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Induction heating coilﬂ\‘
ol

u Problems

{a) Derive an expression for the exposed surface tem-
perature T, as a function of the prescribed thermal
and geometrical parameters. The rod has an exposed
length L, and its tip is well insulated.

(b) | Will a rod with L, = 200 mm meet the specified
operating limit? If not, what design parameters
would you change? Consider another material,
increasing the thickness of the insulation, and in-
creasing the rod length. Also, consider 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 2L, diameter D, and thermal

conductivity k is inserted into a perfectly insulating
wall, exposing one-half of its length to an air stream
that is of temperature T, and provides a convection co-
efficient i at the surface of the rod. An electro-
magnetic field induces volumetric energy generation at
a uniform rate § within the embedded portion of the rod.

T_=20C
h =100 Wim2K

Rod, D, k

L—
L=50mm
D=5mm
k=25 Wim-K
§=1x%10° Wim?

{a) Derive an expression for the steady-state tempera-

ture T}, at the base of the exposed half of the rod.
The exposed region may be approximated as a
very long fin.

{b) Derive an expression for the steady-state tempera-

ture T, at the end of the embedded half of the rod.

{c¢) Using numerical values provided in the schematic,

plot the temperature distribution in the rod and de-
scribe key features of the distribution. Does the rod

behave as a very long fin?

3.113 A very long rod of 5-mm diameter and uniform thermal

conductivity k=25 W/m-K is subjected to a heat
treatment process. The center, 30-mm-long portion of
the rod within the induction heating coil experiences
uniform volumetric heat generation of 7.5 X 10° W/m?.

T,

Ty

bt J {

Region experiencing § o 30 i —

\—\fefy long rod,
5-mm dia.

=20°C
The unheated portions of the rod, which protrude from bt IE

the heating coil on either side, experience convection
with the ambient airat T, = 20°C and h = 10 W/m? - K.

Assume that there is no convection from the surface of

the rod within the coil.

3114

3115
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(a) Calculate the steady-state temperature T, of the rod
at the midpoint of the heated portion in the coil.

(b) Calculate the temnperature of the rod T}, at the edge
of the heated portion.

From Problem 1.71, consider the wire leads connecting
the transistor to the circuit board. The leads are of ther-
mal conductivity k, thickness ¢, width w, and length L.
One end of a lead is maintained at a temperature T, cor-
responding to the transistor case, while the other end
assumes the temperature T}, of the circuit board. During
steady-state operation, current flow through the leads
provides for uniform volumetric heating in the amount
{, while there is convection cooling to air that is at T,,
and maintains a convection coefficient h.

Transistor
case(T,)

Circuit
board(T})

{a) Derive an equation from which the temperature
distribution in a wire lead may be determined.
List all pertinent assumptions.

(b) Determine the temperature distribution in a wire
lead, expressing your results in terms of the pre-
scribed variables.

A disk-shaped electronic device of thickness L, diame-
ter D, and thermal conductivity k; dissipates electrical
power at a steady rate P, along one of its surfaces. The
device is bonded to a cooled base at T, using a thermal
pad of thickness L, and thermal conductivity k,. A long
fin of diameter D and thermal conductivity k is bonded
to the heat-generating surface of the device using an
identical thermal pad. The fin is cooled by an air stream,
which is at a temperature T, and provides a convection
coefficient h.

s T.=15T

/i = 250 WimAK
Device:
Lp Lp Heat generating surface, Ly;=3mm
F =15W, T, ky=25 Wim-K

g + Pads:
B =15mm
f;:: 50 Wim-K

D=6mm

Ky =230 Wim-K

http://instructors.coursesmart.com/print?xmlid=0471457280/191 &pagestoprint=1

10/20/2011



CourseSmart - Instructors - Print

User.name; Constantine Tarawneh

Page 1 of 1

No part of any book may be reproduced or transmitted by any means without the publisher's prior permission. Use (other than qualified fair use) in violation of the law or
Terms of Service is prohibited. Violators will be prosecuted to the full extent of the law.

192

Chapter 3 @ One-Dimensional, Steady-State Conduction

(a) Construct a thermal circuit of the system.

(b} Derive an expression for the temperature T of the
heat-generating surface of the device in terms of
the circuit thermal resistances, T, and T.. Express
the thermal resistances in terms of appropriate
parameters.

(c) Calculate T, for the prescribed conditions.

3.116 Turbine blades mounted to a rotating disc in a gas

3117
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turbine engine are exposed to a gas stream that is at
T. = 1200°C and maintains a convection coefficient
of h = 250 W/m? - K over the blade.

Blade ti

Air coolant

The blades, which are fabricated from Inconel,
k = 20 W/m- K, have a length of L = 50 mm. The
blade profile has a uniform cross-sectional area of
A, = 6 X 107" m? and a perimeter of P = 110 mm. A
proposed blade-cooling scheme, which involves rout-
ing air through the supporting disc, is able to maintain
the base of each blade at a temperature of T, = 300°C.

(a) If the maximum allowable blade temperature is
1050°C and the blade tip may be assumed to be adi-
abatic, is the proposed cooling scheme satisfactory?

(b) For the proposed cooling scheme, what is the rate
at which heat is transferred from each blade to the
coolant?

In a test to determine the friction coefficient, ., associ-
ated with a disk brake, one disk and its shaft are ro-
tated at a constant angular velocity w, while an equiva-
lent disk/shaft assembly is stationary. Each disk has an
outer radius of » = 180 mm, a shaft radius of r, =
20 mm, a thickness of + = 12 mm, and a thermal con-
ductivity of £ = 15 W/m - K. A known force F is applied
to the system, and the corresponding torque T required
to maintain rotation is measured. The disk contact
pressure may be assumed to be uniform (i.e., indepen-
dent of location on the interface), and the disks may be
assumed to be well insulated from the surroundings.

L

SIS
=

e N

Disk interface,
friction coefficient, u

(a) Obtain an expression that may be used to evaluate
1 from known quantities.

(b) For the region r; = r = r,, determine the radial
temperature distribution, T(r), in the disk, where
Ti(r,) = T, is presumed to be known.

Consider test conditions for which F =200 N,
w = 40 rad/s, r = 8 N - m, and T, = 80°C. Evalu-
ate the friction coefficient and the maximum disk
temperature.

(c

e

3.118 Consider an extended surface of rectangular cross sec-

tion with heat flow in the longitudinal direction.

i 9

T, T.h

In this problem we seek to determine conditions for
which the transverse (y-direction) temperature differ-
ence within the extended surface is negligible com-
pared to the temperature difference between the surface
and the environment, such that the one-dimensional
analysis of Section 3.6.1 is valid.

(a) Assume that the transverse temperature distribu-
tion is parabolic and of the form

Ty) — T,(x) _ (..v)z

T - T,0 \f

where T(x) is the surface temperature and T,(x)
is the centerline temperature at any x-location.
Using Fourier’s law, write an expression for the
conduction heat flux at the surface, q;(i‘), in terms
of T,and T,

(b) Write an expression for the convection heat flux
at the surface for the x-location. Equating the two
expressions for the heat flux by conduction and
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Chapter 5 ® Transient Conduction

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

Lumped Capacitance Method

5.5

5.6

5.7

58
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Steel balls 12 mum in diameter are annealed by heating
to 1150 K and then slowly cooling to 400 K in an air
environment for which T, = 325 K and h = 20 W/m® - K.
Assuming the properties of the steel to be k = 40 W/m -
K, p = 7800 kg/m’, and ¢ = 600 J/kg - K, estimate the
time required for the cooling process.

Consider the steel balls of Problem 5.5, except now the
air temperature increases with time as T,(f) = 325 K +
at where a = 0.1875 KJs.

{a) Sketch the ball temperature versus time for ) =t =
1 h. Also show the ambient temperature, T, in your
graph. Explain special features of the ball tempera-
ture behavior.

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

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

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

The base plate of an iron has a thickness of L = 7 mm
and is made from an aluminum alloy (p = 2800 kg/m®,
c =900 kg K, k=180 Wim-K, £ = 0.80). An elec-
tric resistance heater is attached to the inner surface of
the plate, while the outer surface is exposed to ambient
air and large surroundings at T, = T, = 25°C. The areas
of both the inner and outer surfaces are A, = 0.040 m’.

CSurroundlngs‘ Tour

Baseplate 7
lpoe ke, gt Ag) S

If an approximately uniform heat flux of g3 = 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 h = 10 W/m® - K, estimate the time required for the
plate to reach a temperature of 135°C. Hint: Numerical
integration is suggested in order to solve the problem.

5.10 Carbon steel (AISI 1010) shafts of 0.1-m diameter are

511

Sto

material

heat treated in a gas-fired furnace whose gases are at 1200
K and provide a convection coefficient of 100 W/m?® - K.
If the shafts enter the furnace at 300 K, how long must
they remain in the furnace to achieve a centerline tem-
perature of 800 K7

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

rage

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

| | Prob IQ"IS

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

Thermal energy storage systems commonly involve a
packed bed of solid spheres, through which a hot gas
flows if the system is being charged, or a cold 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 transferred from the warmer

spheres to the cooler gas.
Sphere
é (p, e, kT
D

Packed bed
S

Consider a packed bed of 75-mm-diameter aluminum
spheres (p = 2700 kg/m®, ¢ = 950 J/kg-K, k=240
Wim - K) and a charging process for which gas enters
the storage unit at a temperature of T,; = 300°C. If the
initial temperature of the spheres is T; = 25°C and the
convection coefficient is h = 75 W/m® - K, how long
does it take a sphere near the inlet of the system to
accumulate 90% of the maximum possible thermal
energy? What is the corresponding temperature at the
center of the sphere? Is there any advantage to using
copper instead of aluminum?

3 A tool used for fabricating semiconductor devices

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

Wafer, T 6},
T,40) = T, ; = 100°C

w=0.758 mm

i

Interface region,
greatly exaggerated

Chuck, T, = 23°C

514

515

Sy
¢ Steam
L 9 T ity
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An experiment has been performed under conditions
for which the wafer, initially at a uniform temperature
T,.; = 100°C, is suddenly placed on the chuck, which is
at a uniform and constant temperature T, = 23°C. With
the wafer in place, the electrostatic force and the
helium gas flow are applied. After 15 seconds, the tem-
perature of the wafer is determined to be 33°C. What is
the thermal contact resistance R}, (m®+ K/W) between
the wafer and chuck? Will the value of R:c increase,
decrease, or remain the same if air, instead of helium, is
used as the purge gas?

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; = 1.0 m.
During production, the vessel is filled with reactants for
which p= 1100 kg/m® and ¢ = 2400 J/kg- K, while
exothermic reactions release energy at a volumetric rate
of § = 10* W/m>. As first approximations, the reactants
may be assumed to be well stirred and the thermal
capacitance of the vessel may be neglected.

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

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

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

Stimed liquid
T, V.p,c

Containment vessel
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8 Problems

corresponding temperature histories of the plate for
0=1t=2500s.

5.20 An electronic device, such as a power transistor mounted

on a finned heat sink, can be modeled as a spatially
isothermal object with internal heat generation and an
external convection resistance.

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

LM (S,
g F ( RC)
where § = T — T{=) and T(=) is the steady-state
temperature corresponding to t—=; §,=T, —
T(w); T; = initial temperature of device; R = thermal
resistance 1/A,; and C = thermal capacitance Mc.
(b) An electronic device, which generates 60 W of
heat, is mounted on an aluminum heat sink weigh-

ing 0.31 kg and reaches a temperature of 100°C in
ambient air at 20°C under steady-state conditions.

5.23

323

Consider an anodized aluminum sphere (g = 0.75)
50 mm in diameter, which is at an initial tempera-
ture of T; = 800 K. Both the air and surroundings
are at 300K, and the convection coefficient is
10 W/m?- K. For the conditions of parts (a), (b),
and (c), determine the time required for the sphere
to cool to 400 K. Plot the corresponding tempera-
ture histories. Repeat the calculations for a polished
aluminum sphere (g = 0.1).

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

If the device is initially at 20°C, what temperature L
will it reach 5 min after the power is switched on? OTuter_sga;e
5.21 Before being injected into a furnace, pulverized coal is ﬂ]‘m cDoTepcl'[egr
preheated by passing it through a cylindrical tube T; T T
whose surface is maintained at T,,, = 1000°C. The coal e 0 {_
pellets are suspended in an airflow and are known to Q : ° o @ :
move with a speed of 3 m/s. If the pellets may be (s 11 Q o % I
approximated as spheres of |-mm diameter and it may : ° :
be assumed that they are heated by radiation transfer ! b ' |
from the tube surface, how long must the tube be to heat I
coal entering at 25°C to a temperature of 600°C? Is the Cold ol return
use of the lumped capacitance method justified? Consider conditions for which droplets of emissivity
5.22 A metal sphere of diameter D, which is at a uniform & = 0.95 and diameter D) = 0.5 mm are injected at a tem-

http://instructors.coursesmart.com/print?xmlid=0471457280/323 &pagestoprint=1

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

(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 temperature
T if both convection and radiation are of the same
order of magnitude?

5.24

perature of T;= 500K and a velocity of V= 0.1 m/s.
Properties of the oil are p = 885 kg/m?®, ¢ = 1900 J/kg -
K, and k = 0.145 W/m - K. Assuming each drop to radi-
ate to deep space at T, = 0 K, determine the distance L
required for the droplets to impact the collector at a final
temperature of Ty = 300 K. What is the amount of ther-
mal energy rejected by each droplet?

In a material processing experiment conducted aboard
the space shuttle, a coated niobium sphere of 10-mm
diameter is removed from a furnace at 900°C and
cooled to a temperature of 300°C. Although properties
of the niobium wvary over this temperature range,
constant values may be assumed to a reasonable
approximation, with p = 8600 kg/m?, ¢ = 290 J/kg - K,
and k = 63 W/m - K.
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Chapter 5 ® Transient Conduction

(a) If cooling is implemented in a large evacuated
chamber whose walls are at 25°C, determine the
time required to reach the final temperature if the
coating is polished and has an emissivity of & = 0.1.
How long would it take if the coating is oxidized
and e = 0.67

(b) To reduce the time required for cooling, considera-
tion is given to immersion of the sphere in an inert
gas stream for which T,, = 25°C and h = 200 W/m?
« K. Neglecting radiation, what is the time required
for cooling?

(c) Considering the effect of both radiation and con-
vection, what is the time required for cooling if
h = 200 W/m® - K and £ = 0.67 Explore the effect on
the cooling time of independently varying h and e.

arc plasma, which is at T, = 10,000 K and provides a
coefficient of h = 30,000 Wim?-K for convective
heating of the particles. The melting point and latent
heat of fusion of alumina are T, = 2318 K and h,=
3577 kl/kg, respectively.

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

(b

=

Assuming alumina to have an emissivity of &, = 0.4
and the particles to exchange radiation with large
surroundings at T,,, = 300 K, assess the validity of

neglecting radiation.

A Eil::lgir:‘:;:yp:oc;ae:ggonp;gﬁiij;iles ::2;?;‘0 ll’?oftl;?e 5.26 Thin .ﬁ]m coatings characterized by high re.sistam‘:e to
environments, which induce degradation through fac- abraian o f racturf’. ey b formed toy uanee
tors such as wear, corrosion, or outright thermal failure. 2ol cm‘nposne [E-amc]es e p]asm::\. PRS)  BEIGER
Ceramic costings are commonly used for this purpose: A spherical particle typlca].ly consists of a ceramic
By injectgceran powder thrvihthe tozele (anods) core, such as tungsten carbide (WC), .and a {nemﬂtc‘
of a plasma torch, the particles are entrained by the sh.eﬂ, ich o r.'oba!l ((,:D)' T,he Cemimic provides, the
plasma jet, within which they are then accelerated and thin film coating 'wuh its desired hardness at elevated
heated. temperatures, while the metal serves to coalesce the

particles on the coated surface and to inhibit crack for-
Plasma gas mation. In the plasma spraying process, the particles
are injected into a plasma gas jet that heats them to a
m - temperature above the melting point of the metallic
Cathode casing and melts the casing before the particles impact
) : the surface.

Particle Nozzleanode) Consider spherical particles comprised of a WC

injection . -« core of diameter D; = 16 pm, which is encased in a Co

Electric shell of outer diameter D, = 20 wm. If the particles

2 flow in a plasma gas at T,, = 10,000 K and the coeffi-

http://instructors.coursesmart.com/print?xmlid=0471457280/324&pagestoprint=1

Plasma jet with entrained
ceramic particles (T, k)

Ceramic coating

Substrate

During their time-in-flight, the ceramic particles must
be heated to their melting point and experience com-
plete conversion to the liquid state. The coating is
formed as the molten droplets impinge (splat) on the
substrate material and experience rapid solidification.
Consider conditions for which spherical alumina
(Al,05) particles of diameter D, = 50 pm, density p, =
3970 kg/m’, thermal conductivity kp =10.5 W/m - K,
and specific heat ¢, = 1560 J/kg * K are injected into an

5.27

cient associated with convection from the gas to the
particles is & = 20,000 W/m? - K, how long does it take
to heat the particles from an initial temperature of
T; = 300 K to the melting point of cobalt, T, = 1770
K? The density and specific heat of WC (the core of the
particle) are p, = 16,000 kg/m’ and ¢, = 300 J/kg - K,
while the corresponding values for Co (the outer shell)
are p, = 8900 kg/m® and ¢, = 750 J/kg - K. Once hav-
ing reached the melting point, how much additional
time is required to completely melt the cobalt if its
latent heat of fusion is h; = 2.59 X 10° J/kg? You may
use the lumped capacitance method of analysis and
neglect radiation exchange between the particle and its
surroundings.

A chip that is of length L = 5 mm on a side and thick-
ness { = | mm is encased in a ceramic substrate, and its

exposed surface is convectively cooled by a dielectric
liquid for which h = 150 W/m?- K and T, = 20°C.
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5.28

5.29

Chip
(Pep ep)

Solder bal

Substrate Tranea o
(Pep €51

| | Prob I(‘IN.S

In the off-mode the chip is in thermal equilibrium with
the coolant (T, = T,). When the chip is energized, how-
ever, its temperature increases until a new steady-state
is established. For purposes of analysis, the energized
chip is characterized by uniform volumetric heating
with ¢ = 9 % 10° W/m®. Assuming an infinite contact
resistance between the chip and substrate and negligible
conduction resistance within the chip, determine the
steady-state chip temperature T;. Following activation
of the chip, how long does it take to come within 1°C of
this temperature? The chip density and specific heat are
p = 2000 kg/m?® and ¢ = 700 J/kg - K, respectively.

Consider the conditions of Problem 5.27. In addition to
treating heat transfer by convection directly from the
chip to the coolant, a more realistic analysis would
account for indirect transfer from the chip to the sub-
strate and then from the substrate to the coolant. The
total thermal resistance associated with this indirect
route includes contributions due to the chip—substrate
interface (a contact resistance), multidimensional con-
duction in the substrate, and convection from the sur-
face of the substrate to the coolant. If this total thermal
resistance is R, = 200 K/W, what is the steady-state chip
temperature 1,7 Following activation of the chip, how
long does it take to come within 1°C of this temperature?

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

T

T RALERD

| h— Lo — | Boe— ooy
g | T =

(D, pgys £g4) )
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A thermal stress test begins by subjecting the multichip
module, which is initially at room temperature, to a hot
fluid stream and subsequently cooling the module by
exposing it to a cold fluid stream. The process is repeated
for a prescribed number of cycles to assess the integrity
of the soldered connections.

(a) As a first approximation, assume that there is negli-
gible heat transfer between the components
(chip/solder/substrate) of the module and that the
thermal response of each component may be deter-
mined from a lumped capacitance analysis involv-
ing the same convection coefficient h. Assuming no
reduction in surface area due to contact between a
solder ball and the chip or substrate, obtain expres-
sions for the thermal time constant of each compo-
nent. Heat transfer is to all surfaces of a chip, but to
only the top surface of the substrate. Evaluate the
three time constants for Ly, = 15 mm, ¢4, = 2 mm,
Ly =25 mm, ty, = 10 mm, D = 2 mm, and a value
of h =50 W/m®+ K, which is characteristic of an
air stream. Compute and plot the temperature histo-
ries of the three components for the heating portion
of a cycle, with T;=20°C and T, = 80°C. At
what time does each component experience 99% of
its maximum possible temperature rise, that is,
(T — TMT, — T;) = 0997 If the maximum stress
on a solder ball corresponds to the maximum dif-
ference between its temperature and that of the chip
or substrate, when will this maximum occur?

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

5.30 The objective of this problem is to develop thermal

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

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