' a1r-coolefi stacks are placed between
single Stapa;{tmg electrical components. Consider a
i ct of ‘rectangular' fins of length L and
sponding to,h\:rlltg Toc:)nvecnon conditions corre-

177

(a) Obtain expressions for the fin heat transfer

rates, ¢, and g;;, in terms of the base temper-
atures, T, and 77,

®) In_ a specific application, a stack that is 200 mm
wide and 100 mm deep contains 50 fins, each
of length L = 12 mim. The entire stack is’made
fr(_)m aluminum, which is everywhere 1.0 mm
lh.le. If temperature limitations associated
with electrical components joined to opposite
plates dictate maximum allowable plate tem-
peratures of T, = 400 K and 7, = 350 K, what
are the corresponding maximum power’dissi-
pations if & = 150 W/m?+K and 7. = 300 K?

3.131 TI‘he fin array of Problem 3.130 is commonly found
in compact heat exchangers, whose function is to
provide a large surface area per.unit volume in
tr.ansferrmg heat from one fluid to another. Con-
aner conditions for which the second ﬁuid-main-
tains equivalent temperatures at the parallel plates
Ta'= T,, thereby establishing symmetry about thé
midplane of the fin array. The heat exchanger is
1 m I_ong in the direction of the air flow andb Im
wide in a direction normal to both the air flow and
the fin su.rfaces. The length of the fin passages be-
tween adjoining parallel plates is . = § mma while
t}}e fin thermal conductivity and convection ’coefﬁ-
cient are k=200 W/m-K (aluminum) and
h = 150 W/m? - K, respectively,

(a) If the fin thickness and pitch are £ = | mm and
§ = 4 mm, respectively, what is the value of

tpe thermal resistance R,, for a one-half sec-
tion of the fin array?

Subjef:t to the constraints that the fin thickness
and p1tf:h may not be less than 0.5 and 3 mm,
respectively, assess the effect in
respect ct of changes in

3132 An isthermal silicon chip of width W = 20 mm
on _a side is soldered to an aluminum heat sink’
(k = 180 W/m - K) of equivalent width, The heat
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3.133 A 3 X 3 aray of po

Chapter 3 = One-Dimensionul, Stea

sink has a base thickness of L,=3mm ani elug
array of rectangular fins, egch of‘ lel}gth L= >
mm. Air flow at T = 20°C is maintained througd
channels formed by the fins and a cover plat_ea ar11<
for a convection coefficient of k= ?00 Wlm b,
4 minimum fin spacing of 1.8 mm is dlctateddy
limitations on the flow pressurc drop. The sol crf
joint has a thermal resistance 0
R, =2%107m'-K/W.

chip. T, 4,
Solder, Rf.

Heat sink, k

Cover plate

i imitations for which the array has

@ goimldlerﬁ:s, in which case val.ues of the fin
thickness ¢ = 0.182mm and pltgh S=1982
mm are obtained from the requirements that
Ww=(N-1S+tand § 1= 1.8 mm. If the

maximum  allowable  chip ternperature

T, = 85°C, what is the corres:.pondir'lg valu‘e. of
the chip power ¢.7 An adiabatic fin tip condition
may be assumed, and air flow along the outer
surfaces of the heat sink may be as.sumed to pro-
vide a convection coefficient equivalent to that
associated with air flow through the channels.

i 1.8 mm and 100
-b With (S — 1) and & fixed at
W/m?- K, respectively, explore the effect of

increasing the fin thickness by reducing

dy-State Conduction

rectangular fins, each of thickness ¢ = 3 mm. Coo%—
ing is provided by air flow through channc:) )
formed by the fins and a cover plate, as we'ﬂ as hy
air flow atong the two sides of the heat sink (the
outer surfaces of the outermost fins).

Transistor,
(Tp gy Nr)

Resistance,

() Consider conditions for which the fin 1epgt.h
is L;= 30 mm, the temperature of the‘alr is
T =27°C, and the convection coefficient 18
b = 100 W/m? - K. Tf the maximum allowable
transistor temperature is T, = 109"(;, vyhat is
the maximum allowable power dissipation, g,

per transistor? An adiabatic fin tip condition
may be assumed.

m Explore the effect of variations in the convec-
tion coefficient and fin length on the maximum

allowable transistor power.
3.134 As more and more COMPONENts are placed on a sin-

gle integrated circuit (chip), ttlle amount of heat
that is dissipated continues to increase. However,

this increase is limited by the max.imurp allowabl‘e
chip operating temperature, wh1c‘h is -appr.ox_lg
mately 75°C. To maximize heat d1531pat.10n, it 1;
proposed that a 4 X 4 array of copper pin ﬁnsf e
y joined to the outer surface of a

metallurgicall .
square chip that is 12.7 mm on a side.

the number of fins. With N=11 and § — ¢

fixed at 1.8 mm, but relaxation of the con-
straint on the pressure drop, explore the effect
of increasing the air flow, and hence the con-

vection coefficient.

an aluminum heat sin

wer transistors is attached to
k (k= 180 W/m* K} of width
W= 150mm on a side. The thermal cont'act
resistance between each transistor z.md the heat sink
is R,.= 0.045K/W. The heat sink has a _bast;
thickness of L, = 6 mm and an array of No=12

Sideview

Top view — Pinfins, D,

n Problems

(a) Sketch the equivalent thermal circuit for the
pin—chip-board assembly, assuming one-
dimensional, steady-state conditions and negli-
gible contact resistance between the pins and
the chip. In variable form, label appropriate re-
sistances, temperatures, and heat rates.

(b) For the conditions prescribed in Problem 3.27,
what is the maximum rate at which heat can be
dissipated in the chip when the pins are in
place? That is, what is the value of g, for
T. = 75°C? The pin diameter and length are D,
= 1.5 mm and L, = 15 mm.

3.135|In Problem 3.134, the prescribed value of A, =

1000 W/m? - K is large and characteristic of liquid
cooling. In practice it would be far more preferable
to use air cooling, for which a reasonable upper
limit to the convection coefficient would be k, =
250 Wim? - K. Assess the effect of changes in the
pin fin geometry on the chip heat rate if the re-
maining conditions of Problem 3.134, including a
maximum allowable chip temperature of 75°C, re-
main in effect. Parametric variations that may be
considered include the total number of pins, N, in
the square array, the pin diameter D,, and the pin
length Z,. However, the product N'°D, should not
exceed 9 mm to ensure adequate air flow passage
through the array. Recommend a design that en-
hances chip cooling.

3.136 As a means of enhancing heat transfer from high-
performance logic chips, it is common to attach a

Heat sink

Top View

-—

-« T k!
w1 ]

Square fins

/Heat sink
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heat sink to the chip surface in order to increase the
surface area avatlable for convection heat transfer.
Because of the ease with which it may be manu-
factured (by taking orthogonal sawcuts in a block
of material), an attractive option is to use a heat
sink consisting of an array of square fins of width
w on a side. The spacing between adjoining fins
would be determined by the width of the sawblade,
with the sum of this spacing and the fin width des-
ignated as the fin pitch S. The method by which the
heat sink is joined to the chip would determine the
interfacial contact resistance, Ry

Consider a chip of width W, = 16 mm and
conditions for which cooling is provided by a di-
electric liquid with T, = 25°C and h = 1500 W/m?
* K. The heat sink is fabricated from copper (k =
400 W/m - K), and its characteristic dimensions are
w=0.25mm, § = 0.50 mm, L; = 6 mm, and L, =
3 mm. The prescribed values of w and § represent
minima imposed by manufacturing constraints and
the need to maintain adequate flow in the passages
between fins. :

(a) If a metallurgical joint provides a contact re-
sistance of R, =5 X 107° m*- K/W and the
maximum allowable chip temperature is §85°C,
what is the maximum allowable chip power
dissipation g,? Assume all of the heat to be
transferred through the heat sink.

It may be possible to increase the heat dissipa-
tion by increasing w, subject to the constraint
that (S — w) = 0.25 mm, and/or increasing L
{subject to manufacturing constraints that L; =
10 mm). Assess the effect of such changes.

Because of the large number of devices in today’s
PC chips, finned heat sinks are often used to main-
tain the chip at an acceptable operating temperature.
Two fin designs are to be evaluated, both of which
have base (unfinned) area dimensions of 53 mm X
57 mm, The fins are of square cross section and fab-
ricated from an extruded aluminum alloy with a
thermal conductivity of 175 W/m - K. Cooling air
may be supplied at 25°C, and the maximum allow-
able chip temperature is 75°C. Other features of the
design and operating conditions are tabulated.

Fin Dimensions

Convection
Number of Coefficient
L (mm) Finsin Array (W/m?- K}

Cross Section  Length
Design  w X w (mm)

A 3xX3 30 6X9 125
Ix1 7 14 X 17 375
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ammx3mm T,=75C
cross section

54 pins, 9 x b array
{Dasign A

tube. Air at T, = 25°C passes over the spider sur-
face, and the convection coefficient is 20 Wi - K.
The outer surface of the tube is well insulated.

We wish to increase volumetric heating within
the rod, while not allowing its centerline tempera-
ture to exceed 100°C. Determine the impact of the
following changes, which may be effected indepen-
dently or concurrently: (i} increasing the air speed
and hence the convection coefficient; (i) changing
the number and/or thickness of the ribs; and (iii)
using an electrically nonconducting sleeve material
of larger thermal conductivity (e.g., amorphous car-
bon or quartz). Recommend a realistic configuration

u Problems

Asscss the effect of increasing the number of
fins N apd/or the fin thickness ¢ on the heat
rate, subject to the constraint that Nt << 50 mm.

3,141 Determine the percentage increase in heat transfer

associated with attaching aluminum fins of rectangu-
lar profile to a plane wall. The fins are 50 mm long

181

theen a fin and the tube is known to be 2 X 107*
m’ KfW If the tube wall is at 100°C and the ad-
joining fluid is at 25°C, with a convection coefficient
of ?’5 W/m? - K, what is the rate of heat transfer from
a single fin? What would be the rate of heat transfer
if the contact resistance could be eliminated?

0.5 mm thick, and are equally spaced at a distance of 3.147 Tt is proposed to air-cool the cylinders of a com-

4.mm (2§O fins/m). The convection coefficient asso-
c1ated_ with the bare wall is 40 W/m? - K, while that
resulting from attachment of the fins is 30 W/m?* - K.

3.142 Consider the use of straight, stainless steel {304)

fins of rectangular and triangular profiles on

bqstion chamber by joining an aluminum casing
with annular fins (¢ = 240 W/m - K) to the cylin-
der wall (k = 50 W/m * K).

Cylinder wall Aluminum casing

T; LT

. . . . : P : E a plane wall whose tem i o

Determine which fin arrangement is superior. In that yields a significant 1.ncre.ase in g. The adioining fuid is at 20° geratgrttah is 10_0 C.

your analysis, calculate the heat rate, efficiency, Spider with convection coefficient i ; ar; © associated L]

and effectiveness of a single fin, as well as the total 12 ribs }‘\ Tue | 6 mm thick c:]d Czlgnt Is 715 W/m* - K. Each fin is I! =2 mm
i i L r, i mm long. Compare the effi- _

heat rate and overall efficiency of the array. Since N ar}\‘_m ciency, the effectiveness, and the heat loss per unit TS zm

width associated with the two kinds of fins,

- real estate inside the computer enclosure is impor-
tant, compare the total heat rate per unit volume for  Insulating
the two designs. sleeve

3,143 Aluminum fins of triangular profile are attached to T T T
a plane wall whose surface temperature is 250°C. 1i=60 mm T
The fin base thickness is 2 mm, and its length is o

1
¥, = 66 mm —————|

o

3.138|One wall of an electrical enclosure is made i Dosec

from copper plate (k = 400 W/m-X), 160 mm X
160 mm wide and 5 mm thick. To enhance heat
transfer across the plate, 400 copper pin fins, each
of 4-mm diameter and 20-mn length, are integrally
machined on both sides of the plate in a square
pitch on 8-mm centers. Warm air in the enclosure
is at a temperature of 65°C, and natural circulation
provides an average convection coefficient of 3
Wim?- K on the inner surface of the plate. A
torced flow of ambient air at 20°C provides an av-
erage convection coefficient of 100 W/m? - K on
the outer surface of the plate.

(a) Estimate the rate of heat transfer across the
plate. Assuming the same convection coeffi-
cients without the fins, determine the amount of
heat transfer enhancement afforded by the pins.

(o) Itis recommended that manufacturing costs be
reduced by sitver soldering the pins to the plate,
rather than using an expensive Process such as
electric discharge machining 0 achieve a con-
tinuous plate/pin construction. Tf the correspond-
ing contact resistance is 5 X 107% m?- K/W,
what is the rate of heat transfer across the plate?

3.130| A long rod of 20-mm diameter and a thermal con-

ductivity of 1.5 W/m - K has a uniform internal vol-
umetric thermal energy generation of 10° Wim’. The
rod is covered with an electrically insulating sleeve
of 2-mm thickness and thermal conductivity of 0.5
W/m- K. A spider with 12 ribs and dimensions as
shown in the sketch has a thermal conductivity of
175 W/m - K, and is used to support the rod and to
maintain concentricity with an 80-mm djameter

e

ry =12 mm rp =17 mm
ry=40mm ¢=4mm
L=ry-ry=23mm

3.140 An air heater consists of a steel tube (k=

20 W/m - K), with inner and outer radii of r =
13 mm and , = 16 mm, respectively, and eight
integrally machined longitudinal fins, each of
thickness ¢ = 3 mm. The fins extend to a concen-
wric tube, which is of radius ry =40 mm and
insulated on its outer surface. Water at a tempera-
tare To; = 90°C flows through the inner tube,
while air at T, = 25°C flows through the annular
region formed by the larger concentric tube.

(a) Sketch the equivalent thermal circuit of the

heater and relate each thermal resistance t0 4P~

propriate system parameters.
(b) If h; = 5000 W/m® - K and h, = 200 Wim’* %
what is the heat rate per unit length?

6 rnmf 'zl“he system is in ambient air at a tempera-
ture of 20°C, and the surface convection coeffici

is 40 W/m®- K. e
(a) What are the fin efficiency and effectiveness?

(b) What is the heat dissipated per unit width by a
single fin?

3144 An annular aluminum fin of rectangular profile is

attached to a circular tube having an ouiside diam-
eter of 25 mm and a surface temperature of 250°C
The fin is 1 mm thick and 10 mm long, and thf;
temperature and the convection coefficient associ-
ated with the adjoining fluid are 25°C and
25 Wim? - K, respectively.

(a) What is the heat loss per fin?

(b} If 200 such fins are spaced at 5-mm increments

along the tube length, what is the heat loss per
meter of tube length?

145 Annular aluminum fins of rectangular profile are at-

tached to a circular tube having an outside diameter of
50 mm and an outer surface temperature of 200°C.
"I'hle fins are 4 mm thick and 15 mm long. The system
Is m ambijent air at a temperature of 20°C, and the
surface convection cocfficient is 40 W/m? - K.

(a) What are the fin efficiency and effectiveness?

(b} If there are 125 such fins per meter of tube

length, what is the rate of hea i
. t transfer
length of twbe? pernt

46 Annular aluminum fins that are 2 mm thick and

Ilr?mm long are installed on an aluminum tube of 30-
diameter. The thermal contact resistance be-

|<-7r2=70mm

’ro=95 mm

1

Thf: air is at 320 K and the corresponding convec-
tion coefficient is 100 W/m® + K. Although heating
at the inner surface is periodic, it is reasonable to
assume steady-state conditions with a time-aver-
aged heat flux of ¢f= 10° Wim?. Assuming negli-
glb!e contact resistance between the wall and the
casing, determine the wall inner temperature 7}, the
interface temperature T, and the fin base tem;lJera-
ture 7). Determine these temperatures if the inter-
face contact resistance is R}, = 107 m* - K/W,

3.148 |Consider the air-cooled combustion cylinder of Prob-

Iem 3.147, but instead of imposing a uniform heat
ﬂm.; at the inner surface, consider conditions for
v'vhlch the time-averaged temperature of the combus-
tion gases is T,= 1100 K and the corresponding
convection coefficient is 4, = 150 Wi K. AIDI
other conditions, including the cylinder/casing con-
tact resistance, remain the same. Determine the heat
rate per unit length of cylinder (W/m), as well as the
cylinder inner temperature 7T, the interface tempera-
ture§ T,;and T, ,, and the fin base temperature T,
Subject to the constraint that the fin gap is fixed at
8 = 2 mm, assess the effect of increasing the fin thick-
ness at the expense of reducing the number of fins.

3,149 |In Example 3,10, we considered a heat sink design

and operating conditions that maintained a transis-
tor case temperature of 80°C, while 1.63 W were
dissipated by the transistor. Identify all of the mea-
sures that could be taken to improve design and/or
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(a) Assuming uniform volumetric heat generation
within the tube wall, obtain expressions for the
heat rate per unit tube length (W/m) at the
inner () and outer (¥,) surfaces of the wall.
Express your results in terms of the tube inner
and outer surface temperatures, T, and T,
and other pertinent parameters.

Obtain expressions that could be used to deter-
mine T;; and T, in terms of parameters asso-
ciated with the water- and air-side conditions.

operating conditions, such that heat dissipation may
be increased while still maintaining a case temper-
ature of 80°C. In words, assess the relative merits
of each measure. Choose what you believe to be the
three most promising measures, and numerically as-
sess the effect of corresponding changes in design
and/or operating conditions on thermal performance.

CHAPTER 4

3,150 Water is heated by submerging 50-mm diameter, (b)
thin-walled copper mbes in a tank and passing hot
combustion gases (T, = 750 K) through the tubes.
To enhance heat transfer to the water, four straight Consider conditions for which the water and air
fins of uniform cross section, which form a cross, are at T, = Top = 300 K, with corresponding
are inserted in each tube. The fins are 5 mm thick convection coefficients of k;= 2000 Wim?-K

and are also made of copper (k = 400 W/m - K. and h, = 100 W/m® - K. Heat is uniformly dissi-
pated in a stainless steel tabe (k, = 15 Wim- K},

having inner and outer radii of ;=25 mm and
r, = 30 mm, and aluminum fins (f = § = 2 mm,
r,= 55 mm) are attached to the outer surface,
with R, = 107" m®-K/W. Determine the heat
rates and temperatures at the inner and outer sur-
faces as a function of the rate of volumetric heat-
ing g. The upper limit (0 g will be determined by
the constraints that T,; not exceed the boiling
point of water (100°C) and T, not exceed the
decomposition temperature of the adhesive
(250°C). .

Two-Dimensional,
Steady-State
Conduction

If the tube surface temperature is T7,= 350 K and
the gas-side convection coefficient is /1, = 30

Wim? * K, what is the rate of heat transfer to the Gas flow
water per meter of pipe length?

3.151 | Consider the conditions of Problem 3.150, but now
allow for a tube wall thickness of 5 mm (inner and

outer diameters of 30 and 60 mm), a fin-to-tube
thermal contact resistance of 107 m?®« K/W, and
the fact that it is the water temperature, T, =350
K. rather than the wmbe surface temperature, that is
known. The water-side convection coefficient is
h,, = 2000 W/m® - K. Determine the rate of heat
transfer per unit tube length (W/m) to the water.
What would be the separate effect of each of the
following design changes on the heat rate: (i) elim-
ination of the contact resistance; (i) increasing the
number of fins from four to eight; and (1if) chang-
ing the tube wall and fin material from copper 10
AIST 304 stainless steel (k = 20 Wim - K)?

3.152 A scheme for concurrently heating separate water
and air streams involves passing them through and
over an array of tubes, respectively, while the tube i T T PRSI ¥
wall is heated electrically. To enhance gas-side heat et

transfer, annular fins of rectangular profile are at- [ T T 3
T U O

tached to the outer tube surface. Attachment is fa-

cilitated with a dielectric adhesive that electrically

isolates the fins from the current-carrying tube wall. Adhesive, R} . E
b
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alloy of larger thermal conductivity and/or increasing coolant flow through
the channel, thereby increasing &;. Using the finite-difference solution with
Ax = Ay = 1 mm, the following results are obtained for parametric varia-

tions of k and A;:

k (W/m - K) By (Whn? - K) T, (K) g’ (Wim) ]
25 200 1526.0 3540.6
50 200 15234
25 1000 11545 11,095.5
50 1000 1138.9 11,3207

Why do increases in k and k; reduce temperature in the blade? Why is the

effect of the change in /; more significant than that of k?

3. Note that, because the exterior surface of the blade is at an exiremely high
temperature, radiation losses (o its surroundings may be significant. In the fi-
nite-difference analysis, such effects could be considered by linearizing the
radiation rate equation (see Equations 1.8 and 1.9) and treating radiation in
the same manner as convection. However, because {he radiation coefficient
h, depends on the surface temperature, an iterative finite-difference solution
would be necessary to ensure that the resulting surface temperatures corre-
spond to the temperatures at which £, is cvaluated at each nodal point.

4. The IHT solver can be used to solve the system of 19 finite-difference equa-
tions for the nodal temperatures. The equations may be formulated by access-
ing the equation-builder in the Finite-Difference Equations, 2-D, Steady-
State section of the Tools menl. The menu provides schematics of the control
volumes (interior nodes, cormer nodes, etc.), and boxes are provided to enter
identifiers or subscripts for the temperatures and other parameters.

5. This example is provided as a solved model in FEHT and may be accessed
through Examples on the Toolbar. The input screen summarizes pre- and
post-processing Steps, as well as the results for different nodal spacings of
1 and 0.125 mm. As an exercise, press Run to compute the nodal tempera-
tures, and in the View menu, select Temperatire Contours to represent the
temperature field in the form of isotherms. For a tutorial on how to develop
a model in FEHT, refer to the booklet, Software Tools and User’s Guides,

which accompanies the IHT and FEHT software.

3563.3

4.6
Swmmary e

The primary objective of this chapter was (o develop an appreciation for the
nature of a two-dimensional conduction problem and thie methods that are avail”
able for its solution. When confronted with a two-dimensional problem, one
should first determine whether an exact solution is known. This may be done by
examining some of the excellent references in which exact solutions 10 the heat

equation are obtained [1-5]. One may also want to determine whether t_he ghape

n Problems
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factor i L

such thztkgl(;":';;g%rft:‘zsysm? of interest [6-9]. However, often, conditions are

necessary (o use a iinit ag?ffacwr or an exact solution s nol possible, and it is

preciate the inherent n (:,_ ifference or ﬁn‘lte-element solution. You should ap-

rulate and sol ature of- the discretization process and know how to for-
solve the finite-difference equations for the discrete points 01(’) I‘.a

.

gE:IIIE tIl:Ellly‘

g y

conduction in a two-di i
-dimensional system? How is thi
. ‘ ] W
conduction In 2 tho-dime is this parameter rclated to

o W i
Cu?;é 150;epres§nted by the temperature of a nodal point, and how does the
v of a nodal temperature depend on prescription of the nodal nerwork"ac—
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Exact Solutions i
point (1, 0.5) by considering the first five nonzero

terms of the infinite series that must be evaluated
Assess the error resulting from using only the ﬁrsi
three Ferms of the infinite series. P]gt the temper:

ture distributions 7(x, 0.5) and 7(1.0, y) e

4,

4.1 i?z;hioinf‘ihozi- of sgparation of variables (Section

- Separatigl-l 1men310na12, 'steady-state conduction,
| constant A* in Equations 4.6 and 4.7

must be a positive constant. Show that a negative or

zero value of A% will result in solutions that cannot

satisfy the prescribed boundary conditions g =1
' ' ) = 150°C
;’:;::?i-gl;rjnle)nsmnal rectan‘g.ular plate is subjected to 1 -
e oibe sol?:iillia? COlildltlonS. Usipg the results of Ty =50°C
Section 4.2 (:alc:uIZtret tflehetat e o o i ° i
; emperature at the mid- o L rm
Ty = 50°C
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. . from a material with a T, Tz ‘ o o
i i .7 A supporting strut fabricated I
. -dimensional rectangular plate of 4 ut ‘ al with @ | J |

y Consider the two fllu thermal conductivity of thermal conductivity of 75 W/m K hi;{ t tem- : . -

Problem 4.2 having a . ion shown. The end faces are at differen ; . |, | . :‘: 2

50 W/m - K. Beginning with the exact solution for section , . V

. o g=1

peratures T = 100°C and T, = 0°C, while the re-

4 - + T +
maining sides are insulated. E ) 40 mm @ 7 @— v o i "
- L L T—

the temperature distribution, d.eriv? an expression
for the heat transfer rate per unit thickness frorE the
plate along the lower surface ('0 =x=2y=0.
Evaluate the heat rate considering the first five non-
sero terms of the infinite series.

D PN SR AN \‘;.',:‘,v—,g"'j.“:‘.--,n,‘{;.-:‘_‘-:; T. T
< subi l 0.1m F— 120 mm —i o : ,
4 A two-dimensional rectangular platfa is subjected' to s N @ )
the boundary conditions shown. ]Z.)cn.ve an expr‘essmn 0.2 m;% o .
for the steady-state temperature distribution T(x, ¥)- 2 4.10 A long support column of trapezoidal cross section is Us'e the flux plot method to estimate the heat rate per
4 well insulated on its sides, and temperatures of 100 unit length normal to the page if the thermal conduc-
¥ ' —T, : and 0°C are maintained at its top and bottom sur- tivity is 50 W/m - K.
T T=Ax Lo.l me] 2 faces, respectively. The column is fabricated from
b o0 P AISI 1010 steel, and its widths at the top and bottom
T=0 r=9 (a) Estimate the temperature at the location £ surfaces are 0.3 and 0.6 m, respectively. Shape Factors
: hod, estimate the shape ) ) . .
— ] —x )] giltr;% ;E(ei gltxhlcjgt}ttr?:stfer e through the strut w03 m 4.13 Using the thermal resistance relations developed in

Chapter 3, determine shape factor expressions for

per unit length. the following geometries:

(¢) Sketch the 25, 50, and 75°C isotherms.

(d) Consider the same geometry, but nowowith the
0.1-m wide surfaces insulated, the 45 surfa_lce
maintained at T, = 100°C, and the 0.2-m wide

L_F

(a) Plane wall, cylindrical shell, and spherical shell.

(b Isothermal sphere of diameter D buried in an in-
finite medium.

]

Flux Plotting

4,5 A long furnace, constructed from refractory brick

ivi . the
i ermal conductivity of 1.2 W/m - K, has at 4| T e X fAux
‘;‘f;sastehction shown with inner and outer surface surfaces maintained at T, = 0 C. Using the

sratures of 600 and 60°C, respectively. Deter- plot method, estimate the COH?Sliondtl;gsiZE;
':’31"]:12 the shape factor and the heat transfer rate per factor and the heat I‘.::lte per unit length.
unit length using the flux plot method. the 25, 50, and 75°C isotherms.

(a) Using the flux plot method, determine the heat  4.14 Radioactive wastes are temporarily stored in a spher-

transfer rate per unit length of the column. ical container, the center of which is buried a dis-
tance of 10 m below the earth’s surface. The outside
diameter of the container is 2 m, and 500 W of heat
are released as a result of the radioactive decay
process. If the soil surface temperature is 20°C, what
is the outside surface temperature of the container
under steady-state conditions? On a sketch of the

(b) If the trapezoidal column is replaced by a bar of
rectangular cross section 0.3 m wide and the
same material, what height H must the bar be to

48 A hot liquid flows along a V-groove in a solid whose provide an equivalent thermal resistance?

top and side surfaces are well insulated and whose 4
bottom surface is in contact with a coolant. ] i1

Hollow prismatic bars fabricated from plain carbon

L

ipe i ically as shown in a
4.6 A hot pipe is embedded ecc;eptnca !
material of thermal conductivity 0.5 W/m - K. Using
the flux plot method, determine the shape factor and

the heat transfer per unit length when the pipe zgnd
outer surface temperaturcs arc 150 and 35°C,

respectively.

20 mm o

4.9

f-Wi4

EER AN AT

?—i ¢
I

W™

Accordingly, the V-groove surface is at a tempe?-
ture Ty, which exceeds that of the bottom surche, hz.
Construct an appropriate flux plot and determine the
shape factor of the system.

A very long conduit of inner circular cross section
and a thermal conductivity of 1 W/m - K passes ii
hot fluid, which maintains the inner surface a.t T, =
50°C. The outer surfaces of square cross section are;
insulated or maintained at a uniforrp tefnperqtute ge
T, = 20°C, depending on the application. Find ¢
shape factor and the heat rate for each case.

steel are 1 m long with top and bottom surfaces, as
well as both ends, well insulated. For each bar, find
the shape factor and the heat rate per unit length of
the bar when T, = 500 K and T, = 300 K.

f—100 mm~——+ ~ [+—100 mm —|
T; T2 To, 35 — T
I‘-mm‘bl
1
100 rmm — 71— 35
. mm
L | 3

2 The two-dimensional, square shapes, 1 m to a side,

are maintained at uniform temperatures, T; = 100°C
and T, = (°C, on portions of their boundaries and
are well insulated elsewhere.

soil-container system drawn to scale, show represen-
tative isotherms and heat flow lines in the soil.

A pipeline, used for the transport of crude oil, is
buried in the earth such that its centerline is a dis-
tance of 1.5 m below the surface. The pipe has an
outer diameter of 0.5 m and is insulated with a layer
of cellular glass 100 mm thick. What is the heat loss
per unit length of pipe under conditions for which
heated oil at 120°C flows through the pipe and the
surface of the earth is at a temperature of 0°C?

A long power transmission cable is buried at a depth
(ground to cable centerline distance) of 2 m. The
cable is encased in a thin-walled pipe of 0.1-m diam-
eter, and to render the cable superconducting (essen-
tially zero power dissipation), the space between the
cable and pipe is filled with liquid nitrogen at 77 K.
If the pipe is covered with a superinsulator (k;, =
0.005 W/m - K) of 0.05-m thickness and the surface
of the earth (k, = 1.2 W/m - K) is at 300 K, what is
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the cooling load in W/m that must be maintained by
a cryogenic refrigerator per unit pipe length?

4.17 An clectrical heater 100 mm long and 5 mm in di-
ameter is inseried into a hole drilled normal to the
surlace of a large block of material having a thermal
conductivity of 5 W/m - K. Estimate the temperature
reached by the heater when dissipating 50 W with
the surface of the block at a temperature
of 25°C.

4.18 Two parallel pipelines spaced 0.5 m apart aré buried
in soil having a thermal conductivity of 0.5 W/m - K.
The pipes have outer diameters of 100 and 75 mm
with surface temperatures of 175 and 5°C, respec-
tively. Estimate the heat transfer rate per unit length
between the two pipelines.

4.19 A tube of diameter 50 mm having a surface tenmpera-
~tare of 85°C is embedded in the center plane of a
concrete slab 0.1 m thick with upper and lower sur-
faces at 20°C.
(a) Using the appropriate tabulated relation for this
configuration, find the shape factor. Determine
the heat iransfer rate per unit lengh of the tube.

(b) Using the flux plot method, estimate the shape
factor and compare with the result of part (a).

4.20 Pressurized steam at 450 K flows through a long,
thin-walled pipe of 0.5-m diameter. The pipe is en-
closed in a concrete casing that is of square cross
section and 1.5 m on a side. The axis of the pipe is
centered in the casing, and the outer surfaces of the
casing are maintained at 300 K. What is the heat loss
per unit length of pipe?

4.21 Hot water at 85°C flows through a thin-walled cop-
per tube of 30 mm diameter. The tube is enclosed by
an eccentric cylindrical shell that is maintained at
35°C and has a diameter of 120 mm. The eccentric-
ity, defined as the separation between the centers of
the tube and shell, is 20 mm. The space between the
tube and shell is filled with an insulating material
having a thermal conductivity of 0.05 W/m - K. Cal-
culate the heat loss per unit length of the tube and
compare the result with the heat loss for a concentric
arrangement.

422 A fumnace of cubical shape, with external dimen-
sions of 0.35m, is constructed from a refractory
brick (fireclay). If the wall thickness is 50 mm, the
inner surface temperature is 600°C, and the outer
surface temperature is 75°C, calculate the heat loss
from the furnace.

Shape Factors with Thermal Circuits

4.23 A cubical glass melting furnace has exterior dimen-
sions of width W = 5 m on a side and is constructed
from refractory brick of thickness L = 0.35m and
thermal conductivity k = 1.4 W/m - K. The sides and
top of the furnace are exposed to ambient air at 25°C,
with free convection characterized by an average co-
officient of £ = 5 W/m® - K. The bottom of the fur-
nace rests on a framed platform for which much of
the surface is exposed to the ambient air, and a con-
vection coefficient of & = 5 W/m® - K may be as-
sumed as a first approximation. Under operating
conditions for which combustion gases maintain the
inner surfaces of the furnace at 1100°C, what is the
heat loss from the furnace?

4.24 A hot fluid passes through circular channels of a cast
iron platen (A) of thickness L, = 30 mm which isin
poor contact with the cover plates (B) of thickness Ly
= 7.5 mm. The channels are of diameter D =15mm
with a centerline spacing of L, = 60 mm. The ther-
mal conductivities of the materials are ks = 20 W/m
-K and kg = 75 Wm K, while the contact resis-
tance between the two materials is Ry, = 2.0 x 107
o? - K/W. The hot fluid is at T, = 150°C, and the
convection coefficient is 1000 Wim? - K. The cover
plate is exposed to ambient air at T,, = 25°C with 2
convection coefficient of 200 W' - K.

Air -
Tal 0 -
Cover . l: *
plate, B —— ILB . .
Contact ‘\ p—D-—
resistance . - -
- Ly . wid |
Platen, A— L,
Cover P e e e R,
plate, B —=— 3 s »
J—— L—— T
Air H
T Tk

(a) Determine the heat rate from a single channel per
unit length of the platen normal to the page, g:

(b) Determine the outer surface temperature of the 3

cover plate, T,.

(¢) Comment on the effects that changing the center-
line spacing will have on g; and 7. How would
insulating the lower surface affect g and T,?

425 A long constantan wire of l-mm diameter 18 b.llﬁ
welded to the surface of a large copper block, forming

n Problems

a thex.'m.ocouple junction. The wire behaves as a fin
permitting heat to flow from the surface, thereby de-

pressing the sensing junction temperature T; bel
hat of the block 7, i 7o

Air .
T.h

oot

Thermocouple wire, D

T:-‘

Copper block, T,

(a) If thf_: wire is in air at 25°C with a convection co-
efficient of 10 W/m® - K, estimate the measure-
ment error (7; — T,) for the thermocouple when
the block is at 125°C.

For convection coefficients of 5, 10, and 25
\?Wm2 - K, plot the measurement error as a func-
tion of the thermal conductivity of the block ma-
terial over the range 15 to 400 W/m - K. Under
what circumstances is it advantageous to use
smaller diameter wire?

4.26 A more realistic set of conditions for Example 4.1
wou}d involve prescription of temperatures and con-
vection coefficients associated with fluids adjoining
the inner and outer surfaces, rather than specification
of t-he surface temperatures. Consider conditions for
w?uch the outer surfaces are exposed to ambient air,
with 7,,, = 25°C and b, = 4 W/m? - K, while hot oil
flowing through the hole is characterized by T.,; =
300°C and k, = 50 W/m? - K. Determine the corre-
sponding heat rate and surface temperatures.

4.27 In Chapter 3 we assumed that, whenever fins are at-
tached to a base material, the base temperature is un-
changed. What in fact ..héppens is that, if the
temperature of the base material exceeds the fluid
tf:mperature, attachment of a fin depresses the junc-
tion temperature T, below the original temperature of

the .basc, and heat flow from the base material to the
fin is two-dimensional.

e

T,

oot

! y
L Aluminum

pin fin

h

bty

L Aluminum or
stainless steel
base

4.28
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Considt?r conditions for which a long aluminum pin
ﬁn of diameter ) = 5 mm is attached to a base mate-
nz}l whose temperature far from the junction is main-
tained at 7, = 100°C. Fin convection conditions
correspond to & = 50 W/m? - K and T.,, = 25°C.

(a) What are the fin heat rate and junction tempera-
ture when the base material is (i) aluminum (k =
240 W/m - K) and (ii) stainless steel (¢ = 15
Wim - K)7

(b) Repeat the foregoing calculations if a thermal
contact resistance of R}; = 3 X 1077 m* - K/'W
is associated with the method of joining the pi
{in to the base material. semn

Considering the thermal contact resistance, plot
the heat rate as a function of the convection co-
efficient over the range 10 =< 4 =< 100 W/m? - K
for each of the two materials.

An ‘igloo 1s built in the shape of a hemisphere, with
an inner radius of 1.8 m and walls of compacted
snow that are 0.5 m thick. On the inside of the igloo
the surface heat transfer coefficient is 6 W/m? - K‘= on
the o;ltside, pnder normal wind cbnditions, it is’ 15
Wim _‘K. The thermal conductivity of compacted
snow is 0.15.W/m - K. The temperature of the ice
cap on which the igloo sits is —20°C and has the
same thermal conductivity as the compacted snow.

Artie
wind, T,,

(a) Asg;umjng that the occupants’ body heat pro-
.v1des a continuous source of 320 W within the
igloo, calculate the inside air temperature when
the outside air tsmperature is T, = —40°C. Be
sure to consider heat losses through the floor of
the igloo.

Using the thermal circuit of part (a}, perform a

parareter sensitivity analysis to determine
}Vh‘lch variables have a significant effect on the
1931(13 air temperature. For instance, for very
high wind conditions, the outside convection co-
efficient could double or even triple. Does it
rnake_ sense to construct the igloo with walls half
or twice as thick?
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.28 A thin, power-dissipating electronic component has a
diameter of D = 10 mm, and one surface is epoxied
to a large block of alyminum (k = 237 W/m - K).
The thermal resistance for a unit area of the epoxy
joint is Rf; = 0.5 X 107 m* - K/W, and at points
well removed from the component, the block is
maintained at a temperature of T, = 25°C. The other
surface is exposed to an airstream for which
k= 25 Wim? - K and T, = 25°C.

Air
Tl Electronic
component,
T. P

o

Epowy. R,

D

Aluminum
block, Ty,

(a) Sketch the thermal circuit of the system and label
thermal resistances, the heat flow direction(s),
and the temperatures T, and Te.

(b) If the component temperature may not exceed T,
= 100°C, what is the maximum allowable oper-
ating power P?

430 An electronic device, in the form of a disk 20 mm in
diameter, dissipates 100 W when mounted flush on a
large aluminum alloy (2024) block whose tempera-
ture is maintained at 27°C. The mounting arrange-
ment is such that a contact resistance of Rj, =5 X
10~ m? - K/W exists at the interface between the

device and the block.

i - Pin fins (30), D= 1.5 mm
Tk
Electronic device,
Ty P
Epoxy, l Device
R}, \
' Alurninum

S bleck, T,

(a) Calculate the temperature the device will reach,
assuming that all the power generated by the de-
vice must be transferred by conduction to the
block.

{b) In order to operate the device at a higher power
level, a circuit designer proposes to attach a
finned heat sink to the top of the device. The pin
fins and base material are fabricated from cop-
per (k = 400 W/m - K) and are exposed to an

airstream at 27°C for which the convection coef-
ficient is 1000 W/mn? - K. For the device temper-
ature computed in part (a), what is the
permissible operating power?

431 An aluminum heat sink (k=240 Wm-K) used to
cool an array of electronic chips consists of a square
channel of inner width w = 25 mm, through which
liquid flow may be assumed to maintain a uniform
surface temperatare of Ty = 20°C. The outer width
and length of the channel are W =40 mm and L. =
160 min, respectively.

Chip, T,

If N = 120 chips attached to the outer surfaces of the
heat sink maintain an approximately uniform surface
temperature of T = 50°C and all of the heat dissi-
pated by the chips is assumed to be transferred to the
coolant, what is the heat dissipation per chip? If the
contact resistance between gach chip and the heat
sink is R, = 0.2 K/W, what is the chip temperature?

4.32 Hot water is transported from a cogeneration power
station to commercial and industrial users through

steel pipes of diameter D = 150 mm, with each pipe -

centered in concrete (k= 1.4 Wim-K) of square
cross section {w = 300 mm). The outer surfaces of
the concrete are exposed to ambient air for which
T,=0°Cand h =25 Wim? - K.

Concrete, k

I

(a) If the inlet temperature of water flowing through '
the pipe is T; = 00°C, what is the heat loss per E
unit length of pipe in proximity to the inlet? The 3

temperature of the pipe T, may be assumed to be
that of the inlet water.

(b) I the difference between the inlet and outlet 3

temperatures of water flowing through a 100-m

m Problems

¥ong pipe is not to exceed 5°C, estimate the min-
imum allowable flow rate /. A value of ¢ =

4207 J/kg - K may be used for the specific heat
of the water.

4.33 '[:he elemental unit of an air heater consists of a long
circular rod of diameter D, which is encapsulated by
a finned sleeve and in which thermal energy is gen-
erated by Ohmic heating. The N fins of thickness ¢
and length L are integrally fabricated with the square
s!efave of width w. Under steady-state operating con-
ditions, the rate of thermal energy generation corre-

sponds to the rate of heat transfer to air flow over the
sleeve.

Fins, N

Air flow .
Tah
TS
Heater
{q. kk) ——L

(2) Under conditions for which a uniform surface
temperature T is maintained around the circum-
ference _of the heater and the temperature 7, and
convection coefficient £ of the air flow are
known, obtain an expression for the rate of heat
transfer per unit length to the air. Evaluate the
he'at rate for T, = 300°C, D = 20 mm, an alu-
minum sleeve (&, = 240 W/m - K), w = 40 mm
N=16,¢=4mm, L = 20 mm, 7., = 50°C, and
k= 500 W/m?- K. ‘

(b} For the foregoing heat rate and a copper heater
FJf thermal conductivity k;, = 400 W/m-K, what
is the required volumetric heat generation 7within

the heater and its corresponding centerline tem-
perature?

With all other quantities ~unchanged, explore the
effect of variations in the fin parameters (¥, L, 1)
on thﬁ_: heat rate, subject to the constraint th;lt t,he
fin thickness and the Spacing between fins can-
not be less than 2 mm.

34 glor a small ‘heat source attached to a large substrate,

e syeadmg resistance associated with multidi-

mens_lonal conduction in the substrate may be ap-

Erzmmated by the expression (Yovanovich, M. M.

. CI’LmV' Wd Antonetti, Adv. Thermal Modeling Elec.

T p. an Sysren‘is, Vol. I, A. Bar-Cohen and A. D.
aus, Eds., Hemisphere, N, 79-128, 1988)

o= LT IA10A, + 0344 4 + 0.043 A7 + 0.034 4]
4ksubA”2

sl
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where A, = A, /A, .p 15 the ratio of the heat source
area to the substrate area. Consider application of
thfa expression to an in-line array of square chips of
wndtb L, = 5mm on a side and pitch §, = 10 mm
The interface between the chips and a lar;e substratf;
of Fhermal conductivity kg, = 80 W/m-Iz is charac-
terized by a thermal contact resistance of R}, =
0.5 X 107~ m>K/W. ”

Top view
Substrate, &, Chip, T,
Side view
Air | —»
Tah —» )"_S.'i L.'r
=/
. Substrate
Rl.c

If a 2onvection heat transfer coefficient of 2 = 100
W/m*K is associated with air flow (T, = 15°C)
over the chips and substrate, what is the maximum
allow?ble chip power dissipation if the chip temper-
ature is not to exceed T, = 85°C?

K

Finite-Difference Equations: Derivations

4.35 Considt?r no‘dal configuration 2 of Table 4.2. Derive
the ﬁplte—dlfference equations under steady-state
conditions for the following situations.

(a} The horizgntal boundary of the internal corner is
perfectly insulated and the vertical boundary is
subjected to the convection process (T, A).

(b) Both boundaries of the internal corner are per-

fef:tly insulated. How does this result compare
with Equation 4.457

4.36 Considc.ar nqdal configuration 3 of Table 4.2. Derive
the fu_ute—dlfference equations under steady-state
conditions for the following situations.

(a) The boundary is:insulated. Explain how Equation
4.46 can be modified to agree with your result.

{b) The boundary is subjected to a constant heat flux.

4.37 Consid?r no_dal configuration 4 of Table 4.2. Derive
the i.ir-ute-dlfference equations under steady-state
conditions for the following situations.

(a) The upper boundary of the external corner is
. Perfectly insulated and the side boundary is sub-
jected to the convection process (7, k).

(b) Both b'ounda.ries of the external corner are per-
fe.ctly insulated. How does this result compare
with Equation 4.477
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4.38 Consider heat transfer in a one-dimensional (radial)
cylindrical coordinate system under steady-state
conditions with volumetric heat generation.

{a) Derive the finite-difference equation for any in-
terior node .

(b} Derive the finite-difference equation for the
node n located at the external boundary sub-
jected to the convection process (T, h).

439 In a two-dimensional cylindrical configuration, the ra-
dial (Ar) and angular (Ad) spacings of the nodes are
uniform. The boundary at r = 7; is of uniform temper-
ature T;. The boundaries in the radial direction are adi-
abatic (insulated) and exposed to surface convection
(T, ), as illustrated. Derive the finite-difference
equations for (2) node 2, (b) node 3, and (c) node 1.

Uniform
temperature
surface, T; r

4.40 Upper and lower surfaces of a bus bar are convec-
tively cooled by air at T, with k, # h;. The sides are
cooled by maintaining contact with heat sinks at T,,
through a thermal contact resistance of Rj,. The bar
is of thermal conductivity &, and its width is twice its

thickness L.

—_ T, I ' r ak
1 2 3 I O
——AX Ay
l 1
T, 3 7 g g Td To
11 Elz -13 _14 ’—_];
— RJ“, c

R T iy

Consider steady-state conditions for which heat is
uniformly generated at a volumetric rate ¢ due to

Chapter 4 = Two-Dimensional Steady-State Conduction

passage of an electric current, Using the energy bal-
ance method, derive fnite-difference equations for

nodes 1 and 13,
4.41 Derive the nodal finite-difference equations for the
following configurations.

{a) Node m,nona diagonal boundary subjected to
convection with a fiuid at T, and a heat transfer

coefficient #. Assume Ax = Ay.

m+l,n+1l

Ay

(b) Node m, n at the tip of a cutting tool with the
upper surface exposed to a constant heat flux g,
and the diagonal surface exposed to a convec-
tion cooling process with the fluid at T, and a
heat transfer coefficient h. Assume Ax = Ay.

VL

y‘\\m+ 1,n-1

T ft

4.42 Consider the nodal point 0 located on the boundary
between maierials of thermal conductivity k4 and kp.

s 5 * T Waterial A

1 0 35 .
Ax=Ay Material B
" k

. de L &

Derive the finite-difference equation, assuming no
internal generation. .

4.43 Consider the two-dimensional grid (Ax = Ay) repré- 4
o internal 3

th thermal .

conductivity k. One of the boundaries is maintained
at a constant temperature T, while the others af® 3

senting steady-state conditions with n
volumetric generation for a system wi

adiabatic.

n Problems

12 i1 10 :
[ » [} 2 8«‘_3
g 13 4
* * 2 9 70'.:'
. 1.4 § % Insulation
+
y Y
15 2
3 [y * | __ Isothermal
|¢ Ax+| boundary, T
x 16 1
L AL T Insulation

Derive an expression for the heat rate per unit
length normal to the page crossing the isothermal
boundary (7).

4.44 Consider a one-dimensional fin of uniform cross-
sectional area, insulated at its tip, x = L. (See Table
3.4, case B). The temperature at the base of the fin 7,
and of the adjoining fluid T.., as well as the heal:
transfer coefficient k and the thermal conductivity £,

are known.

{a) Derive the finite-difference equation for any in-
terior node m.

{b) Derive the finite-difference equation for a node
n located at the insulated tip.

Finite-Difference Equations: Analysis

4.45 ansidcr. the network for a two-dimensional system
without internal volumetric generation having nodal
temperatures shown below. If the grid space is
}25 mm and the thermal conductivity of the material
is 50 W/m - K, calculate the heat rate per unit length
normal to the page from the isothermal surface (7).

4 Node | T;(°C)
120.55
120.64
121.29
123.89
134,57
150.45
147.14

"N

L 198)

o

L 1&)]
NG s WN =

el

T.=100°C

gzgilder the square channel shown in the sketch op-
P, ng utﬁder steady—_state cond_itions. The inner sur-
600K o h;?l channel is at a un_lform temperature of
don v;rith eﬂthf: outer surface is exposed to convec-
i a u1d2 at 300K and a convection coeffi-

S0W/m® - K. From a symmetrical element
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of the channel, a two-dimensional grid has been con-

structed and the nodes labeled. The tem
. peratures fo
nodes 1, 3, 6, 8, and 9 are identified. '

T,,=300K 1 2

# = 50 Wim®K f * : >
I| . e i ,/ I
; ,/ % $ 2
| ! 4

/'Ax =Ay=001lm

L.

8! 9/

| T = 600K

I—k= 1 W/meK
T =430K Ty3=T3=600K
;=394 Ts=492

(a) Beginning with properly defined control vol-
umes, derive the finite-difference equations for
nodes 2, 4, and 7 and determine the tempera-
tures T, T,, and 7, (K),

(b) Calculate the heat loss per unit length from the
channel.

4.47 Steady-state temperatures (K) at three nodal points
of a long rectangular rod are as shown. The rod ex-
pcnence?s a uniform volumetric generation rate of
5 X 10’ W/m® and has a thermal conductivity of
20W/m - K. Two of its sides are maintained at a
constant temperature of 300K, while the others are

insulated.
o j-<—~5 mm #—-1
{ - gl e I T
1 2 398.0‘;‘,_’" T
_ 5 mm
L — 2 —L
3485 3 374.6‘?:."

.

(a) Determine the temperatures at nodes 1, 2, and 3.

Uniform temperature, 300 K

(b} Calculate the heat transfer rate per unit length
(W/m) from the rod using the nodal tempera-
tures. Compare this result with the heat rate
calculat.ed from knowledge of the volumetric
generation rate and the rod dimensions.

448 Steady-state temperatures at selected nodal points
of the symmetrical section of a flow channel are
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known to be T,=9547C, T)= (}17.3"C,
T, =T19.79°C, Tp= 77.29°C, T3 = 87.:28 C, and
7o = 71.65°C. The wall experiences uniform volu-
metric heat generation of ¢ =10 W/m3 and l}as a
thermal conductivity of k= 10Wlm-K. The inner
and outer surfaces of the channel experience convec-
tion with fluid temperatures of Tu;= 50°C and
T.,= 25°C and convection coefficients of ;=500
Wim?-K. and ki, = 250 W/m*- K.

AT ™
T ¢ T 5
1 a2 N
Surface B .
Insulation —— kg
3?:_7, L R ST Symmietry
/ i plane
- T '{': H A_\':Ay=25mm
- R n D
7 ) 9 107
’J/“"“--"\\; Surface A
1‘“ Tm,o' hu 3
-\_“_A..,_,/j

{(a) Determine the temperatures atnodes 1,4,7,and 9.

(b) Calculate the heat rate per unit length (W!m)
from the outer surface A to the adjacent fluid.

(¢) Calculate the heat rate per unit length from the
inner fluid to surface B.

(d) Verify that your results are consistent w.ith an
overall energy balance on the channel section.

4.49 Consider an alaminum heat sink (k = 240 W/m - K),
such as that shown schematically in Problem 4.31.
The inner and outer widths of the square channel are
w=20mm and W = 40mm, respectively, and an
outer surface temperature of T, = 50°C -is main-
tained by the array of electronic chips. In ﬂ:llS case, it
is not the inner surface temperature that 1s known,
but conditions (T, /1) associated with coolal}t flow
through the channel, and we wish o det_ermme the
rate of heat transfer to the coolant per unit lengﬂ} of
channel. For this purpose, consider a symmemc:al
section of the channel and a two-dimensional grid
with Ax = Ay = S mm.

(a) For T.=20°C and h = 5000 W/m® - K, deter-

mine the unknown temperatures, Tiye T
and the rate of heat transfer per unit length of
channel, g'.

(b) Assess the effect of variations in # on the un-
known temperatures and the heat rate.

Heat sink, & -\ .

Coolant, T, It

4,50 The steady-state teraperatures (°C) asspciated with
selected nodal points of a two-dimensional system
having a thermal conductivity of 1.5 W/m - K are
shown on the accompanying grid.

Insulated
I_boundary
¥ T 458 e
olm . 1294t 7,.=30°C
' k=50 Wim>K .

- -
137.0 103.5
;0.1m

[ 0
1.72.9 T, 1328 67.0

L {sothermal boundary
T, = 200°C
(a) Determine the temperatures at nodes 1, 2, and 3.

(b) Calculate the heat transfer rate per unit thickl}ess
normal to the page from the system to the fluid.

4.51 A steady-state, finite-difference analysis has been - §

performed on a cylindrical fin with a diameter of
12 mm and a thermal conductivity of 15 Wlm-K.
The convection process is characterized by a ﬁ_u1d
temperature of 25°C and a heat transfer coefficient

of 25 Wim® - K.
' "L : Tﬁ;. h .

4 _ °C
g_,;_g___?.z_m%_-% Ry
[ | 7,=895C

kY fe—Ax—+

\-\'\.
Loy

(a) The temperatures for the first three nodes, SCP*‘;’
rated by a spatial increment of x = 10 mm, ar
given in the sketch. Determine the fin heat rate.

(b) Determine the temperature at node 3, T

® Problems

Finite-Difference Solutions

4,52 A long bar of rectangular cross section is 60 mm by
90 mm on a side and has a thermal conductivity of
1 W/m- K. One surface is exposed to a convection
process with air at 100°C and a convection coeffi-
cient of 100W/m? « K, while the remaining surfaces
are maintained at 50°C.

— 1)

T, = 50°C

7

(a) Using a grid spacing of 30mm and the
Gauss—Seidel iteration method, determine the
nodal temperatures and the heat rate per unit

length normal to the page into the bar from
the air.

Determine the effect of grid spacing on the tem-
perature field and heat rate. Specifically, con-
sider a grid spacing of 15 mm. For this grid,
explore the effect of changes in /# on the temper-
ature field and the isotherms.

4.53 Consider two-dimensional, steady-state conduction
in a square cross section with prescribed surface

temperatures.
J—IOO"C
1 2
50°C 200°C
3 4
|_ X
300°C

{(a) Determine the temperatures at nodes 1, 2, 3, and
4. Estimate the midpoint temperature.

(b)| Reducing the mesh size by a factor of 2, deter-
mine the corresponding nodal temperatures.

Compare your results with those from the
coarser grid.
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From the results for the finer grid, plot the 73,
150, and 250°C isotherms.

4.54 Consider a long bar of square cross section (0.8 m to
the side) and of thermal conductivity 2 W/m- K.
Three of these sides are maintained at a uniform
temperature of 300°C. The fourth side is exposed to
& fluid at 100°C for which the convection heat trans-
fer coefficient is [0 W/m? - K.

(a) Using an appropriate numerical technique with a
grid spacing of 0.2 m, determine the midpoini
temperature and heat transfer rate between the
bar and the fluid per unit length of the bar,

Reducing the grid spacing by a factor of 2,
determine the midpoint temperature and heat
transfer rate. Plot the corresponding tempera-
ture distribution across the surface exposed to
the fluid. Also, plot the 200 and 250°C
isotherms.

4.55 A long conducting rod of rectangular cross section
(20mm X 30mm) and thermal conductivity & =
20 W/m - K experiences uniform heat generation at
a rale §=5x 10" W/m®*, while its surfaces are
maintained at 300 K,

(a) Using a finite-difference method with a grid
spacing of 5 mm, determine the temperature dis-
tribution in the rod.

With the boundary conditions ﬁnchanged, what
heat generation rate will cause the midpoint
temperature to reach 600 K7

4.56 A flue passing hot exhaust gases has a square cross
section, 300mm to a side. The walls are con-
structed of refractory brick 150 mm thick with a
thermal conductivity of 0.85 W/m - K. Calculate the
heat loss from the flue per unit length when the in-
terior and exterior surfaces are maintained at 350
and 25°C, respectively. Use a grid spacing of
75 mm, ’ '

4.57 Consider the system of Problem 4.56. The interior
surface is exposed to hot gases at 350°C with a con-
vection coefficient of 100 W/m? - K, while the exte-
rior surface experiences convection with air at 25°C
and a convection coefficient of 5 W/m? - K.

(a) Using a grid spacing of 75mm, calculate the
temperature field within the system and deter-
mine the heat loss per unit length by convection
from the outer surface of the flue to the air.
Compare this result with the heat gained by con-
vection from the hot gases to the air.
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Determine the effect of grid spacing on the
temperature field and heat loss per unit length
to the air. Specifically, consider a grid spac-
ing of 25 mm and plot appropriately spaced
isotherms on a schematic of the system. Ex-
plore ihe effect of changes in the convection
coefficients on the temperature field, and heat

loss.

4.58 A common arrangement for heating a large sur-

face area is (0 MOve warm air through rectangular
ducts below the surface. The ducts are square and
located midway between the top and bottom sur-
faces that are exposed to room air and insulated,
respectively.

T, = 30°C T, = 80°C Concrete
[ C

Air duct—‘

1

For the condition when the floor and duct tempera-
tures are 30 and 80°C, respectively, and the thermal
conductivity of concrete is 1.4 W/m - K, calculate the
heat rate from each duct, per unit length of duct. Use
a grid spacing with Ax = 2 Ay, where Ay = 0.125L
and L = 150 mm.

@ Consider the gas turbine cooling scheme of Example

4.4. In Problem 3.23, advantages associated with ap-
plying a thermal barrier coating (TBC} to the exte-
rior surface of a turbine blade are described. If a
0.5-mm-thick zirconia coating (k=1.3W/m-K,
R, = 10~* m? - K/W) is applied to the outer surface
of the air-cooled blade, determine the temperature
field in the blade for the operating conditions of
Example 4.4.

4.60 A long bar of rectangular cross section, 0.4m X

0.6m on a side and having a thermal conductivity of
1.5 W/m - K, is subjected to the boundary conditions
shown below. Two of the sides are maintained at
a uniform temperature of 200°C. One of the sides
is adiabatic, and the remaining side is subjected to
a convection process with 7o, = 30°C and h =
50'W/m? - K. Using an appropriate numerical tech-
nique with a grid spacing of 0.1m, determine the
temperature distribution in the bar and the heat
transfer rate between the bar and the fluid per unit

length of the bar.

Uniform temperature,
T = 200°C

T, h

s 3]

Insulated —,

Uniform temperature,
T =200°C

4.61 The top surface of a plate, including its grooves, is

maintained at a uniform temperature of T, = 200°C.
The lower surface is at T, = 20°C, the thermal conduc-
tivity is 15 W/m - K, and the groove spacing is 0.16m.

] L [ Wit | :Iz
wi2 —J‘

Lo

2

(2) Using a finite-difference method with a mesh
gize of Ax = Ay = 40mm, calculate the un-
known nodal temperatures and the heat transfer
rate per width of groove spacing (w) and per unit
length normal to the page.

With a mesh size of Ax = Ay = 10mm, repeat the
foregoing calculations, determining the tempera-
ture field and the heat rate. Also, consider condi-
tions for which the bottom surface is not at a
uniform temperature T, but is exposed to a fluid at
7., = 20°C. With Ax = Ay = 10mm, determine
the temperature field and heat rate for values of &

= 5. 200, and 1000 W/m’ - K, as well as for h—e.

4.62 Refer to the two-dimensional rectangular plate of

Problem 4.2. Using an appropriate numerical method
with Ax = Ay = 0.25m, determine the temperature

at the midpoint (1, 0.5).

4.63 A long trapezoidal bar is subjected to uniform tem-

peratures on two surfaces, while the remaining sur-
faces are well insulated. If the thermal conductivity
of the material is 20W/m- K, estimate the heat
transfer rate per unit length of the bar using a finite-
difference method. Use the Gauss—Seidel method of
solution with a space increment of 10 mm.

Insulation

T,=25°C
50 mm

20 mm

SR

T, =100°C |30 mm—>|

u Problems

The shape factor for conduction through the edge of

adjoining walls for which D > L/5, where D and L
are the‘ wall depth and thickness, respectively, is
shown in Table 4.1. The two-dimensional symme,tri—
f:al element of the edge, which is represented by
inset (a), is bounded by the diagonal symmetry adia-
E;ftt :md a sectior‘; of the wall thickness over which
e temperature distribution i i
oo 7 7o tion is assumed to be linear

Linear temperature

distribution Symmetry

..... . l/ adiabat
1"
¥ ’/ T] ’ Ax s
Ty (a)
—T, b
T,
. r :ﬂ b
<) ] v
e | -
L S L I
S R 7
L
! nelL !
(b}

{a) Using the nodal network of inset (@) with L =
ftO mm, determine the temperature distribution
in the element for T; = 100°C and T, = Q°C
Evaluate the heat rate per unit depth (D = 1 m).
if £ = 1W/m-K. Determine the corresponding
shape .factor for the edge and compare your re-
sult with that from Table 4.1,

{b) Choosing a value of # = 1 orn = 1.5, establish a

nodal l'_lCtWOl‘k for the trapezoid of inset (#) and
determine the corresponding temperature field
Asscs.s the validity of assuming linear tempera-.
ture distributions across sections a—a and b-b.

The diagonal of a long triangular bar is well insu-

laFed, whilz? sides of equivalent length are main-
tained at uniform temperatures 7, and T,.

Ta = 100°C—

LTb =0°C

231

(a) Establish a nodal network consisting of five
nodes along each of the sides. For o;c of the
nodes on the diagonal surface, define a sunitable
cox}trol volume and derive the corresponding
ﬁmtc_—difference equation. Using this form for
the o‘:hagonal nodes and appropriate equations for
the interior nodes, find the temperature distribu-
tion for the bar. On a scale drawing of the shape
show the 25, 50, and 75°C isotherms. ’

(b} An_ alternate and simpler procedure to obtain the
finite-difference equations for the diagonal
nodes follows from recognizing that the insu-
la_lted diagonal surface is a symmetry plane, Con-
sider a square 5 X 5 nodal network and
represent its diagonal as a symmetry line. Rec-
ognize which nodes on either side of the diago-
nal have identical temperatures. If you have
done this properly, you can treat the diagonal
npdes as “interior” nodes and write the gnite—
difference equations by inspection.

f

Finite-Element Solutions

A straight fin of uniform cross section is fabricated

from a material of ‘thermal c ivi =
SW/m-K, thickness w = 20mm, O;nclluizzg% f ;
200mm. The fin is very long in the direction normal
to tllc page. The base of the fin is maintained at T, =
200°C, and the tip condition allows for convectbion
;Casezﬁé Cif Table 3.4), with & = 500 W/m® K and

T, = 100°C
i = 500 Wm3K

/-Tb = 200°C : :

f

w=20mm  L=200mm

/k =5 WimK
/ -

(a) Assuming one-dimensional heat transfer in the
ﬁ'n, calculate the fin heat rate, q} (W/m), and the
tip temperature 7. Calculate the Biot number for
the fin to determine whether the one-dimensional
assumption is valid,

(b) Using the finite-element method of FEHT,
perfom} a two-dimensional analysis on the fin t(;
determine the fin heat rate and tip temperature.
(;ompal.*e your results with those from the one-
dimensional, analytical solution of Part (a). Use
the View/Temperature Contours option to dis-
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play isotherms, and discuss key features of the
corresponding temperature field and heat flow
pattern. Hint: In drawing the outline of the fin,
take advantage of symmetry. Use a fine mesh
near the base and a coarser mesh near the tip.
Why?

(c) Validate your FEHT model by comparing pre-

(b} Using the View/Heat Flows command, calculate
the heat rate per unit length (W/m) from the
outer surface A to the adjacent fluid.

(c) Calculate the heat rate per unit length from the
inner fluid to surface B.

(d) Verify that your results are consistent with an
overall energy balance on the channel section.

dictions with the analytical solution for a fin ]
The hot-film heat flux gage shown schematically

with thermal conduciivities of k= 50Wm-K
and S00W/m-K. Is the one-dimensional heat
transfer assumption valid for these conditions?

4.67 1C0nsider the long rectangular bar of Problem 4.52
with the prescribed boundary conditions.

(a) Using the finite-clement method of FEHT,

determine the temperature distribution. Use the
View/Temperature ~ Contours command (0

- tepresent the isotherms. Identify significant
features of the distribution.

(b} Using the View/Heat Flows command, calculate

the heat rate per unit length (W/m) from the bar
to the air strear.

(¢) Explore the effect on the heat rate of increasing

the convection coefficient by factors of two and
three. Explain why the change in the heat rate is
not proportional to the change in the convection
coefficient.

may be used to determine the convection coefficient
of an adjoining fluid stream by measuring the elec-
tric power dissipation per unit area, P,(W/m®), and
the average surface temperature, T, of the film.
The power dissipated in the film is transferred di-
rectly to the fluid by convection, as well as by con-
duction into the substrate, If substrate conduction is
negligible, the gage measurements can be used to
determine the convection coefficient without appli-
cation of a correction factor. Your assignment is to
perform 2 two-dimensional, steady-state conduction
analysis to estimate the fraction of the power dissi-
pation that is conducted into a 2-mm-thick quartz
substrate of width W = 40 mm and thermal conduc-
tivity k = 1.4 W/m - K. The thin, hot-film gage has a
width of w = 4 mm and operates at & uniform power
dissipation of 5000 W/mZ. Consider cases for which
the fiuid temperature is 25°C and the convection co-
efficient is 500, 1000, and 2000 W/m?- K.

n Problems

(b} Use -the View/Temperature Contours command
to view the isotherms and heat flow patterns
Describe the heat flow paths, and comment on-
features of the gage design that influence the
paths, What limitations on applicability of the
gage have been revealed by your analysis?

A semiconductor industry roadmap for microlithog-

rz.q‘)hy processing requires that a 300-mm-diameter
silicon wafer be maintained at a steady-state temper-
ature of 140°C to within a uniformity of 0.1°C. The
de§1gn of a-hot-plate tool to hopefully meet this re-
quirement is shown schematically. An izi
block (EB), on which the wafer wguld beeglzif:lczimii
fabri-ca}tecl from an aluminum alloy of thermal Cé)l‘l-
ductivity & = 75 W/m-K and is heated by two ring-
shaped electrical heaters. The two-zone heating
arrz'mgement allows for independent control of a
main he:flter (MH) and a trim heater (TH), which is
used to improve the uniformity of the surface tem-
perature for the EB. Your assignment is to size the
heaters, MH fnd TH, by specifying their applied
heat fluxes, g, and ¢, (W/m?), and their radial ex-
tents, Ar,,, and Ar,. The constraints on radial posi-
tioning of the heaters are imposed by manufacturing
considerations and are shown in the schematic.

* Ambientfluid - 1w =29°C
e =10 Wm%K

Region aver which 140°C + 0.1°C Equalizing block
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Use this estimate as a boundary condition in
your FEHT model; determine the temperature
distribution; and using the View/Temperature
Contours command, examine the isotherms and
the temperature distribution across the upper
sux:face of the EB. Did you achieve the desired
uniformity?

(b) Rerun your FEHT model with different values
of -the heater fluxes, until you obtain the best
umf'ormjty possible within the imposed con-
straints, Hint: If you want io know the specific
nodal temperatures, see the View/Tabular Out-
put page. You may obtain a plot of the surface
temperature distribution by highlighting the ap-
propriate nodal data, using the Copy command
and pasting the data into Excel for graphing. ‘

(c) I‘n what manner would a nonuniform distribu-
tion of the convection coefficient across the
upper sufrface of the EB affect the ternperature
umformnt}r? For the downward flowing gas
stream usefi in the microlithography proc.;asé3 a
represe.ntatlve distribution of the convecti,on
coefficient on the upper surface of the EB is
h(ry = h,[1+a(rlr,)'], where h, =54 W/m*-K
zEnd a = n = 1.5. For this distribution and reten-
tion of a value of 2 = 10 W/m®- K at the lateral
surface of the EB, can you adjust the trim heater
flux to obtain improved uniformity of the
surface temperature? ‘

Consider the long rectangular rod of Problem 4.55, .. iiformmit |
which experiences uniform heat generation while its  Fmie N T [~ umiformity is sought * k=75 WimK
surfaces are maintained at a fixed temperature. Tk N a0 Wi N A / @ g??;;g?iestﬁo th;_ design would you propose
. A . ] e Su . .
(a) Using the finite-element method of FEHT, - zmm o . £ ace temperature uniformity?
determine the temperature distribution. Use the AN RGNS Al b = 4 mn—s] ] D
: * ‘ be—Main h ; i atd
View/Temperature  Coniours command to i I, (Rfll?-l) Zﬁt:rai ;:IateIrI(?H) Z‘ w =30 mm Special Applications
. . . . N mi
represent the isotherms. Identify significant o L l l | ] th , )
L—fW=40 mm’——l 9 a0 20 120 150 1;0 F{mm) A straight fin of uniform cross section is fabricated
from a material of thermal conductivity 50 W/m - K

features of the distribution.
Ln . _ . \_v_/ 1
imits for MH, Ar,y,  Limits for TH, Ar, thickness w = 6 mm, and length L = 48 mm, and is
s : 0 l
very long in the direction normal to the :
. : age. T
Eos ;:dthe 'ﬁmt e-elen}ent method of FEHT to perform a convection heat transfer coefficient is SOOPV\%fmZ -l?(:
mm clll_ctmn analysis on an axisymmetric EB of 340- with an ambient air femp erature of 7, = 30°C. The
o dlameter. The upper and lateral surfaces are ex- base of the fin is maintained at T, = 100°C ‘lﬁhi]e
posed to the ambient fluid at 7. = 25°C with a the fin tip is well insulated. |
convection coefficient of 10 W/m?K. The lower L
surface of the EB is adiabatic, except for the ring o T,
sectors with the uniform applied heat fluxes, g, and 7 o
n TR X

(b) With the boundary conditions unchanged, what
heat generation rate will cause the midpoint

temperature to reach 600K?
Use the finite-element method of F. EHT to analyze 2

symmetrical half-section of the gage and the quartz
substrate. Assume that the lower and end surfaces of
the substrate are perfectly insulated, while the upper
gurface experiences convection with the fluid.

m Consider the symmetrical section of the flow chan-
nel of Problem 4.48, with the prescribed values of ,
k,Tojy T oo by and h,. Use the finite-element method
of FEHT to obtain the following results.

() Determine the temperature distribution in the sym-
metrical section, and use the View/Temperature
Contonrs command to represent the isotherms.
Identify significant features of the temperature
distribution, including the hottest and coolest re-
gions and the region with the steepest gradients.
Describe the heat flow field.

(a) Determine the temperature distribution and the
conduction heat rate into the region below the 3
hot film for the three values of h. Calculate g
the fractions of electric power dissipation repre- E
sented by these rates, Hint: Use the View/Heat
Flow command to find the heat rate across the 4
boundary elements. 3

Gin Ly : llt
(a) For an upper surface of 140°C, perform an over- ) | T ]J
all energy balance on the EB to obtain an initial S o -
estime}rte for"the applied heater fluxes. Assume k-‘
that g,,, = g;, and that each heater extends fully
over the radial limits indicated schematically.

(a) Using a finite-difference method with a space
increment of 4mm, estimate the temperature
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distribution within the fin. Is the assumption of

one-dimensional heat transfer reasonable for this
fin? ‘

(b) Estimate the fin heat transfer rate per unit length
normal to the page. Compare your 1:esult with
the one-dimensional, analytical solution, Equa-
tion 3.76.

(c) Using the finite-difference mesh of par't (:.1),
compute and plot the fin temperature distrib-
ation for values of & = 10, 100, 500, and
1000 W/m? - K. Determine and plot the fin heat
wransfer rate as a function of £.

4.73| A tod of 10-mm diameter and 250-mm length has

one end maintained at 100°C. The surface pf the- rod
experiences free convection with the ambient air at
955C and a convection coefficient that depends on
_the difference between the temperature of the sur-
face and the ambient air. Speciﬁ‘ca]ly, the coefficient
is prescribed by a correlaulcl)ﬁn2 of the fO@,
B, = 2.8910.6 + 0.624T — T.)"°]°, where the umtf1
are hy, (W? - K) and T (K). The surface of the ro
has an emissivity & = 0.2 and experiences rz;dlatlon
exchange with the surroundings at TS‘“ =123 C T-he
fin tip also experiences free convection and radiation

exchange.

Guiésceﬁt ai.r..
Tm = ZSOC‘

B, Stainless stee! rod D=

17, = 1000 \—k= 14 WimK,e=02 10 mm
|

A thin metallic foil of thickness 0.25 mm with
a pattern of extremely small holc§ serves as an
acceleration grid to control the electrical pc.otentlal of
an ion beam. Such a grid is used in a chem.lcal. vaper
deposition {(CVD) process for the fabrlc'atu-)n of
semiconductors. The top surface of the grid is ex-
posed to a uniform heat flux caused by absorption qf
the ion beam, g; = 600 W/m®. The edges_of the ffnl
are thermally coupled to water-cooled sinks main-
tained at 300 K. The upper and lower surfaces of the
foil experience radiation exchange with the vacuum
enclosure walls maintained at 300 K The effective
thermal conductivity of the foil material is 40 W/m-K
and its emissivity is 0.45.

—

L vacuum enclosure, Tgy

& &
lon beam, g; w ¢¢$¢$¢
l l L l l > ﬁ-sa o
— ‘ -t G;L‘itgfr'f
_);J L L= 1115 mm

Water-cooled electrode
sink, Tgnk

Assuming one-dimensional conduction and_ using a
finite-difference method representing the grid by ten
nodes in the x direction, estimate the temperature dis-

tribution for the grid. Hint: For each node requiring 4

an energy balance, use the finearized form of thg ra.di-
ation rate equation, Equation 1.8, with the radiation
coefficient #1,, Equation 1.9, evaluated for each node.

n Problems

(a) Using the Gauss—Seidel method with a grid
spacing of Ax = 6mm and Ay = 2mm, obtain
the temperature distribution within the plate.

(b) Using the calcuiated nodal temperatures, sketch
four isotherms to illustrate the temperature dis-
tribution in the plate.

(¢) Calculate the heat loss by convection from the
plate to the fluid. Compare this value with the
clement dissipation rate.

(d) What advantage, if any, is there in not making
Ax = Ay for this situation?

With Ax = Ay = 2 mm, calculate the tempera-
ture field within the plate and the rate of heat
transfer from the plate. Under no circumstances
may the temperature at any location in the plate
exceed 400°C, Would this limit be exceeded if
the air flow were terminated and heat transfer

to the air was by natural convection with s =
10 Wim? - K?'

A simplified representation for cooling in very large-

scale integration (VLSI) of microelectronics is
shown in the sketch. A silicon chip is mounted in a
dielectric substrate, and one surface of the system is
convectively cooled, while the remaining surfaces
are well insulated from the surroundings. The prob-
lem is rendered two-dimensional by assuming the
system to be very long in the direction perpendicular
to the paper. Under steady-state operation, electric
power dissipaticn in the chip provides for uniform
volumetric heating at a rate of ¢. However, the heat-
ing rate is limited by restrictions on the maximum
temperature that the chip is allowed to assume.
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Electronic devices dissipating electrical power can

be cooled by conduction to a heat sink. The lower
surface of the sink is cooled, and the spacing of the
devices w,, the width of the device w,, and the thick-
ness L and thermal conduoctivity k& of the heat sink
material each affect the thermal resistance between
the device and the cooled surface. The function of
the heat sink is to spread the heat dissipated in the
device throughout the sink material.

|-—|—>|—wd: 18 mm i

b=, =48 mm —>|J/' Device, T,;= 85°C

l""
1
[N
=S
3
3

LSink material,

Cooled surface, T, = 25°C
k =300 Wim-K

(a) Beginning with the shaded symmetrical ele-
ment, use the Aux plot method to estimate the
thermal resistance per unit depth between the
device and lower surface of the sink, R, ,
{m - K/W), How does this value compare with
thermal resistances Based on the assumption of
one-dimensional conduction in rectangular do-
mains of (1) width w, and length £ and (ii) width
w, and length L.?

(b) Using a coarse (5 X 3) nodal nefwork, calculate
the thermal resistance R, ;_, (m - K/W).

(c) Using nodal networks with grid spacings three
and five times smaller than that in part (b},
determine the effect of grid size on the precision
of the thermal resistance calculation.

j‘_ ) . . ents dissipat- . éc:?_nlam _ (d) Using the finer nodal network developed for part
ji 4.75 Small diameter electrical heating elem e fsed : . _ Chip (©), determine the effect of device width on the
= 250 ing 50W/m (length normal to the skeich) ar T.=20C _ 7 k=50 WimK ! : ‘
\ L =250 mm ing ! ductivity 3 e 2 . e thermal resistance. Specifically, keeping w, and
y heat a ceramic plate of thermal conductivity =500 Wim2K & 107 Wim : :
: 4 to /ea 12 bt o sutface of the plate s exp osed ) . L fixed, find the thermal resistance for values of
e 2W/m- K. The upp ) . = :
’ to ambient air at 30°C with a convection coejfﬁmerﬁ Hya - 7 wehw, = 0.175,0.275, 0.375, and 0.475.
- s we — 13—
. . of 100W/m?- K, while the lower surface 1 N
Assuming one-dimensional conduction and ismg 2 insulated. ks:?\:;a,;e,:K —\."{15er mm A major problem in packaging very large-scale
finite-difference method rePI‘CSBﬂhlng ‘the _ﬁn fy tz s 1r.1teg‘rated (VLSI) circuits concerns cooling of the
nodes, estimate the temperature distribution jor the " circuit elements. The problem results from increas-
fin. Determine also the fin hea_t rate and th_e Telatn;'i A T T R e T R T AT T ing levels of power dissipation within a chip, as well
contributions of free convection ar}d' radiation € 7.k _ =27 mm————+| as from packing chips closer together in a medule. A
change. Hint; For each node requirng an encrey Ceramic plate ' Heating element _ novel technique for cooling multichip modules has
balance, use the linearized form of t_he. radiation ¥ate —1 For ‘the conditions shown on the sketch, will the been developed by IBM. Termed the thermal con-
equation, Equation 1.8, with the radiation co-eff‘ment ! haximum temperature in the chip exceed 85°C, the duction module (TCM), the chips are soldered to a
h,, Equation 1.9, evaluaied for each node. Similarly, ¢ o, + 3 Mmaximum  allowable operating temperature set multilayer ceramic substrate, and heat dissipated in
for the convection rate equation assgmated with each [ by industry standards? A grid spacing of 3mm is each chip is conducted through a spring-loaded alu-
node, the free convection coefficient fy, must be o e 2 e e — suggested.

evaluated for each node.

minum piston to a water-cooled cold plate.




s
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Water-cooled
cold plate
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O ——
Cold plate__—)L

(b) Although there is interest in operating at higher

n Problems

A plate (k= 190'W/m - K) is stiffened by a series of
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The beam thermal conductivity is 10W/m- K, and

Water power levels, system reliability considerations longitudinal ribs having a rectangular cross section its dimensions are w; = 80mm, w, = 30mm, and
dictate that the maximum cold plate temperature with length L = 8mm and width w = 4mm. The L =30mm.

Spring must not exceed 40°C. Using the prescribed cold base of the plate is maintained at a uniform tempera-

Module

housing

Piston
Helium

Multi-layer

plate geometry and nodal network, assess t}‘u? ef-
fect of changes in operating or design COI‘ldlthnﬂs
intended to increase the operating heat flux q;.
Estimate the upper limit for the heat flux.

A heat sink for cooling computer chips is fqbricate'd
from copper (&, = A0 W/m - K), with machined mi-

ture T, = 45°C, while the rib surfaces are exposed to
air at a temperature of T,. = 25°C and a convection
coefficient of 2 = 600 W/m?*- K.

Qven roof

Assume
| | | N J . / uniform
ceramic substrate crochannels passing a cooling fluid for wh}ch i ’/‘;sés JT s
L= 25°C and h = 30,000w‘!m2 ‘K. The lower side et h T.h W, AT “:'o _:‘: ~— Uniform 7
m M iv S
of the sink experiences no heat removal, and a pre- o

3

liminary heat sink design calls for dimensions of
a=b=w,=w;=200pm. A symmetrical elemept
of the heat path from the chip to the fluid is shown in

Therma Ceramic

conduction

T 2 Kw p

Syrnmetry
adiabat

- Water’

Ay=4mm |

module Chip

rﬂx= 2.5 mm

by ]
% h |5 ,
L—— Aluminum

i - cold plate
5 7 |B 9 ¢
! Symmetry
e 4 adiabat
TR 11 12 113

l14 516 17 T8
-

T 119 %o %1 %o b3

5__.-—0»—0—‘L
]24 25 26 27 |28

"
kR

(a) Consider a cold plate fabricated from aluminum
(k=190 W/m - K) with regularly spaced rectan-
gular channels through which the water 1s
passed. Under normal operation, power dissipa-
tion within the chips resulis in a uniform heat
flux of 7= 10°W/m® at the base of the cold
plate, while water flow provides a tempfarature
of T,=15°C and a convection coefficient of
/= 5000 W/m? - K within the channels. We are

. interested in obtaining the steady-state tempera-
ture distribution within the cold plate, and
from symmetry considerations, we may <on-
fine our attention to the prescribed nodal net-
work. Assaming the top surface of the cold plate
to be well insulated, determine the nodal
temperaturcs.

the inset.

1 ——58ink, &

T i
1w || 3 P
*— | ) Microchannel }

b —] \ l T, h

i

/3
2

(2) Using the symmelrical element with a square
nodal network of Ax = Ay =100 um, determine
the corresponding temperature field and the heat
rate g' to the coolant per unit chafmel length
(W/m) for a maximum allowable chip tempelra-
ture Ty pox = 75°C. Estimate the corresponding
thermal resistance between the chip surfac_e and
the fluid, R} —; (m - K/W). What is the maximum

allowable heat dissipation for a chip that mea- ‘3

sures 10 mm X 10 mm on a side?

(b) The grid spacing used in the foregoing finite-dif-

ference solution is coarse, resulting in poor pre-

cision for the temperature distribution and heat ;

removal rate. Investigate the effect of grid spac

ing by considering spatial increments of 50 and

25 pm.

(c) Consistent with the requirement _that a+b :d
400 pm, can the heat sink dimenstons be altered 8

in a manner that reduces the overall therma
resistance?

i

(a) Using a finite-difference method with Ax =
Ay = 2mm and a total of 5 X 3 nodal points and
regions, estimate the temperature distribution
and the heat rate from the base. Compare these
results with those obtained by assuming that
heat transfer in the rib is one-dimensional,
thereby approximating the behavior of a fin.

(b} The grid spacing used in the foregoing finite-dif-
ference solution is coarse, resulting in poor pre-
cision for estimates of temperatures and the heat
rate. Investigate the effect of grid refinement by
reducing the nodal spacing to Ax = Ay = I mm
(2 9 X 3 grid) considering symmetry of the cen-
ter line.

(o) Investigate the nature of two-dimensional con-
duction in the rib and determine a criterion for
which the one-dimensional approximation is
reasonable. Do so by extending your finite-
difference analysis to determine the heat rate from
the base as a function of the length of the rib for
the range 1.5 = Liw = 10, keeping the length L
constant. Compare your results with those deter-
mined by approximating the rib as a fin.

The bottom-half of an I-beam providing support for

a furnace roof extends into the heating zone, The
web is well insulated, while the flange surfaces ex-
Perience convection with hot gases at 7., = 400°C
and a convection coefficient of & = 150 W/m?- X,

Cor}sider the symmetrical element of the flange
'f":glon (inset ), assuming that the temperature dis-
: tribution across the web is uniform at T, = 100°C.

71 =600 K—t -

(b)

ji
i

—)

(a) Calculate the heat transfer rate per unit length to
the beam using a 5 X 4 nodal network.

(b) Is it reasonable to assume that the temperature
distribution across the web—flange interface is
uniform? Consider the L-shaped-domain of inset
(b) and use a fine grid to obtain the temperature
distribution across the web—flange interface.
Make the distance w, = w, /2.

| 4.82|Consider one-dimensional conduction in a plane

composite wall. The exposed surfaces of materials A
and B are maintained at 7, = 600 K and T, = 300K
respectively, Material A, of thickness L, = 20mm,
has a temperature-dependent thermal conductivity of
k,=k,[1 +a(T—T)]. where k, =44 Wm-K,
a=0.008K!, 7, =300K and T is in kelvins.
Material B is of thickness L, = 5mm and has a ther-
mal conductivity of &, = 1 W/m- K.

/kﬂ‘:ka(ﬂ /_kb

—T7,=300K

L, L,+L,
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(a) Calculate the heat flux through the composite
wall by assuming material A to have a uniform
thermal conductivity evaluated at the average
temperature of the section.

Using a space increment of 1 mm, obtain the fi-
nite-difference equations for the internal nodes
and calculate the heat flux considering the tem-
perature-dependent thermal conductivity for Ma-
terial A. If the IHT software is employed, call-up
functions from Tools/Finite-Difference Equations
may be used to obtain the nodal equations, Com-
pare your result with that obtained in Part (a).

As an alternative to the finite-difference method
of Part (b), use the finite-element method of
FEHT to calculate the heat flux, and compare
the result with that from Part (a). Hint: In the
Specify/Material Properties box, properties may
.. be entered as a function of temperature (1), the
space coordinates (x,), or time (f). See the Help
section for more details.

A platen of thermal conductivity k= 15W/m-K is
heated by flow of a hot fluid through channels of width
1, = 20 mm, with 7,.; = 200°C and f; = 500 W/m?- K.
The upper surface of the platen is used to heat a
process fluid at Te,p = 25°C with a convection coeffi-
clent of i, = 250 W/m® - K. The lower surface of the
platen is insulated. To heat the process fluid uniformly,
the temperature of the platen’s upper surface must be
uniform to within 5°C. Use a finite-difference method,
such as that of IHT, or the finite-element method of
FEHT to obtain the following results.

(b)

©

Fluid © Twp=25°C
h, = 250 WimK
e
Temperature

—
I-— uniformity of 5°C 'Pl

required
F

[ s
e

Heating channe!
T,.;=200°C
Ii; = 500 Wim*K

TR o e— Insulation

Platen, k= 15 W/m-K
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(a) Determine the maximum allowable spacing,
W, between the channel centeriines that will
satisfy the specified temperature uniformity
requirement.

(b) What is the corresponding heat rate per unit
length from a flow channel?

Consider the cooling arrangement for the very large-
scale integration (VLSI) chip of Problem 4.77. Use
the finite-element method of FEHT to obtain the fol-
lowing results.

(a) Determine the temperature distribution in the
chip-substrate systen. Will the maximum tem-
perature exceed 85°C?

Using the FEHT model developed for Part (a),
determine the volumetric heating rate that yields
a maximum temperature of 85°C?

What effect would reducing the substrate thick-
ness have on the maximum operating tempera-
ture? For a volumetric generation rate of g =
107 W/n?®, reduce the thickness of the substrate
from 12mm to 6 mm, keeping all other dimen-
sions unchanged. What is the maximum system
temperature for these conditions? What fraciion
of the chip power generation is removed by con-
vection directly from the chip surface?

(b)

(c)

CHAPTER 5

Transient
Conduction




I

Chapter 5 = Transient Conduction

Note that the prescribed convection coefficient renders convection negligi-
ble, as required by the problem statement. Using Ax = 75 mm and
Af = 12 s, the solution yields Tp= 7(0,1208) = 116.0°C and T, =
7(150 mm, 120 s) = 44 2°C. Contrast these results with those summarized
in Comment 1.

in FEHT as a solved model accessed through the

Toolbar menu, Examples. The input screen summarizes key pre- and post-
processing steps, as well as results for nodal spacings of 1 and 0,125 mm.
As an exercise, press Run 0 solve for the nodal temperatures, and in the
View menu, select Temperaiure Contours to represent the temperature field

in the form of isotherms.

6. This example is provided

5.10 -

Summary _

Transient conduction OcCurs in numerous engineering applications and may be

treated using different methods. There is certainly much to be said for simplic-
fronted with a transient problem, the first thing you

ity, in which case, when con
should do is calculate the Biot number. If this number is much Iess than unity,
od to obtain accurate results with

you may use the lumped capacitance meth:
er, if the Biot number is not much

[minimal computational requircments. Howev
less than unity, spatial effects must be considered, and some other method must

be used. Analytical results are available in convenient graphical and equation
form for the plane wall, the infinite cylinder, the sphere, and the semi-infinite
solid. You should know when and how to use these results. If geometrical com-

plexities and/or the form o
recourse must be made to an approx
finite-difference method.
You may test your understandin,
ing questions.
« Under what conditions may the lumped capaci
dict the transient response of a solid to a change L

« What is the physical interpretation of the Biot number?

« Is the lumped capacitance me
for a hot solid being cooled b
forced convection in air or natur

« Is the lumped capacitance method of analysi
for cooling of a hot solid made of copper or aluminum? For silico

glass?
« What parameters determine the ¢
thermal response of a lumped cap

or decelerated by an increase in
in the density or specific heat of the solid?

y forced convection in air or in wate
al convection in air?

ime constant associated with the tr
acitance solid? Is this response acce

f the boundary conditions preclude their use,
imate numerical technique, such as the

g of key concepts by addressing the follow-

tance method be used 10 pre-
in its thermal environment?

thod of analysis likely to be more applicable
r? By

s likely to be more applicable
n nitride of

ansien
Jerated

the convection coefficient? By an increas
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i

+ For one-di i i ion i
! Sphl‘;{;edi?glnsmrr;al, transient conduction in a plane wall, a long cylinder or
2 Sphe sjmi;. lif)s;uthace convection, what dimensionless parame?ers may be
e representation of therm: iti
used to simpty 7 al conditions? How are these pa-

* What is the physical interpretation of the Fourier number?

¢« What i :
deter n:ier?élngntlent {’nustl‘?e satisfied for use of a one-term approximation to
ransient thermal response of a pl i
<oh - B . \ plane wall, a long cylinder
c?)n‘zirift:i gﬁgfﬁinc?g one-dimensional conduction due to a chancrg in sm-f?;g
? At what stage of a i ' o
fied? g (ransient process is the requirement not satis-
« Wh i : .
Vec;f) goes t(rl'flr.151ent heatmg_or cooling of a plane wall with equivalent con-
e O(r:on 1{1311; at opposite surfaces have in common with a plane wall
cooled by convection ;
surface? at one surface and well insulated at the other

* How - imati
How érslgznas :m} terEn approximation be used to determine the transient ther
of a plane wall, long cylinder, or j .
change in surface temperature? ’ or sphere subjected f0 8 sudden

. FO . v N - . V
[10; (:)r;eacilme'nt.;lj(;nal, transient conduction, what is implied by the idealiza
. emi-infinite solid? Under what it i izati .
oplied & o mlar wall? conditions may the idealization be

» What differentiates an icit, finite-di
! expliciz, finite-difference soluti i
duction problem from an implicit solution? o 10 & fensient can-

. What i L .

un62§1 ?g Hrgiz;t};;ytcg?rgcésgzanon of the implicit finite-difference method as
stable? at constraint i ici

uncondisionally stavie?, nt is placed on the explicit method to
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tative Considerations

% Consider a thin electri
: ectrical heater attached
and backed by i : o ed to a plate Suddenly, th .
nsulation. h y, the power to the h :
late are at th)c:: tem ton. Initially, the healer and yielding a constant heat fi ety activated,
perature of the ambient air, T, surface of the plat X g (Wim') at the faner
o e.
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Plate

Insulation —

(a) Sketch and label, on T—x coordinates, the tem-
perature distributions: initial, steady-state, and at
two intermediate times.

(b) Sketch the heat fiux at the outer surface gL, )
as a function of time.

The inner surface of a plane wall is insulated while
the outer surface is exposcd to an airstream at ..
The wall is at a uniform temperature corresponding
to that of the airstream. Suddenly, a radiation heat

~ source is switched on applying a uniform flux g, t©

the outer surface.

gefore>0
—g——

Insulation — %7 —

.T,,,.h‘
L., 1

(a) Sketch and label, on T—x coordinates, the tem-
perature distributions: initial, steady-state, and at
two intermediate times.

(b) Sketch the heat flux at the outer surface qila
as a function of time.

5.3 A microwave oven operates on the principle that ap-

plication of a high-frequency field causes electri-
cally polarized molecules in food to oscillate. The
net effect is a nearly uniform generation of thermal
energy within the food. Consider the process of
cooking a slab of beef of thickness 2L in a mi-

crowave oven and compare it with cooking inacon- -

ventional oven, where each side of the slab is heated
by radiation. In each case the meat is to be heated
from 0°C to a minimum temperature of 90°C. Base
your comparison on 2 sketch of the temperature dis-
(ribution at selected times for each of the cooking
processes. In particular, consider the time f
at which heating is initiated, a time #, during the
heating process, the time % corresponding  to
the conclusion of heating, and a time #; well into the

subsequent cooling process.

5.4 A plate of thickness 2L, surface arca A;, mass M, and

specific heat ¢, initially at a uniform temperature T,
is suddenly heated on both surfaces by a convection

Lumped Capacitance Method

55

5.6
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process (T, h) for a period of time £, following : |

which the plate is insulated. Assume that the mid- i 2

plane temperature does not reach T, within this pe- '

riod of time.

(a) Assuming Bi > 1 for the heating process, sketch
and label, on T—x coordinates, the following
temperature distributions: initial, steady-state
(t — @), T(x, t,), and at (WO intermediate times
between 1 = {, and r —> .

(b) Sketch and label, on 7—t coordinates, the mid-
plane and exposed surface temnperature distribu-
tions.

(¢) Repeat parts (a) and (b) assuming Bi <€ 1 for the
plate.

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

Steel balls 12 mm in diameter are annealed by heat-
ing to 1150K and then slowly cooling to 400K
in an air environment for which 7., = 325 K and
h =20 W/m?+K. Assuming the properties of the
steel o be k=40W/m- K, p= 7800 keg/m’, and
¢ = 600 J/kg - K, estimate the time required for the
cooling process. :
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The heat transfer coefficient for air flowing over a
sphere is to be determined by observing the tempera-
ture—time history of a sphere fabricated from pure
copper. The sphere, which is 127 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.

A solid steel sphere (AISI 1010), 300 num in diam-
eter, is coated with a dielectric material layer of
thickness 2mm and  thermal conductivity
0.04 W/m - K. The coated sphere is initially at a uni-
form temperature of 500°C and is suddenly quenched
in a large oil bath for which 7. = 100°C and £ =
3300 W/m? - K. Estimate the time required for the
coated sphere temperature to reach 140°C. Hint: Ne
glect the effect of energy storage in the dielectric m&
terial, since its thermal capacitance {pcV) is s
compared to that of the steel sphere.

5.10

. material

n Problems

5.8 The base plate of an iron has a thickness of

L=7mm and is made from an aluminum alloy
{p=2800kg/m®, ¢ = 900 T/kg - K, k= 180 W/m-K
e = 0.80). An electric resistance heater is attacheci
to thg inner surface of the plate, while the outer sur-
‘facc is exposed to ambient air and large swTound-
ings at 7., = T,,. = 25°C. The areas of both the inner
and outer surfaces are A, = 0,040 m?,

CSurroundings. T,

sur

Air
h

]

Baseplate / \.,

(poc, ke, qp b, A H

If” an approximately uniform heat fiux of
¢ = 1.25 X 10* W/m?® is applied to the inner surface
of the base plate and the convection coefficient at
the outer surface is i = 10 W/m?®+ K, estimate the

time required for the plate to reach a t
o emperature

Carbon steel (AISI 1010) shafis 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 temperature of 800 K?

A thermal energy storage unit consists of a large rec-
tangular channel, which is well insulated on its outer
surface and encloses alternating layers of the storage
material and the flow passage.

511

Gas
T it &

£

5.12
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Each layer of the storage material is an aluminum
slab of width W = 0.05 m, which is at an initial tem-
perature 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 cc;l-
vection coefficient assumed to have constant values
of T, = 600°C and & = 100 W/m? + K throughout the
chan.nel. How long will it take to achieve 75% of the
maximum possible energy storage? What is the tem-
perature of the aluminum at this time?

Thermal energy storage systernis commonly involve
a packed bed of solid spheres, through which a hot
gas ﬂows if the system is being charged or a cold gas
if it is 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 decreases as heat is transferreci
from the warmer spheres to the cooler gas.

Packed bed

ansider a packed bed of 75-mm-diameter alu-
minum spheres (p = 2700 kg/m®, ¢ = 950 I/kg - K
k = 240 W/m - K) and a charging process for whicl;
gas enters the storage unit at a temperature of 7,; =
300°C. If the initial temperature of the spheres is
T; = 25°C and the convection coefficient is i =
75 W/m” - K, how long does it take a sphere near the
inlet of the system to accumulate 90% of the maxi-
mum Possible thermal energy? What is the corre-
sponding temperature at the center of the sphere?

Is th.ere any advantage to using copper instead of
aluminum?

A top] used for fabricating semiconductor devices
consists of a chuck (thick metallic, cylindrical disk)
onto which a very thin silicon wafer (p =
2700 kg/m?, ¢ = 875 Vkg - K, k = 177 W/m - K) is
pl.aced by a robotic arm. Once in position, an elec-
tric field in the chuck is energized, creating an elec-
trostatic force that holds the wafer firmly to the
c.huck. To ensure a reproducible thermal contact re-
sistance between the chuck and the wafer from
cycle-to-cycle, pressurized helium gas is introduced
at t.he center of the chuck and flows (very slowly)
radiaily outward between the asperites of the inter-
face region.

Sphere
d (P, e &, T
b .

|
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Wafer, 7,0,
T\V(D) = Tw,i =100°C

w=0.7568 mm

1

Interface region, Chuck, T, =23°C

greatly exaggerated

An experiment has been performed under conditions
for which the wafer, initially at 2 uniform tempera-

wre T, ; = 100°C, is suddenly placed on the chuck,
which is at a uniform and constant temperature T, =
730C. With the wafer in place, the ¢lectrostatic force
and the helium gas flow are applied. After 15 sec-
onds, the temperature 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?

5.13 A spherical vessel used as a reactor for producing

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 Ikg + K, while exothermic reactions release

energy at a volumetric rate of § = 10* Wim®, 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 o
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 correspond-
ing temperature at the outer surface of the ves-
sel?

Explore the effect of varying the convection co-
efficient on transient thermal conditions within
the reactor.

5.14 Batch processes are often used in chemical and phar-

maceutical operations to achieve 2 desired chemical
composition for the final product and typically in-
volve a fransient heating operation to take the prod-
uct from room temperature to the desired process
temperature. Consider a situation for which a chemi-
cal of density p = 1200 kg/m* and specific heat ¢ =
2200 Y/kg - K occupies a volume of V= 225m’ in
an insulated vessel. The chemical is to be heated
from toom temperature, T; = 300 K, to a process

Steam

Th' n.t.'i .
j‘:&’

temperature of 7 = 450 K by passing 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 convection coef-
ficient of k; = 10,000 W/ m? - K, while the highly agi-
tated liquid in the stirred vessel maintains an outside
convection coefficient of 4, = 2000 Wim? - K.

/— Coiled tubing
(D, L, II,', ho)

Sticred liguid
T, Vip.c

B

Containment vessel

If the chemical is to be heated from 300 0 450 K in
60 minutes, what is the required length L of the sub-
merged tubing?

515 A plane wall of a furnace is fabricated from plain

carbon steel (k = 60 W/m - K, p = 7850 kgim?®, ¢ =
430 J/kg - X) 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 surface is well insulated from the sur-

roundings.

Ceramic film.——‘

Ry Carbon steel,
e o pGRT

-—T,

5 i

At furnace start-up the wall is at an iniial tem
wre of T, = 300K, and combustion gases at Ta=
1300 K enter the furnace, providing a convection ¢~
efficient of h = 25 Wim’ - K at the ceramic film- A

n Problems

suming the film to have negligible thermal
capacitance, how long will it take for the inner sur-
face 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 .:ime‘?

A steel strip of thickness 8 = 12 mm is annealed by

pasFing it through a large furnace whose walls are
maintained at a temperature T,, corresponding to that
of combustion gases flowing through the furnace (T’
= T,). The strip, whose density, specific heat ther‘f
mal conductivity, and emissivity are , p=
7900 kg/m’®, c, = 640 J/kg - K, k = 30 W/m - K, and
:;0 6O%Zé‘respectlvely, is to be heated from 300°C

SR o bt s R SR o SOt R e et

Furnace walls, T“,*l:

perd- E:

(a) For a uniform convection coefficient of
h =100 vx(/m2 ‘Kand T, = T, = 700°C, deter-
mine the time required to heat the strip. If the

strip 15 moving at 0.5 m/s, how long must the
fumace be?

(b) Th_e annealing process may be accelerated (the
strip speed increased) by increasing the envi-
ronn}ental temperatures. For the furnace length
obtained in part (a), determine the strip speed
for T, = T, = 850°C and T, = T,, = 1000°C
For each set of environmental temperatures‘
(700, 850, and 1000°C}), plot the strip temper-
atuore as a function of time over the range
25°C = T = 600°C. Over this range, also plot
the radiation heat transfer coefficient, k,, as a
function of time. T

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

an oil bath of temperature 7., = 25°C. The wire has
an electrical resistance per unit length of R, =
?};01 Q/rn. If a current of [ = 100A flows thro:lgh
s (;:0 Vv\f(}re2 and the c.onvection coefficient is &=
o th m* K, what is 'tl.le steady-state temperature

e wire? From the time the current is applied,
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how long does it take for the wire to reach a temper-
ature that is within 1°C of the steady-state value?
The properties of the wire are p = 8000 kglm3-
¢ = 500 Jkg - K, and & = 20 W/m - K. ’

5.18 Consider the system of Problem 5.1 where the tem-

perature ‘of the plate is spacewise isothermal during
the transient process.

{(a) Obtain an expression for the temperature of the
plate as a function of time 7{#) in terms of 45, 7,
h, L, and the plate properties p and c. o

(b) Determine the thermal time constant and the
steady-state temperature for a 12-mm-thick plate
of pure copper when T, = 27°C, i = 50 Wim?-K
and g, = 5000 W/m®. Estimate the time requircci
to reach steady-state conditions.

For the conditions of part (b), as well as for

=100 and 200 W/m®- K, compute and plot

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

1
5.19 An electronic device, such as a power fransistor

mou_nted ona finned heat sink, can be medeled as a
sPatlally isothermal object with internal heat genera-
tion and an external convection resistance,

(a) Consider such a system of mass M, specific heat
2 a.nd surface area A,, which is initially in equi-
librium Yvith the environment at 7. Suddenly, the
electronic device is energized such that a cons’tant
heat generation E, (W) occurs. Show that the
temperature response of the device is

0_oof_
5, “P\"RC

where # = T — T(=) and T() is the steady-
state temperature corresponding to { — o) & =
T, — T(w); T, = initial temperature of devi,ce;
R = thermal resistance 1/kA,; and C = thermal
capacitance Mc.

{b) An electronic device, which generates 60 W of
hezft, ‘is mounted on an aluminum heat sink
weighing 0.31 kg and reaches a temperature of
100"9 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?

5_.20 3efore 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 ancll are
known to move with a speed of 3 m/s. If the pellets
may be approximated as spheres of 1-mm diameter




)2

and it may be assumed that they are heated by radia-
tion transfer from the tube surface. how long must
the tube be to heat coal entering at 25°C to a temper-
ature of 600°C? Is the use of the lumped capacitance

Chapter 5 m Transient Conduction

(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 radiat-
ing energy to outer space at absolute zero tempera-

m Problems

Plasma gas

Cathode

303

T

sired hardness at elevated temperatures, while the
metal serves to coalesce the particles on the coated
surface and to inhibit crack formation. In the
plasma spraying process, the particles are injected

method justified?

into a plasma gas jet that heats them to a tempera-
ture 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

ture. The droplets are then collected and routed back : particle —— Nozzle (anode)

to the space station. injection T
Consider conditions for which droplets of emis-
sivity £ = 0.95 and diameter D = 0.5 mm are injected

21 A metal sphere of diameter D, which is at a uniform
temperature T}, is suddenty removed from a furnace
and suspended from a fine wire in a large room with

|

Electric
arc

air at a uniform temperature 7, and the surrounding
walls at a temperature To

(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 T.

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

Consider an anodized aluminum sphere (g =
0.75) 50 mm in diameter, which is at an initial
temperature of 7; = 800 K. Both the air and sur-
roundings are at 300 K, and the convection coef-
ficient is 10 W/m?- K. For the conditions of
paris (a), (b), and (c), determine the time re-
quired for the sphere to cool to 400 K., Plot the
corresponding temperature histories. Repeat the
calculations for a polished aluminum sphere

(g =0.1).

522 As permanent space stations increase in size, there i3
an attendant increase in the amount of electrical
power they dissipate. To keep station compartment
temperatures {rom exceeding prescribed limits, it is
necessary lo transfer the dissipated heat to space. A
novel heat rejection scheme that has been proposed
for this purpose is termed a Liquid Droplet Radiator

at a temperature of T; = 500 K and a velocity of V.=
0.1 m/s. Properties of the oil are p = 885 kgim?®, ¢ =
1900 J/kg - K, and k= 0.145 W/m- K. Assuming
each drop to radiate to deep space at T = O K, deter-
mine the distance L required for the droplets to impact
the collector at a final temperature of Ty = 300 K.
What is the amount of thermal energy rejected by each
droplet?

523 In a material processing experiment conducted

aboard the space shuitle, 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 reasen-
able  approximation, ~with  p = 8600 kg/m’,
c=72901kg-K, and k = 63 W/m- K.

(a) If cooling is implemented in a large evacuated
chamber whose walls are at 23°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

(b) To reduce the time required for cooling, consid-
eration is given to immersion of the sphere in an
inert gas stream for which 7., = 25°C and h =
200 W/m? - K. Neglecting radiation, what is the
time required for cooling?

Considering the effect of both radiation and con-
vection, what is the time required for cooling if
4 = 200 W/m? - K and & = 0.67 Explore the ef-
fect on the cooling time of independently vary-

Plasma jet with entrained
ceramic particles (T._, &)

e e e,

Ceramic coating

Substrate

During their #ime-in-flight, the ceramic paiticles
must be heated to their melting point and experience
f:omp}ete conversion to the liquid state. The coating
is formed as the molten droplets impinge (splar} on
the_ substrate material and experience rapid solidifi-
cation, Consider conditions for which spherical alu-
mina (ALO;) particles of diameter D, = 50 pm

density p, = 3970 kg/m®, thermal condugtivity k =
105 W/m- K, and specific heat ¢, = 1560 J/kg - K
are injected into an arc plasma, which is at 7, =
10,0(;0 K and provides a coefficient of 4 = 30 c’600
Wim*+ K for convective heating of the partic’:lcs

Tl'.le melting point and latent heat of fusion of alu—.
mina are T = 2318 K and h,= 3577 kl/ke, re-
spectively. ’

(a) Neglf:cting radiation, obtain an expression for
the time-in-fiight, #;_;, required to heat a parti-
clg from its initial temperature T to its melting
point Tp, and, onge at the melting point, for the
particle to experience complete melting. Evalu-

ate 7;_g for T; = 300 K and the prescribed heat-
ing conditions. :

5.26

core of diameter £, = 16 um, which is encased in a
Co shell of outer diameter D, = 20 pm. If the parti-
cles flow in a plasma gas at T,, = 10,000 K and the
cocfficient associated with convection from the gas
to the particles is /2 = 20,000 Wim? - K, how long
does it take to heat the particles from an initial tem-
perature of T;=300K to the melting point of
cobalt, 7,,, = 1770 K? The density and specific heat
of WC (the core of the particle) are p,=
16,000 kg/m® and ¢, = 300 kg - K, while the corre-
sponding values for Co (the outer shell) are p, =
8900 ke/m® and ¢, = 750 Vkg+ K. Once having
Feachec} the melting point, how much additional time
is required to completely melt the cobalt if its latent
heat of fusion is A= 2.59 X 10° J/kg? You may
use the lumped capacitance method of analysis and

peglect radiation exchange between the particle and
its surroundings.

A-chip that is of length L = 5 mm on a side and
thickness + =1 mm is encased in a teramic sub-
strate, and its exposed surface is convectively cooled
by a dielectric liquid for which 7 = 150 Wim?- K
and T, = 20°C,

Caip,
aTwpe,

t  Substrate

LOuterSPace ing h and &. ®) ‘:Sf’%‘z‘g zlulllfﬁﬂa to have an emissivity of }

ok = 0.4 and the particles to exchange radiation n the off-mode the chip is in thermal equilibri
oo ) Dﬁ,pl?t 5.24 Plasma spray-coafing proccsses e ofien used (9 with large surroundings at T, = 300 K, assess with the coolant (T; = 71"1)- When the clfiq milslb;lum
njester . v Tfm eeor provide surface protection for materials exposed 1© the validity of neglecting radiation gized, however, iis temperature increases u11)1ti1 a ner—
i —_— . - . . H " ? ew

— hostile environments, which induce deeradation s . st ~ . .
l 1Q hrough f h i r outright Thin film coatings characterized by high resistance eady-state is established. For purposes of analysis,
Q! - through factors such as weat, corrosion, or to abrasion and feacture may be forme : the energized chip is characterized by uniform volu-
thermal failure. Ceramic coatings are commonly . y be formed by using metric heating with ¢ = 9 X 10° W/m®. Assumi

’ : 1ng an

Cold oil return

used for this purpose. By injecting ceramic powder

through the nozzle (anode) of a plasma torch, the .

particles are entrained by the plasma jet, withim
which they are then accelerated and heated.

Elcroscale comtposite particles in a plasma spray-
ofg proccss'. A spherical particle typically consists
& ceramic core, such as tungsten carbide (WC)

and a metallic shell, such as cobalt {Co). The ce-

rami . e
amic provides the thin film coating with its de-

infinite contact resistance between the chip and sub-
strate and negligible conduction resistance within the
chip, determine the steady-state chip temperature T

Following activation of the chip, how long does ft
take to come within 1°C of this temperature? The
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chip density and specific heat are p= 2000 kg/m®
and ¢ = 700 J/kg - K, respectively.

527 Consider the conditions of Problem 5.26. 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 substrate 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), multi-
dimensional conduction in the substrate, and con-
vection from the surface of the substrate to the
coolant. If this total thermal resistance is R, =
200 KSW, what is the steady-state chip temperature
T,? Following activation of the chip, how long does
it take to come within 1°C of this temperature?

5.28 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 connections 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 silicon chips (pe, =
2300 kg/m?®, ¢, = 710 Vkg - K) joined to an alumina
substrate (pg, = 4000 kg/m®, ¢y = 770 V/kg* K) by
solder balls (py, = 11,000 kg/m?, cq = 130 Jkg*
K). Each chip of width Ly, and thickness t,, is joined
to a unit substrate section of width L, and thickness
t,,, by solder balls of diameter D.

l Ih  ——

oe o Loy ——
o C‘“)\w | =— £ < (e
Ider ball — Tahs
Pet csd) I
ubstrate *
Pspr Cep) £

A thermal stress test begins by subjecting the multi-

chip 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
negligible heat transfer between the components
(chip/solder/substrate) of the module and that
the thermal response of each component may be
determined from a lumped capacitance analysis
involving the same convection coefficient h.
Assuming no reduction in surface area due to
contact between a solder ball and the chip or
substrate, obtain expressions for the thermal
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time constant of each component. Heat transfer
is to all surfaces of a chip, but to only the
top surface of the substrate. Evaluate the three
time constants for Ly, = 15 mm, I, = 2 mm, Ly
= 25 mm, f, = 10 mm, D = 2 mm, and a value
of k= 50 W/m?* - K, which is characteristic of
an air stream. Compute and plot the temperature
histories of the three componenis 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 tem-
perature tise, that is, (T — TH(TT) = 0997 If
the maximum stress on a solder ball corresponds
to the maximum difference between its tempera-
ture 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 liguid could be used in lieu of
air to provide a larger convection coefficient of
h = 200 W/m? - K. What is the corresponding
savings in time for each component o achieve
99% of its maximum possible temperature rise?

5.29 The objective of this problem is to develop thermal
models for estimating the steady-stale temperature
and the transient temperature history of the electrical
transformer shown below.

limitations of the models.

(a) Beginning with a properly defined control
volume, develop a model for estimating &
the transformel

T(e). Evaluate T(os) for the prescribed operatifg

steady-state temperature of

conditions.

The external transformer geometry is approximately 3
cubical, with a length of 32 mm to a side. The com- 3
bined 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 40 W and
is operating in ambient air at T, = 20°C, with a con-
vection coefficient of 10 W/m” - K. List and justfy
the assumptions made in your analysis, and discuss

n Problems

{b) Develop a model for estimating the thermal re-
sponse (temperature history) of the transformer
if it is .im'tially at a temperature of 7; = T, and
power is suddenly applied. Determine the time
reqmred for the transformer to come within 5°C
of its steady-state operating temperature.

One-Dimensional Conduction:

The Plane Wall

5.30 Consider the series solution, Equation 5.39, for the

plane wall with convection. Calculate n,ﬁdplane

(x* = () and surface {(x* = 1) temperatures §* for

Fo=0.1 and 1, using Bi = 0.1, 1, and 10. Consider

gply the tf;llrst f(;]ux('1 eigenvalues. Based on these results
iscuss the wvalidi i i

Bocatons 540 andt); . zf the approximate solutions,

5.31 Consider t.he pne—dimensional wall shown in the
sketgh, which is initially at a uniform temperature T,
and is su_d_denly subjected to the convection bound-'
ary condition with a fluid at 7.

l/lnsulation

Wall, fix, 0} =T
k, o '

For a particular wall, case 1, the temperature at x =
Ly after 1, = 1005 is T\(L,, ;) = 315°C. Another
Wall,‘ case 2, has different thickness and thermal
conditions as shown below.

-k Ti T h

44
2 E--]
: ) (Wm-K) °C) (°C) (Wim? -+ K)
.10 15X 1078 50 7300 400 200
40 25 x 1078 100 30 20 100

;Igo'gro long will it take for the second wall to reach
am.ﬂ C at the position x = 1,? Use as the basis for
ysis, the dimensionless functional dependence

. for the transi i
! ent temperature distribution e
in Equation 5.38. pressed

§:§§;:ngs to the semiconductor processing tool of

ufactur'n -12, it is desired at some point in the man-

e nng cycle o cool the chuck, which is made of
minum alloy 2024. The proposed cooling scheme .
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e

passes air at 15°C between the air-supply h
the chuck surface. pply head and

l Alr supply, 20°C 3

Cooling head

Heater coil
(deactivated)

[

{a) If the chuck is initially at a vniform temperature
of 100°C, calculate the time required for its
lower surface to reach 25°C, assuming a uni-
form convection coefficient of 50 Wm?-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 <
k= 2000 W/m® - K. If the lower limit represents
a free convection condition without any head
present, comment on the effectiveness of the
head desigii as a method for cooling the chuck.

Insulaticn

5.33 Consider the thermal energy storage unit of Problem
5.10, but with a masonry material of p = 1900 kg/m®

= 800 J/kg + K, and k = 0.70 W/m - K used in place

of the aluminum. How long will it take to achieve
75% of the maximum possible energy storage? What

are the maximum and minimum temperatures of the
masonry at this time?

5.34 Anncaling 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{ c=550)kg-K, k=48 W/m-K)
whxgh is initially at a uniform temperature of T; =
200°C and is to be heated to a minimum temperat;lrc
of 550°C. Heating is effected in a gas-fired furnace
w?ere products of combustion at T, = 800°C main—’
tain a convection coefficient 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 Tm.nsiem Conduction, Plane Wall model of
IHT to obtain the following solutions,

(a) Calculate the temperature of the inner and outer
surfaces of the pipe, the heat flux at the inner
surface, and the energy transferred to the wall
af'ter 8 min. Compare your results with those ob-
tained in the example.
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(b) At what time will the outer surface temperature
of the pipe, T(0, 1), reach 25°C?

(c) Using the Explore and Graph options of IHT,
calculate and plot on a single graph the tempera-
ture distributions, T(x, ), for the initial condi-
tion, the final condition, and intermediate times
of 4 and 8 min. Explain key features of the dis-
tributions.

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

5.36 The 150-mm-thick wall of a gas-fired furnace is con-
structed of fire-clay brick (k= L5W/m K, p=
2600 kg/m®, ¢, = 1000 J/kg - K) and is well insu-
lated at its outer surface. The wall is at a uniform
initial temperature of 20°C, when the burners are
fired. and the inner surface is exposed to products

“of combustion for which T, =950°C and k=
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 interme-
diate times.

5.37 Steel is sequentially heated and cooled {annealed)
to relieve stresses and to make it less brittle. Con-
sider a 100-mm-thick plate (k=45W/m*K, p =
7800 kg/m’>, ¢, = 500 Jkg - K) that is initially at a
uniform temperature of 300°C and is heated (on both
sides) in a gas-fired furnace for which 7o, = 700°C
and # = 500 W/m?+ K. How long will it take for a
minimum temperature of 550°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 re-
quired physical properties. The process engineer
plans to use air jets to control the rate of cooling, but
she is uncertain 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

I3

Case 2: cocling, one side enly

Case 1: coaling, both sides

Tx, Q= Ti

. Tw.h
FUR

for the maximum temperature difference within the
plate. If this temperature difference is too large, the
plate can experience significant warping.

The air supply is at 25°C, and the convection coeffi-
cient on the surface is 400 W/m? - K. The thermo-
physical properties of the plate are p = 3000 kg/m®,
¢ =750 J/kg-K,and k = 15 W/m-K.

(a) Using the JHT 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 heat 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 temper-
ature difference in the plate. Comment on the
relative magnitudes of the temperature gradients
within the plate as a function of time.

539 During transient operation, the steel nozzle
of a rocket engine mast not excecd a maximum
allowable operating temperature of 1500 K when ex-
posed to combustion gases characterized by a tem-
perature of 2300 K and a convection coefficient of
5000 W/m? - K. To extend the duration of engine op-

cration, it is proposed that a ceramic thermal barrier .

coating (k=10Wm-K, a=6X 10-¢ m¥s) be

applied to the interior surface of the nozzle.

{a) If the ceramic coating is 10 mm thick and at an
initial temperature of 300 K, obtain a conserva-
tive estimate of the maximum allowable dura-
tion of engine operation. The nozzle radius is
much larger than the combined wall and coating
thickness. ,

Compute and plot the inner and outer surface
temperatures of the coating as a function of time
for 0 < t = 150 s. Repeat the calculations for a
coating thickness of 40 mm.

© 540 Tna tempering process, glass plate, which is initially ;

at a uniform temperature T}, is cooled by suddenly

reducing the temperature of both surfaces to T, The §

plate is 20 mm thick, and the glass has a thermal dif-

fusivity of 6 X 1077 m%s.

(2) How long will it take for the midplane temperd-
wre to achieve 50% of its maximum possible

i temperature reduction?

(b) If (7, — T = 300°C, what is the maximum (e
perature gradient in the glass at the above time? -

5.41 The strength and stability of tires may be ephanced

by heating both sides of the rubber (k = 0.14
W/m - K, @ = 6.35 X 107 m/s) in a steam chamber

an Problems

for which T, = 200°C. In the heating process, a 20-
mm-thick rubber wall (assumed to be unthreaded) is
taken from an initial temperature of 25°C to a mid-
plane temperature of 150°C.

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

To 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
midplane and surface temperatures for this case,
as well as for the conditions of part (a). ’

5.42 Copper-coated, epoxy-filled fiberglass circuit boards
arc 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 per-
form 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 effective properties if each of the
boards and plates has a thickness of 2.36 mm and the
following thermophysical properties; board (b) g, =
1000 kg/in’, c, , = 1500 Jkg K, k, = 0.30 W/m
K; plate (p) p, = 8000 kg/m’, ¢,, = 480 J/kg-K
k,=12Wm-K, ' ’

VT

Platens with
circulating fluig

= Metal pressing
T L plate
~50 mm € S )
' 1 ] Circuit
hoard
|— Platen

under high pressure as illustrated in Problem 5.42.
Th§ pl_atens at the top and bottom of the stack are
Mmatntamed at a uniform temperature by a circulating
fluid. The purpose of the pressing-heating operation
I8 10 cure the epoxy, which bonds the fiberglass
- sheet.s,' and impart stiffness to the boards. The cure
con_dm_on is achieved when the epoxy has been
Mantained at or above 170°C for at least 5 min. The
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effective thermophysical properties of the stack or
book (boards and metal pressing plates) are k =
0.613 W/m - K and pc, = 2.73 X 10°J/m* - K.

(a) If the book is initially at 15°C and, following ap-
plication of pressure, the platens are suddenly
brought to a uniform temperature of 190°C, cal-
culate the elapsed time 7, required for the mid-

plane of the book to reach the cure temperature
of 170°C.

(b) If, at this instant of time, ¢+ = t,, the platen tem-
perature were reduced suddenly to 15°C, how
much 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?

5.44 An ice layer forms on a 5-mm-thick windshield of a
car while parked during a cold night for which the
ambient temperature is —20°C. Upon start-up, using
a new defrost system, the interior surface is suddenly
faxposed to a airstream at 30°C. Assuming that the
ice behaves as an insulating layer on the exterior sur-
face, what interior convection coefficient would
allow the exterior surface to reach 0°C in 60 s?
The windshield thermophysical properties are p =
2200 kg/m’, c, = 830 Jkg- K, and k = 1.2 W/m - K.

5.45 A plastic coating is applied to wood panels by first
fiepositing molten polymer on a panel and then cool-
ing the surface of the polymer by subjecting it to air
ﬂm.;v at 25°C. As first approximations, the heat of re-
action associated with solidification of the polymer
may be neglected and the polymer/wood interface
may be assumed to be adiabatic.

Plastic coating
&, o, 7))

W
e 'cod panet

If the thickness of the coating is L = 2 mm and it
has an initial uniform temperature of 7, = 200°C,
how long will it take for the surface to achieve a
safe-to-touch temperature of 42°C if the convection
coefficient is o = 200 W/m? - K? What is the corre-
sponding value of the interface temperature? The
thermal conductivity and diffusivity of the plastic
are k=025 W/m-Kand o = 1.20 X 10~ 7 m?s,
respectively.
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Ine-Dimensional Conduction:

Che Long Cylinder

5.46

5.47

Cylindrical steel rods (AISI 1010}, 50 mm in diam-
cter, are heat treated by drawing them through an
oven 5 m long in which air is maintained at 750“’C.
The rods enter at 50°C and achieve a centerline
temperature of 600°C before leaving. For a convec-
tion coefficient of 125 W/m?-K, estimate the
speed at which the rods must be drawn through the

oven.

Estimate the time required to cook a hot dog in
boiling water. Assume that the hot dog is initially at
6°C, that the convection heat transfer coefficient is
100 W/m?- K, and that the final temperature 18
80°C at the centerline. Treat the hot dog as a long
cylinder of 20-mm diameter having the properties:
p =880 kg/m®, ¢ = 3350 J/kg- K, and k=052

“Wim- K

5.48

A long rod of 60-mm diameter and thermophysical
properties p = 8000 kg/m®, ¢ =500¥kg-K, and
k = 50 W/m - K is initially at a uniform temperatore
and is heated in a forced convection furnace main-
tained at 750 K. The convection coefficient is esti-
mated to be 1000 W/m?® - K.

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

In a heat-treating process, the centerline temper-
ature of the rod must be increased from
T,=300K to T =500 K. Compute and plot the
centerline temperature histories for h = 100, 500,
and 1000 W/m?- K. In each case the calculation
may be terminated when T = 500 K.

5.49 A long cylinder of 30-mm diameter, initially at a

uniform temperature of 1000K, is §uddenly
' guenched in a large, constant-temperature oil bath at
350 K. The cylinder properties are k = 1.7 Wim - K,

¢ = 1600 I/kg - X, and p =400 kg/m®, while the

convection coefficient is 50 W/m” * K.

(a) Calculate the ime required for the surface of the
cylinder to reach 500 K.

Compute and plot the surface Femperatm:e
history for 0 = ¢ = 300s. If the oil were agl-
tated, providing a convection coefficient .of
250 W/m? - K, how would the temperature his-
tory change?

5.50 A long pyroceram rod of diameter 20 mm is clad

with a very thin metallic tube for mechanical protce-
tion. The bonding between the rod and the tube has a
thermal contact resistance of Ry, = 0.12 m - K/W.

Thin metallic tube

2N

\ Ceramic rod

/i Bonding interface

N p = 20mm

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

(b)|Cooling may be accelerated by increasing. the
airspeed and hence the convection coefficient.
For values of & = 100, 500, and 1000 Wim?- K,
compute and plot the centerline and st:lrface
temperatures of the pyroceram as 2 function of
time for 0 =< ¢ = 300 s. Comment on the impli-
cations of achieving enhanced cooling solely
by increasing /.

5.51 A long rod 40 mm in diameter, fabricated from sap-

phire (aluminum oxide) and initially ata unifgrm tem-
perature of 800 K, is suddenly cooled by a fluid ag 300
K having a heat ransfer coefficient of 1600 W/m™ - K.
After 35 s, the rod is wrapped in insulation and expe-
riences no heat losses. What will be the temperaiure
of the rod after a long period of time?

5.52 A long bar of 70-mm diameter and initially at 90°C

is cooled by immersing it in a water bath that is at

40°C and provides a convection coefficient of 20

W/m? - K. The thermophysical properties of the bar

are p = 2600 kg/m’, ¢=1030Jkg K, and

k=13.50 Wim- K.

(2) How long should the bar remain in the bath in
order that, when it is removed and allowed to
equilibrate while isolated from any surround-
ings, it achieves a uniform temperature of 55°C?

(b) What is the surface temperature of the bar when
it is removed from the bath?

5.53 A long plastic rod of 30-mm diameter (k = 03Wim-K

and pe, = 1040 KJ/m’ - K) is uniformly l_1eatad in an
oven as preparation for a pressing operation. Tor best

results, the temperature in the rod should not be less 3
than 200°C. To what uniform temperature should the

rod be heated in the oven if, for the worst case, the
sits on a conveyor for 3 min while exposed to convec-
tion cooling with ambient air at 25°C and with a co-
vection coefficient of 8 W/m” - K7 A further condition
for good results is a maximum—minimum _tempel:atug
difference of less than 10°C. Is this condition satisfi
and, if not, what could you do to satisfy it?

u Problems

5.54 As part of a heat treatment process, cylindrical, 304

5.55

leads

statnless steel rods of 100-mum diameter are cooled
from an initial temperature of 500°C by suspending
them in an oif bath at 30°C. If a convection coeffi-
cient of 500 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
diameters 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 operators has observed that it takes 280 sec-
onds for a 40-mm-diameter rod to cool to a safe-
to-handle temperature of 60°C. For an equivalent
convection coefficient, how long will it take for a
80-mm-diameter rod to cool to the same tempera-
ture? The thermophysical properties of the rod
are p=2500kg/m’, ¢=900)kg K, and k=
15 W/m - K. Comment on your result. Did you an-
ticipate this outcome?

5.56 The density and specific heat of a particular material

are known (p = 1200 kg/m®, ¢, = 1250 J/kg - K), but
its thermat conductivity is unknown, To determine
the thermal conductivity, 2 long cylindrical speci-
men of diameter D = 40 mm is machined, and a
thermocouple is inserted through a small hole drilled
along the centerline.

Thermocouple junction

Material of unknown

therma‘I’ conductivity (p, c,, T}

The thermal conductivity is determined by perform-
ing an experiment in which the specimen is heated
to a uniform temperature of T, = 100°C and then
cooled by passing air at 7. = 25°C in cross flow
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Fc;r air in cross-flow over the cylinder, the pre-
scribed value of A = 55 W/m?+ K corresponds
to a velocity of V=68m/s. If = CVY*0!E
where the constant € has units of W~ s%6%/
m>%'% . K, how does the centerline temperature
at t = 1136 s vary with velocity for 3 = V=20
m/s? Determine the centerline temperature his-
tories for 0=¢t=1500s and velocities of
3, 10, and 20 m/s.

5.57 |In Section 5.2 we noted that the value of the Biot

number significantly influences the nature of the
temperature distribution in a solid during a transient
conduction process. Reinforce your understand-
ing 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 r1od (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 convectio:} coefficient and the designated times,
determine the radial temperature distribution:
h=100W/m* K (r=0, 100, 500s); i = 1000
Wim?- K (¢ =0, 10, 50 s); h = 5000 W/m? - K (t =
0, 1, 5, 25 s). Prepare a separate graph for each con-
vection coefficient, on which temperature is plotied
as a function of dimensionless radius at the desig-
nated times.

One-Dimensional Conduction: The Sphere

5.58 In heat treating to harden steel ball bearings (¢ =

5.59

over the cylinder. For the prescribed air velocity, the- -

convection coefficient is # = 55 W/m?+ K.

(@) If a centerline temperature of T/(0, £} = 40°C
is recorded after r = 1136 5 of cooling, verify
that the material has a thermal conductivity of
k=030 W/m- K.

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 sudden immersion of the ball in a molten salt
bath with T, = 1300K and k= 5000 W/m*-K.
Assume that any location within the ball whose tem-
perature 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.

A sphere of 80-mm diameter (k = 50 W/m - K and «
= 1.5 X 107% m%s) is initially at a uniform, elevated
ternperature and is quenched in an oil bath main-
tained at 50°C. The convection coefficient for the
cooling process is 1000 W/m? - K. At a certain time,
the surface temperature of the sphere is measured to
be 150°C, What is the corresponding center femper-
ature of the sphere?
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5.60 A cold air chamber is proposed for quenching steel
ball bearings of diameter D = 0.2 m and initial tem-
perature T; = 400°C. Air in the chamber is main-
tained at —15°C by a refrigeration system, and the
steel balls pass through the chamber on a conveyor
belt. Optimum bearing 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 coeffi-
cient 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
=50W/m K, a=2x107m¥s, and c=450

Tkg- K.
f 5m >
Ball PEE— Chamber
bearing \_1 : Cold airl_‘ housing
@ R ‘
o .

o =m0

5.61 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 convec-
tion coefficient associated with the oil bath is
1000 Wim®* - K.

(2) If quenching is to occur until the surface tem-
perature of the bails reaches 100°C, how long
must the balls be kept in the oil? What is the
center temperature at the conclusion of the
cooling period?

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

5.62 A spherical hailstone that is 5 mm in diameter is
formed in a high-altitude cloud at —30°C. If the
stone begins to fall through warmer air at 5°C, how
long will it take before the outer surface begins to
melt? What is the temperature of the stone’s center
at this point in time, and how much energy (I} has
been transferred to the stone? A convection heat
ransfer coefficient of 250 W/m*+K may be as-
sumed, and the properties of the hailstone may be
taken to be those of ice.

5.63 A sphere 30 mm in diameter initially at 800K is

of the sphere material are: p = 400 kg/m®, ¢ =

1600 Jfkg K, and k = 1.7 W/m - K.

(a) Show, in a qualitative manner on T-t coordi-
nates, 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?

Compute and plot the center and surface temper-
ature histories over the period 0 = t = 150s.
What effect does an increase in the convection
coefficient to k= 200 W/m®-K have on the
foregoing temperature histories? For h="175and
200 W/m? - K, compute and plot the surface
heat flux as a function of time for 0 =
t=150s. :

5.64 Spheres A and B are initially at 800 K, and they are
simuitaneousty quenched in large constant lempera-
ture baths, each having a temperature of 320 K. The
following parameters are associated with each of the
spheres and their cooling processes.

Sphere A Sphere B

Diameter (mm}) 300 30

Density (kg/m®) 1600 400

Specific heat (kI/kg - K) 0.400 1.60

Thermal conductivity (W/m - K} 170 1.70
" Convection coefficient (W/m? - K) 5 50

(a) Show in a qualitative manmner, on T versus f ¢O-
ordinates, the temperatures ai the center aqd at
the surface for each sphere as a function of time.

Briefly explain the reasoning by which you de- 3

termine the relative positions of the curves.

(b) Calculate the time required for the surface of

each sphere to reach 415 K.

(c) Determine the energy that has been gained by

a Problems

5.65 Spheres of 40-mm diameter heated to a uniform
temperature of 400°C are suddenly removed from
the oven and placed in a forced-air bath operating at
25°C with a convection coefficient of 300 W/m* - K
on the sphere surfaces. The thermophysical proper-
ties of the sphere material are p = 3000 kg/m?, ¢ =
850 Vkg-K,andk = 15W/m-K.

(a) How long must the spheres remain in the
air bath 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?

5.69 Consider the packed bed operating conditions of
Problem 5.11, but with Pyrex (p = 2225 kg/m’,
¢=835Vkg-K, k= 14 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 maxi-
mum possible thermal energy? What is the corre-
sponding temperature at the center of the sphere?

5.67 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 tempera-
ture 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 diffu-
stvity of 1073 m¥s, at what time will a surface
temperature of 60°C be recorded if the convec-
tion coefficient is 300 W/m? - K?

Assess the effect of thermal diffusivity on the
thermal response of the material by computing
center and surface temperature histories for
a = 1075, 1077, and 107 m%s. Plot your results
for the period ) =< ¢ =.300s. In a similar man-
ner, assess the effect of thermal conductivity
by considering values of k= 1.5, 15, and
150 Wim - KL ¢

£ 5.68 In a process to manufacture glass beads (k=

14 Wim - K, p = 2200 kg/m?, ¢, = 800 I/kg - K) of
3-mm diameter, the beads are suspended in an up-
wardly directed airstream that is at T, = 15°C

and maintains a convection coefficient of k=
400 W/i? - K.

(@) If the beads are at an initial temperature of
T, = 477°C, how long must they be suspended
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Compute and plot the center and surface temper-
atures as a function of time for 0 = 7 = 20 s and
h = 100, 400, and 1000 W/m? - K.

Consider the sphere of Example 5.5, which is
initially at a uniform temperature when it is sud-
denly 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) For step 1, calculate the time required for the
center temperature to reach T{0,1) = 335°C,
while cooling in air at 20°C with a convection
coefficient of 10 W/m?+ K. What is the Biot
number for this cooling process? Do you expect
radial temperature gradients 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 7(0,# = 50°C,
while cooling in a water bath at 20°C with a
convectio'n coefficient of 6000 W/m? + K.

{c) For the step 2 cooling process, calculate and plot
the temperature histeries, T(r, 1), for the center
and surface of the sphere. Identify and explain
key features of the histories. When do you ex-
pect the temperature gradients in the sphere to
be the largest?

~ Semi-infinite Media

5.70 Two large blocks of different materials, such as cop-
per and concrete, have been sitting in a room (23°C)
for a very long time. Which of the two blocks, if ei-
ther, 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.

5.71 Asphalt pavement may achieve temperatures as high
as 50°C on a hot summer day. Assume that such a
temperature exists throughout the pavement, when
suddenly a rainstorm reduces the surface tempera-
ture to 20°C. Calculate 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.

5.72 A thick steel slab {p = 7800 kg/m®, ¢ = 480 Vkg * K,
k = 50 W/m - K) is initially at 300°C and is cooled
by water jets impinging on one of its surfaces. The
temperature of the water is 25°C, and the jets main-
tain an extremely large, approximately uniform con-

quenched in a large bath having a constant tempera-
ture of 320 K with a convection heat transfer coefi-
cient of 75 W/m? - K. The thermophysical properties

to achieve a center temperature of 80°C? What

each of the baths during the process of the 3 )
E is the corresponding surface temperature?

spheres cooling to 415 K.

vection coefficient at the surface. Assuming that the
surface is maintained at the temperature of the water
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throughout the cooling, how long will it take for the
temperature to reach 50°C at a distance of 25 mm
from the surface?

73 Consider the water main of Example 5.6, which is
buried in soil initially at 20°C and is suddenly sub-
jected to a constant surface temperature of —15"(.3
for 60 days. Use the Transient Conduction/SeJ?u—
Infinite Solid model of IHT to obtain the follgwmg
solutions. Compare your resolts with those in the
Comments section of the example.

(a) Calculate and plot the temperature history ‘at. t'hc
burial depth of 0.68 m for thermal diffusivities
of aa X 107 = 1.0, 1.38, and 3.0 m’/s.

(b) For o = 1.38 X 1077 m’/s, plot the temperature
distribution over the depth 0 =<x = 1.0m for
times of 1, 5, 10, 30, and 60 days.

(¢) For o= 1.38 X107 m?/s, show that t.he heat

flux from the soil decreases with increasing time

by plotting ¢4(0, #) 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, 4:(0.68 m, 1).

574 A tile-iron consists of a massive plate maintained at
150°C by an imbedded electrical heater. The i['Ol"l is
placed in contact with a tile to soften the adhesive,
allowing the tile to be easily lifted from the subfloor-
ing. The adhesive will soften sufficiently if heated
above 50°C for at least 2.min, but its 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 equiva-
lent thermophysical properties of & = 0.15Wim-K
and pc, = 1.5 X 108 J/m? - K.

Tile, 4&—mm thickness

Subflooring

(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 arca 254 mm
to the side, how much energy has been removed
from it during the time it has taken to lift the tile?

5775 The manufacturer of a heat flux gage like that illus-
trated in Problem 1.12 claims the time constant for a
63.2% response to be 7= (4d"pc Y7k, where p, Cp
and k are the thermophysical properties of the gage
material and d is its thickness. Not knowing the ori-
gin of this relation, your task is to model the gage
considering the two extreme cases illustrated below.
In both cases, the gage, initially at a uniform temper-

ature T, is exposed to a sudden change in surface
temperature, T(0, 1) = 7T.. For case (a) the backsid_e
of the gage is insulated, and for case (b) the gage 18
imbedded in a semi-infinite solid having the same
thermophysical properties as those of the gage.

L

Gage,
PG k—
T - T,
T =T Thinfim | )

AL thermocouples T s
) (5)

Develop relationships for predicting the time con-
stant 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?

5.76 A simple procedure for measuring surface convec-
tion 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 convection coefficient is deter-
mined. The following experimental arrangement
uses the procedure to determine the convection coef-
ficient for gas flow normal to a surface. Specifically,
a long copper rod is encased in a super insu}ator of
very low thermal conductivity, and a very thin coat-
ing is applied to its exposed surface.

}—Surface coating

Copper rod,
& = 400 WimK, o= 107'm?fs

Super insulafor

If the rod is initially at 25°C and gas flow for which
h = 200 W/m?- K and T,, = 300°Cis i 'tiated,_ Whé_ll
is the melting point temperature of the\coating if
melting is observed to occur at t = 400 s?

An insurance company has hired you as a cof s_ult.ant
to improve their understanding of burn injures.

n Problems

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

(a) To assess the seriousness of the problem, com-
pute locations in the tissue at which the tempera-
ture will reach 48°C after 10 s of exposure o
machinery at 50°C and 100°C.

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

5.78 A procedure for determining the thermal conduc-
tivity of a solid material involves embedding a
thermocouple in a thick slab of the solid and mea-

suring the response to a prescribed change in tem-

perature at one surface. Consider an arrangement
for which the thermocouple is embedded 10 mm
from a surface that is suddenly brought to a tem-
perature of 100°C by exposure to boiling water. If
the initial temperature of the slab was 30°C and the
thermocouple measures a temperature 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 Jkg - K.

‘579 The density and specific heat of a plastic material
are known {p = 950 kg/m®, c; = 1100 J/kg - K), but
its thermal conductivity is unknown. To determine
the thermal conductivity, an experiment is per-

{ Air

Nl B
T,

xi T

Thermocouple, Tix,, £

Material of unknown
thermal conductivity
(p.c, T}
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formed in which a thick sample of the material is
heated to a uniform temperature of 100°C and then
cooled by passing air at 25°C over one surface,
A thermocouple embedded a distance of x, =
10 mm below the surface records the thermal re-
sponse of the plastic during cooling.

If the convection coefficient associated with the
air flow is & = 200 W/m? - K and a temperature of
60°C is recorded 5 min after the onset of cooling,
what is the thermal conductivity of the material?

5.80 A very thick slab with thermal diffusivity 5.6 X
1079 m%s and thermal conductivity 20 W/m-K is
initially at a uniform temperature of 325°C. Sud-
denly, the surface is exposed to a coolant at 15°C for
which the convection heat transfer coefficient is 100
Wim? - K.

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

ompute and plot temperature histories (0 =
t = 300s) at x = 0 and x = 45 mm for the fol-
lowing parametric variations: (i) « = 5.6 X
1077, 56% 1078 and 5.6 X 107° m?s; and
(i} & = 2, 20, and 200 W/m - K.

5.81 A thick oak wall, initially at 25°C, is suddenly ex-
posed to combustion products for which 7, =
800°C and k = 20 W/m*- K.

(a) Determine the time of exposure required for the

surface to reach the ignition temperature of
400°C.

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

5.82 Standards for firewalls may be based on their ther-
mal response to a prescribed radiant heat flux. Con-
sider a 0.25-m-thick concrete wall (p = 2300 kg/m°,
¢ =880Jkeg- K, k=14W/m-K), which is at an
initial temperature of T; = 25°C and irradiated at one
surface by lamps that provide a uniform heat flux of
4, = 10* W/m?. The absorptivity of the surface to the
irradiation is o, = 1.0. If building code requirements
dictate that the temperatures of the irradiated and
back surfaces must not exceed 325°C and 25°C, re-
spectively, after 30 min of heating, will the require-
ments be met?

5.83 It is 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 310K and to have thermophysical properties of
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p = 1000 kg/m®, ¢ = 4180J/kg K, and k= 0.625
Wim + K, determine whether the copper or the glass
will feel cooler to the touch.

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

5.85 Special coatings are often formed by depositing thin
layers of a molten material on a solid substrate.
Solidification begins at the substrate surface and
proceeds until the thickness § of the solid layer
becomes equal to the thickness 8 of the deposit.

Liquid : _6
Deposit, -
p‘,] hy o= —=  — L
: < Solid
Substrate, ———— b
ks' &% e

(a) Consider conditions for which molten material
at its fusion temperature T is deposited on a
large substrate that is at an initial uniform tem-
perature T, With § = 0 at ¢ = 0, develop an ex-
pression for estimating the time #, required to
completely solidify the deposit if it remains at T
throughout the solidification process. Express
your result in terms of the substrate thermal con-
ductivity and thermal diffusivity (k,, o), the
density and latent heat of fusion of the deposit
(p, hy), the deposit thickness &, and the relevant
temperatures (Ty, T3

The plasma spray deposition process of Problem
5.24 is used to apply a thin (5 = 2 mm}) alumina
coating on a thick tungsten substrate. The sub-
strate has a uniform initial temperature of T; =
300 K, and its thermal conductivity and thermal
diffusivity may be approximated as k=
120 Wim + K and o, = 4.0 X 107° m®/s, respec-
tively. The density and latent heat of fusion of
the alumina are p=3970kg/m’ and hy=
3577 ki/kg, respectively, and the alumina solidi-
fies at its fusion temperature (Ty = 2318 K). As-
suming that the molten layer is instantaneously
deposited on the substrate, estimate the time re-
quired for the deposit to solidify.

b

~—

5.86 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 designated as p and Ay 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
P, ksf

Mold wall
kw' Ly

Just before the start of solidification (5 = 0), the mold
wall is everywhere at an initial uniform temperature
7, and the molten metal is everywhere at its fusion
(melting point) temperature of T;. Following the start
of solidification, there is conduction heat transfer into
the mold wall and the thickness of the solidified
metal, S, increases with time f.

(a) Sketch the one-dimensional temperature distrib-
ution, T(x}, in the mold wall and the meial at 1 =
0 and at two subsequent times during the solidi-
fication. Clearly indicate any underlying as-
sumptions,

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

Multidimensional Conduction

5.87

5.88

5.89 A cylindrical copper pin 100 mm long and 50 mm in -

A long steel (plain carbon) billet of square cross sec-
tion 0.3 m by 0.3 m, initially at a uniform tempera-
ture of 30°C, is placed in a soaking oven having a
temperature of 750°C. If the convection heat transfer
coefficient for the heating process is 100 Wim? K,
how long must the billet remain in the oven before
its center temperature reaches 600°C?

Fireclay brick of dimensions 0.06 m X 0.09 m X
0.20 m is removed from a kiln at 1600 K and cooled
in air at 40°C with k= 50 W/m?- K. What is the
temperature at the center and at the corners of the
brick after 50 min of ceoling?

diameter is initially at a uniform temperature _Of
20°C. The end faces are suddenly subjected to an it~

tense heating rate that raises. them to 2 temperature °

u Problems

of 500°C. At the same time, the cylindrical surface
is subjected to heating by gas flow with a tempera-
ture of 500°C and a heat transfer coefficient of
100 W/m? - K.

End face

50 mm

100 mm

(a) Determine the temperature at the center point of

the cylinder 8 s after sudden application of the

heat.

(b) Considering the parameters governing the tem-
perature distribution in transient heat diffusion
problems, can any simplifying assumptions be
justified in analyzing this particular problem?
Explain briefly.

Recalling that your mother once said that meat

should be cooked until every portion has attained a

temperature of 80°C, how long will it take to cook a

2.25-kg roast? Assume that the meat is initially at

6°C and that the oven temperature is 175°C with a

convection heat transfer coefficient of 15 W/m® - K.

Treat the roast as a cylinder with properties of liquid

water, having a diameter equal to its length.

A long rod 20 mm in diameter is fabricated from
f:lumina (polycrystalline aluminum oxide) and is
initially at a uniform temperature of 850 K. The
rod is suddenly rexposed to fluid at 350 K with
h = 500 W/m’ - K. Estimate the centerline tempera-
ture of the rod after 30 s at an exposed end and at an
axial distance of 6 mm from the end.

Consider the stainless steel cylinder of Example 5.7,

which is initially at 600 K and suddenly quenched in
an oil bath at 300 K with £ = 500 W/m’ * K. Use the
Transient Conduction, Plane Wall and Cylinder
models of 7HT to obtain the following solutions.

(a) Calculate the temperatures, T(r, x, ), after 3 min
at the cylinder center, T(0, 0, 3 min), at the cen-
ter of a circular face, T(0, L, 3 min), and at the
midheight of the side, T(r,, 0, 3 min). Compare
your results with those in the example.
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(b) Use the Explore and Graph options of IHT to
calculate and plot temperature histories at the
cylinder center, T(0, 0, 1), and the midheight of
the side, T(r,, 0, 8, for 0 = ¢ = 10 min. Com-
ment on the gradients occurring at these loca-
tions and what effect they might have on phase
transformations and thermal stresses. Hint: In
your sweep over the time variable, start at 1 s
rather than zero.

(¢) For 0 = ¢ == 10 min, calculate and plot tempera-
ture histories at the cylinder center, T(0, 0, 1}, for
convection coefficients of 500 W/m®- K and
1000 Wim?® - K.

Finite-Difference Equations: Derivations

5.93 The stability criterion for the explicit method re-
quires that the coefficient of the T}, term of the one-
dimensional, finite-difference equation be zero or
positive. Consider the situation for which the tem-
peratures at the two neighboring nodes (77—, T54 ;)
are 100°C while the center node (T%) is at 50°C.
Show that for values of Fo > 3 the finite-difference
equation will predict a value of T2 that violates the

m

second law of thermodynamics.

5.94 A thin rod of diameter D is initially in equilibrium
with its surroundings, a large vacuum enclosure at
temperature T Suddenly an electrical current [ (A)
is passed through the rod having an electrical resistiv-
ity p, and emissivity £. Other pertinent thermophysi-
cal properties are identified in the sketch. Derive the
transient, finite-difference equation for node m.

fe—Ax—mla—Ax—»] J—E, <‘

1—>9  Tem-1_gm

em+l (S— -

i e L

T;HJ Lpe-P- ck

5.95 A one-cimensional slab of thickness 2L is initially at
a uniform temperature 7. Suddenly, electric current
is passed through the slab causing a uniform volu-
metric heating ¢ (W/m®). At the same time, both
outer surfaces (x = *L) are subjected to a convec-
tion process at T, with a heat transfer coefficient A.

1
1
'
1
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Write the finite-difference equation expressing con-
servation of energy for node 0 located on the outer
surface at x = —L. Rearrange your equation and
identify any important dimensionless coefficients.

96 A plane wall (p = 4000 kg/m®, ¢, = 500 Vkg-K,

k= 10 W/m-K) of thickness L = 20 mm initially
has a linear, steady-state temperature distribution
with boundaries maintained at T, = 0°C and T, =
100°C. Suddenly, an electric current is passed
through the wall, causing uniform energy generation
at a rate g =2 X 107 W/m®. The boundary condi-
tions 7, and T, remain fixed.

T, = 100°C

£20, §=2x 107 Wim®

|__.x L= 2l0 mm

(a) On T-x coordinates, sketch temperature distribu-
tions for the following cases: (i) initial condition
(¢t = 0); (ii) steady-state conditions (f — ), as-
suming that the maximum temperature in
the wall exceeds Ty; and (iii) for two intermedi-
ate times. Label all important features of the
distributions.

(b) For the system of thre¢ nodal points shown
schematically (1, m, 2), define an appropriate
control volume for node m and, identifying all
relevant processes, derive the corresponding
finite-difference equation using either the ex-
plicit or implicit method.

With a time increment of Ar = 55, use the fi-
nite-difference method to obtain values of 7,, for
the first 45 s of elapsed time. Determine the cor-
responding heat fluxes at the boundaries, that is,
" (0,45 s) and g (20 mm, 45 s).

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).

—
3
e

5.97 A round solid cylinder made of a plastic material

(o = 6 X 1077 m?s) is initially at a uniform temper-

SRR S
—0'-‘.—_.7-'3“—_»-"-—20"—’-30:—-——,41‘:‘;—4-

L.x L= 2[4 mm

ature of 20°C and is well insulated along its lateral

surface and at onc end. At time ¢ = 0, heat is applied

to the left boundary causing T to increase linearly
with time at a rate of 1°C/s.

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

(b) Format a table with headings of p,  (s), and the
nodal temperatures Ty to T,. Determine the sur-
face temperature T, when T, = 35°C.

Finite-Difference Solutions:
One-Dimensional Systems

5.98 | A wall 0.12 m thick having a thermal diffusivity of

5.99

1.5 X 10~® m%s is initially at a uniform temperature
of 85°C. Suddenly one face is lowered o a tempera-
ture of 20°C, while the other face is perfectly insu-
lated.

(a) Using the explicit finite-difference technique
with space and time increments of 30 mm and
300 s, respectively, determine the temperature
distribution at = 45 min.

(b) With Ax =30mm and Ar=300s, compute
T(x, 1) for 0 =< t = t, where £ is the time re-
quired for the temperature at each nodal point to
reach a value that is within 1°C of the steady-
state temperature. Repeat the foregoing calcula-
tions for Af=75s. For each value of A
plot temperature histories for each face and the
midplane.

A molded plastic product (p = 1200 kg/m’, ¢ =
1500 J/kg - K, k= 030 W/m - K) is cooled by ex-
posing one surface to an array of air jets, while the
opposite 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.

~Air jets ___5-{/ AJ k; \}»
{ Tk _ ==L
Plastic g s A
Tup e k)

Using a finite-difference solution with a space in-
crement of Ax = 6 mm, determine temperatures at

m Problems

the cooled and insulated surfaces after 1 hour of ex-
posure to the gas jets.

E.100| The plane wall of Problem 2.47 (k = 1.5 W/m K,

a =175 % 10"%m%s) has a thickness of L =50
mm and an initial uniform temperature of 25°C.
Suddenly, the boundary at x = L experiences heat-
ing by a fluid for which T.,,=50°C and h =
75 W/m? - K, while the other boundary at x = 0 ex-
periences an applied heat flux of g, = 2000 W/m?,

(a) With Ax = 5 mm and A¢ = 20 s, compute and
plot temperature distributions in the wall for (i)
the initial condition, (ii} the steady-state condi-
tion, and (iii} two intermediate times.

(b) On g,—x coordinates, plot the heat flux distri-
butions corresponding to the four temperature
distributions represented in part {a).

(c) On g;— coordinates, plot the heat flux at x = 0
and x = L.

E.101]The plane wall of Problem 2.48 (k = 50 W/m - K,

a=15X%10"%m%s) has a thickness of L=
40 mm and an initial uniform temperature of T, =
25°C. Suddenly, the boundary at x = I experiences
heating by a fluid for which 7. = 50°C and h =
1000 W/m? - K., while heat is uniformly generated
within the wall at § =1 X 10° W/m® The bound-
ary at x = ) remains at T,.

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

(b) On 4.—1 coordinates, plot the heat flux at x = 0
and x = L. At what elapsed time is there zero
heat flux at x = L?

! 102 Consider the fuel element of Example 5.8. 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 § = 10° W/m®.
The surfaces are convectively cooled with T, =
250°C and & = 1100 W/m® - K. Using the explicit
method with a space increment of 2 mm, determine
the ternperature distribution 1.5 s after the element
is inserted into the core.

Consider the fuel element of Example 5.8, which

operates at a uniform volumetric generation rate of
g = 107 W/m®, until the generation rate suddenly
changes (o 4, =2X10"W/m®. Use the Finite-
Difference Fquations, One-Dimensional, Transient
conduction model builder of IHT to obtain the

implicit form of the finite-difference equations for
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the 6:‘nodcs, with Ax = 2 mm, as shown in the
example.

(a) Calculate the temperature distribution 1.5s
after the change in operating power and com-
pare 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
midplane (00) and surface (05) nodes for
0 = r=400s. What are the steady-state tem-
peratures, and approximately how long does it
take to reach the new equilibrinm condition
after the step change in operating power?

5.104| Consider the fuel element of Example 5.8, which

operates at a uniform volumetric generation rate of
g, = 107 W/nr’, until the generation rate suddenly
changes to ¢, =2x10"W/m* Use the finite-
element software FEHT to cbtain the foliowing
solutions.

(a) Calculate, the temperature distribution 1.5s
after the change in operating power and com-
pare your results with those tabulated in the ex-
ample. Hint: First determine the steady-state
temperature distribution for ¢,, which repre-
sents the initial condition for the transient tem-
perature distribution after the step change in
power to &,. 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 Ryn menu in the FEHT Help section for
background information on the Continue
option.

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

5.105| [n 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 on route to a section of rollers. Once
fully solidified, the slab continues to cool as it is
bronght to an acceptable handling temperature. It is
this portion of the process that is of interest.
Consider a 200-mm-thick solid slab of steel
(p = 7800 kg/m®, ¢ = 700 Wkg - K, k = 30 W/m - K),
initially at a uniform temperature of T; = 1400°C. The
slab is cooled at its top and bottom surfaces by water
jets (7., = 50°C), which maintain an approximately
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2L = 200 mm

Water jet 1 1

uniform convection coefficient of £ = 5000 W/m® - K
at both surfaces. Using a finite-difference solution
with a space increment of Ax = 1 mm, determine the
time required to cool the swrface of the slab to
200°C. What is the corresponding temperature at the
midplane of the slab? If the slab moves at a speed of
V= 15 mmvs, what is the required length of the
cooling section?

A very thick plate with thermal diffusivity 5.6 X
1076 m2fs and thermal conductivity 20 W/m - K is
initially 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 Wim?-
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.

Referring to Example 5.9, Comment 4, consider a

sudden exposure of the surface to large susrround-

ings at an elevated temperature (T, and to con-

vection (T, /).

(a) Derive the explicit, finite-difference eguation
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 criterion more restrictive than that for an in-
terior node?

A thick slab of material (k= 1.5 W/m-K, @ =
7 % 107" m?¥s, & = 0.9), initally at a uniform
temperature of 27°C, is suddenly exposed to
large surroundings at 1000 K. Neglecting con-
vection 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.

5.108 Consider the thick slab of copper in Example 5.9,

which is initially at a uniform temperature of
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20°C and is suddenly exposed to a net radiant
flux of 3 % 10° W/m?. Use the Finite-Difference
Equations/One-Dimensional/Transient conduc-
tion model builder of IHT to obtain the implicit
form of the finite-difference equations for the in-
terior nodes. In your analysis, use a space incre-
ment of Ax = 37.5 mm with a total of 17 nodes
(00—-16), and a time increment of Af = 1.2 s. 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
t= 120 s, that is, 7(0, 120s) and T{0.15m,
120's), and compare the results with those
given in Comment 1 for the exact solution. Will
a time increment of 0.12 s provide more accu-
rate results?

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

Consider the thick slab of copper in Example 5.9,
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, 120 s) and 7(0.15 m, 120 5)
using the finite-clement software FEHT.
Hint: In the Convection Coefficient box of the
Specify/Boundary Conditions menu of FEHT,
enter the linearized radiation coefficient (sce
Equation 1.9) for the surface (x = 0). Enter
the temperature of the surroundings in the
Fluid Temperature box. See also the Help
scction on Entering Equations. Click on
Setup/Temperatures in K to enter all tempera-
tures in kelvins.

(b) Plot the temperature histories for x =0, 150, _

and 600 mm, and explain key features of your
results.

10 |Consider the composite wall of Problem 2.53. In f
Part (d), you are asked to sketch the temperature

histories at x = 0, I during the transient period be-
tween Cases 2 and 3. Calculate and plot these histo-
ries using the finite-element method of FEHT, the
finite-difference method of [HT (with Ax = 5mm

and A7 = 1.2 5), and/or an alternative procedure of

your choice. If you use more than one method, coim-

pare the respective results. Note that, in using FEHT :
or THT, a look-up table must be created for prescrib- <3
ing the variation of the heater flux with time (see the 4

appropriate Help section for guidance).

In Section 5.5, the one-term approximation (o the {
series solution for the temperature distribution wa
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developed for a plane wall of thickness 2L that is
initially at a uniform temperature and suddenly
subjected to convection heat transfer. If Bi < 0.1,
the wall can be approximated as isothermal and
represented as a lumped capacitance (Equation
5.7). For the conditions shown schematically, we
wish to compare predictions based on the one-term
approximation, the lumped capacitance method,
and a finite-difference solution.

Tixd), Tx,0) = T; = 250°C
p = 7800 kg/m?
¢ = 440 JkgK
k=15 W/m-K

T, = 25°C
Jr= 500 Wim?-¥

20 mm
# Nodes Ax
5 Li4
2 L2
(At =1s)

(a) Determine the midplane, 7(0, #}, and surface,
T(L, 1), temperatures at ¢ = 100, 200, and 500 s
using the one-term approximation to the series
solution, Equation 5.40. What is the Biot num-
ber for the system?

{b) Treating the wall as a lumped capacitance, cal-
culate the temperatures at ¢ = 50, 100, 200, and
500 s. Did you expect these results to compare

favorably with those from Part (a)? Why are _

the temperatures considerably higher?

Consider the 2- and S-node networks shown
schematically. Write the implicit form of the fi-
nite-difference equations for each network, and
determine the temperature distributions for ¢ =
50, 100, 200, and 500 s using a time increment
of At=1s. You may use /HT to solve the
finite-difference equations by representing the
rate of change of the nodal temperatures by
the intrinsic function, Der(T, ). Prepare a table
sumrnarizing the results of Parts (a), (b), and
(¢). Comment on the relative differences of the
predicted temperatures. Hint: See the Solver/
Intrinsic Functions section of IHT/Help or the
IHT Examples menu (Example 5.2) for guid-
ance on using the Der(T, #} function.
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Consider the bonding operation described in Prob-

lem 3.103, which was analyzed under steady-state
conditions. In this case, however, the laser will be
used to heat the film for a prescribed period of time,
creating the transient heating situation shown in the
sketch.

4o
Laser source, ¢ f
Aty
Plastic film lv l j' l l ‘l’ :

-« T . h

Meta! strip I‘—|_wl_—| ' i
| - I
l,- !‘ Wy ‘j\—f
chs h e

The strip is initially at 25°C and the laser provides
a uniform flux of 85,000 W/m?® over a time interval
of Az, = 10s. The system dimensions and
thermophysical properties remain the same, but the
convection coefficient to the ambient air at 25°C is
now 100 W/m? - K and w, = 44 mm.

Using an implicit finite-difference method
with Ax = 4 mm and Af = 1 s, obtain temperature
histories for 0 = ¢t = 30 s at the center and film
edge, T(0, 1) and T(w/2, 1), respectively, to deter-
mine if the adhesive is satisfactorily cured above
90°C for 10 s and if its degradation temperature of
200°C is exceeded.

5.113 One end of a stainless steel (AISI 316) rod of diame-

ter 10 mm and length 0.16 m is inserted into a fixture
maintained at 200°C. The rod, covered with an insu-
lating sleeve, reaches a uniform temperature through-
out its length. When the sleeve is removed, the rod is
subjected to ambient air at 25°C such that the convec-
tion heat transfer coefficient is 30 W/m? - K.

(a) Using the explicit finite-difference technique
with a space increment of Ax = 0.016 m, esti-
mate the time required for the midlength of the
rod to reach 100°C.

With Ax=00l6m and At= 10s, compute
T(x, 1) for 0 = ¢ = 1, where 1, is the time re-
quired for the midlength of the rod to reach
50°C. Plot the temperature distribution for ¢ =
0, 200 s, 400 s, and .

5.114|A tantalum rod of diameter 3mm and length

120 mm is supported by two electrodes within a
large vacuum enclosure. Initially the rod is in equi-
librium with the electrodes and its surroundings,
which are maintained at 300 K. Suddenly, an elec-
trical current, 7 = 30 A, is passed through the rod.
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Assume the emissivity of the rod is 0.1 and the
electrical resistivity is 95 X 1072 £ - m. Use Table
A.l to obtain the other thermophysical properties
required in your solution. Use a finite-difference
method with a space increment of 1¢ mm.

Electrode,
300 K

Electrode,
300K

Surroundings, Ty,

(a) Estimate the time required for the midlength of
~ the rod to reach 1000 K.
(b) Determine the steady-state temperature distri-
bution and estimate approximately how long it
will take to reach this condition.

A support rod (k= 15W/m-X, a=4.0X 10°¢

m?s) of diameter D = 15 mm and length L = 100
mm spans a channel whose walls are maintained at
a temperature of T, = 300 K. Suddenly, the rod is
exposed to a cross flow of hot gases for which

" =600K and k=75 W/m*-K. The channel
walls are cooled and remain at 300 K.

J /T,, = 300K

l7Rud, D=15mm, L= 100 mm

(a) Using an appropriate numerical technique, de-
termine the thermal response of the rod to the
convective heating. Plot the midspan tempera-
ture as a function of elapsed time. Using an ap-
propriate analytical model of the rod, determine
the steady-state temperature distribution and
compare the result with that obtained numeri-
cally for very long elapsed times.

(b) After the rod has reached steady-state condi-
tions, the flow of hot gases is suddenly termi-
nated, and the tod cools by free convection to
ambient air at T, = 300K and by radiation
exchange with large surroundings at T, =
300 K. The free convection coefficient can be
expressed as h (W/m®-X)=C AT", where

C = 44 Wim?- K"'® and n = 0.188. The emis-
sivity of the rod is 0.5. Determine the subsequent
thermal response of the rod. Plot the midspan
temperature as a function of cooling 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 Wim - K,

@ =3 X 1075 m¥s, & = 0.45) of Problem 4.74. De-
velop 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 tempera-
ture of 300K when the ion beam source
is activated, obtain a plot of the midspan
temperature-time history. At what elapsed time
docs this point on the foil reach a temperature
within 1 K of the steady-state value?

(b) The foil is operating under steady-state condi-
tions when, suddenly, the ion beam is deacti-
vated. Obtain a plot of the subsequent midspan
temperature—time history. How long does it
take for the hattest 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 5.42
and described further in Problem 5.43. A finite-
difference method of solution is sought with two ad-
ditional considerations. First, the book is to be treated
as having distributed, rather than lumped, characteris-
tics, by using a grid spacing of Ax = 2.36 mm with
nodes at the center of the individual circuit board or
plate. Second, rather than bringing the platens to
190°C in one sudden change, the heating schedule
T,(#) shown below is to be used in order to minimize
excessive thermal stresses induced by rapidly chang-
ing thermal gradients in the vicinity of the platens.

190
160 -

T, (°0)

15 1 ] i ! 1 1

0 20 40 60
Time {min)

(a) Using a time increment of A7z = 60 s and the
implicit method, find thé temperature history of
the midplane of the book and determin®
whether curing will occur (170°C for 5 min)-

(b) Following the reduction of the platen tempera-
tures to 15°C (t = 50 min), how long will it
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take for the midplane of the book fo reach
37°C, a safe temperature at which the operator
can begin unloading the press?

(¢c) Validate your program code by using the heat-
ing schedule of a sudden change of platen tem-
perature from 15 to 190°C and compare results
with those from an appropriate analytical soju-
tion (see Problem 5.43).

Common transmission failures result from the glaz-
ing of clutch surfaces by deposition of oil oxidation
and decomposition products. Both the oxidation
and decomposition processes depend on tempera-
ture histories of the surfaces. Because it is difficult
to measure these surface temperatures during oper-
ation, it is useful to develop models to predict
clutch-interface thermal behavior. The relative ve-
locity between mating clutch plates, from the initial
engagement to the zero-sliding (fock-up) condition,
generates heat that is wansferred to the plates. The
relative velocity decreases at a constant rate during
this period, producing a heat flux that is initiaily
very large and decreases linearly with time, until
lock-up occurs. Accordingly, gf = g,[1 — (1/1,)],
where ¢, = 1.6 107 W/m® and #, = 100 ms is the
lock-up time. The plates have an initial uniform
temperature of 7; = 40°C, when the prescribed
frictional heat flux is suddenly applied to the sur-
faces. The reaction plate is fabricated from steel,
while the composite plate has a thinner steel center
section bonded to low-conductivity friction mater-
ial layers. The thermophysical properties are p, =
7800 kg/m?, ¢, = 500 Jkg - K, and k, = 40 W/m - K
for the steel and pg, = 1150 kg/m®, ¢, = 1650
kg K, and k, =4 W/m-K for the friction
material.

2mm 0.5 mm—l‘—'l‘—*l—l mim
|'_ | e O =75

T |
bl h

Reaction plate (rp) Composite plate (cp)

cp

"

Ta; gl = 1.6 107 Wim?
¥ t, =100 ms

o

"

‘6’-"

= Time, ¢(s}

fiu

(a) On T — ¢ coordinates, skefch the temperature
history at the midplane of the reaction plate, at

' .— | —

| i [

1 3

| N

i Friction i Steel
material
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the interface between the clutch pair, and at the
midplane of the composite plate. Identify key
features.

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

Compute and plot the three temperature histo-
ries of interest using the finite-element methed
of FEHT or the finite-difference method of /HT
(with Ax = 0.1 mm and A7 = 1 ms). Calculate
and plot the frictional heat fluxes to the reac-
tion and composite plates, g, and g,
respectlively, 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 THT requires creation of
a look-up data table for prescribing the heat
flux as ?function of time.

5.119 |Heat transfer is not an intuitive process muses the

Curious Cook. Does doubling the thickness of a
hamburger approximately double the cooking
time? What éffect does the initial temperature have
on cocking time? To answer these questions, de-
velop 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 convection heat transfer
characterized by an ambient temperature of 100°C
and a convection coefficient of 5000 W/m* - K, As-
sume 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 2L = 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 solu-
tion, use the finite-element method of FEHT,
the ready-to-solve model in the Models/Tran-
sient Conduction/Plane Wall section of JHT, or
a numerical procedure of your choice, For one
of the thicknesses, use an appropriate analytical
solution to validate your numerical results.

(b) Without performing a detailed numerical solu-
tion, but drawing on the resvlis of Part (a),
what can you say about the effect on the cook-
ing 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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(a) Derive the transient, finite-difference equation
for node m, which is within the region sub-
jected to induction heating.

@A process mixture at 200°C flows at a rate of
207 kg/min onto a conveyor belt of 3-mm thick-
ness, 1-m width, and 30-m length traveling with a
velocity of 36 m/min. The underside of the belt is
cooled by a water spray at a temperature of 30°C,
and the convection coefficient is 3000 W/m? - K.
The thermophysical properties of the process mix-
ture are p, = 960 kg/hn’, ¢, = 1700 Jkg - K, and 5,122 An electrical cable, experiencing a uniform volu-
k, = 1.5 W/m - K, while the properties for the con- metric generation ¢, is half buried in an insulating
veyor (metallic) belt, are p, = 8000 kg/m’, ¢, = material while the upper surface is exposed to a
460 kg * K, and k, = 15 W/m - K. convection process (T, k).

(b) On T—r coordinates sketch, in a qualitative
manner, the steady-state temperature distribu-
tion, identifying important features.

Process mixture (m) Mixture: () mn+l
m= 207 kugl'mln Belt (), Ly = 3 mi
Ty =200°C y = 36 mimin —

- Xt

- To,s =7
' RS Ly~
. Lm + Lb -
i .

O TL=30°C . Spray
=2 L=30mY¥ L _ZROOWMAK . \ G nordes
' SO I B

Using the finite-difference method of IHT (Ax =
0.5 mm, Ar = 0.05 s), the finite-element method of
FEHT, or a numerical procedure of your choice,
calculate the surface temperature of the mixture at
the end of the conveyor belt, T,,. Assume negligi-
ble heat transfer to the ambient air by convection or
by radiation to the surroundings.

(a) Derive the explicit, finite-difference equations
for an interior node (m, n), the center node
(m = 0), and the outer surface nodes (M, )} for
the convection and insulated boundaries.

(b) Obtain the stability criterion for each of the
finite-difference equations. Identify the most
restrictive criterion.

Finite-Difference Equations:

Cylindrical Coordinates )

5.121 A thin circular disk is subjected to induction heat- .
ing from a coil, the effect of which is to provide a Finite-Difference Solutions:
uniform heat generation within a ring scction as Two-Dimensional Systems

shown. Convection occurs at the upper surface, 5.123 Two very long (in the direction normal to the page)
while the lower surface is well insulated. bars having the prescribed initial temperature dis-
tributions are to be soldered together. At time ¢ =
0, the m = 3 face of the copper (pure) bar contacts
the m = 4 face of the steel (AIST 1010) bar. The
solder and flux act as an interfacial layer of neg-
ligible thickness and effective contact resistance
R, =2x107%m?  K/W.

- T . h:
4_.,,_ S .

Initial Temperatures (K)

n/m 1 2 3 4 5 6

1 700 700 700 1000 900 800
2 700 700 700 1000 900 800
3 200 700 700 1000 900 800

»h

n Problems

— Interface with
solder and flux

Copper,—{— o Steel,
pure R '_ AlS1 1010

1,3 23 3,3

1,2 2,2 3,2

1,1 2,1 3,1

X,
Ax = Ay =20 mm

(a) Derive the explicit, finite-difference equation in
terms of Fo and Bi, = Ax/kR]  for T, , and de-
termine the corresponding stability criterion.

(b) Using Fo = 0.01, determine 7, , one time step

after contact is made. What is Ar? Is the stabil-
ity criterion satisfied?

5.124| Consider the stainless steel cylinder of Example 5.7,

which is initially at 600 K and is suddenly quenched
in an oil bath at 300 K, with & = 500 W/m? + K. Use
the ready-to-solve model in the Examples menu of
FEHT to obtain the following solutions.

(a) Calculate the temperatures, 7(r, x, 1), after 3
min at the cylinder center, 7(0, 0, 3 min), at the
center of a circular face, {0, L, 3 min), and the
midheight of the side, T(r,, 0, 3 min). Compare
your results with those in the text example,

(b

—

Plot the temperature history at the center,
T(0, 0, 1), and at the midheight of the side, T(r,,
0, ), for 0=¢=}0min using the View/
Temperatures vs, Time tommand. Comment on
the gradients occurring at these locations and
what effect they might have on phase transfor-
mations and thermal stresses.

(¢) Having solved the model for a total integration
time of 10min 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 temperature 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 com-
mand to create a'l0-isotherm temperature dis-
tribution for 1 = 3 min.
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{d) For the location of Part (a), calculate the tem-
peratures after 3 min if the convection coeffi-
cient is doubled (h = 1000 W/m’-K). Also,
for convection coefficients of 500 and
1000 W/m? - K, determine how long the cylin-
der needs to remain in the oil bath to achieve a
safe-to-touch surface temperature of 316 K.
Tabulate and comment on the results of parts
(a) and (d).

5.125| Consider the system of Problem 4.57. Initially with

no flue gases flowing, the walls (a¢=5.5X
1077 m%/s) are at a uniform temperature of 25°C.
Using the implicit, finite-difference method with a
time increment of 1 h, find the temperature distrib-
ution in the wall 5, 10, 50, and 100 h after introduc-
tion of the flue gases.

5.126| Consider the system of Problem 4.75. Initially, the

ceramic plate (e = 1.5 X 107%m%s) is at a uni-
form temperature of 30°C, and suddenly the elec-
trical heating 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 conditions. Use a time increment of
25, '

5.1271 Consider the thermal conduction module and oper-

ating conditions of Problem 4.78. To evaluate the
transient response of the cold plate, which has a
thermal diffusivity of & = 75 X 107% m%/s, assume
that, when the module is activated at r = 0, the ini-
tial temperature of the cold plate is 7; = 15°Cand 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=0.1s, compute the
designated nodal temperatures as a function of
time. From the temperatures computed at a particu-
lar time, evaluate the ratio of the rate of heat trans-
fer by convection to the water to the heat input at
the base. Terminate the calculations when this ratio
reaches 0.99. Print the temperature field at 5-s in-
tervals and at the time for which the calculations
are terminated.

5.128| The operations manager for a metals processing

plant anticipates the need to repair a large furnace
and has come to you for an estimate of the time re-
quired for the furnace interior to cool to a safe
working temperature. 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=
1 W/m - K. The operating temperature of the fur-
nace is 900°C, and the outer surface experiences




24

Chapter 5 m Transient Conduction

convection with ambient air at 25°C and a convec-
tion 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- Consider a two-dimensional cross-section
of the furnace, and perform your analysis on the
smallest symmetrical section.

(b) Anxious to reduce the furnace downtime, the
operations manager also wants to know what ef-
fect circulating ambient air through the furnace
would have on the cool-down period. Assume
equivalent convection conditions for the inner
and outer surfaces.

1129| The door panel of an automobile is fabricated by a

plastic 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. How-
ever, upon visual inspection, the rib pattern is evi-
dent on the outer surface. In regions over the ribs,
the paint has an “orange pecl” appearance, making
the door panel unacceptable 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 tempera-
ture distribution as a function of cooling time.

Rib-crossection
and analysis
section

: 5
> ection
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Use the finite-clement software FEHT to 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 coef-
ficient is 10 W/m? - K. The thermophysical proper-
ties of the extruded plastic are p = 1050 kg/m’,
¢ = 800 Jkg - K, and k = 0.5 W/m+ K.

(a) Using the View/Temperature vs. Time com-
mand, plot temperature histories for selected lo-
cations on the panel surface. Is there noticcable
differential cooling in the region above the rib?
If so, what is the cause? Hint: When you draw
the shape outline in FEHT, represent the fillet
region by six or seven segments that approxi-
mate the fillet radivs. 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 o
Stop time option, and view the temperature
contours as the panel cools. Describe major
features of the cooling process observed irom
the display. Use other options of this command
to create 2 10-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 in-

duced defect, while still retaining the stiffening

function required of the ribs?
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