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Objectives

Understand how thermodynamics and heat transfer are
related to each other,

Perform general energy balances as well as surface
energy balances,

Understand the basic mechanisms of heat transfer,
which are conduction, convection, and radiation, and
Fourier's law of heat conduction, Newton's law of
cooling, and the Stefan—Boltzmann law of radiation

|dentify the mechanisms of heat transfer that occur
simultaneously in practice

Develop an awareness of the cost associated with heat
losses

Solve various heat transfer problems encountered in
practice



INTRODUCTION

Heat: The form of energy that can be transferred from one
system to another as a result of temperature difference.

Thermodynamics concerned with the amount of heat
transfer as a system undergoes a process from one
equilibrium state to another, and makes no reference to how
long the process will take.

Heat Transfer deals with the determination of the rates of....

such energy transfers as well as variation of temperature. ™

The transfer of energy as heat is always from the higher-
temperature medium to the lower-temperature one.

Heat transfer stops when two mediums reach the same
temperature.

Thermodynamics deals with equilibrium states and changes from
one equilibrium state to another. Heat transfer deals with systems
that lack thermal equilibrium, and thus it is a nonequilibrium
phenomenon.
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Heat Transfer

« The basic requirement for heat transfer is the presence of
a temperature difference.

* The second law requires that heat «¥IL7p Cool

nvironme
Hot 20°C

coffee

be transferred in the direction of
decreasing temperature.

* The temperature difference is the driving force for heat
transfer.

* The rate of heat transfer in a certain direction depends on
the magnitude of the temperature gradient in that
direction.

* The larger the temperature gradient, the higher the rate of
heat transfer.



Application Areas of Heat
Transfer

Airplanes




Energy Transfer

Energy can be transferred to or from a given mass by two
mechanisms:

v heat transfer, and
v

The amount of heat transferred during a process is denoted
by Q.

The amount of heat transferred per unit time is called heat
transfer rate, and is denoted by Q.

The total amount of heat transfer Q during a time interval Af
can be determined from o
0=[0d: ()

The rate of heat transfer per unit aorea normal to the

direction of heat transfer is called heat flux, and the

average heat flux is expressed as () )
g==  (Wm)



The First Law of Thermodynamics

* The first law of thermodynamics states that
energy can neither be created nor destroyed
during a process; it can only change forms.

Total energy Total energ hange in the
entering the| - leaving the | = total energy o
system system the system

« The energy balance for any system undergoing
any process can be expressed as (in the rate
form)

E in E out = dE system / dt (W)
\ J
Y L v J
Rate of net energy Rate of change in internal
transfer kinetic, potential, etc.,

by heat, work, and mass energies



 |n heat transfer problems it is convenient to write a

heat balance and to treat the conversion of
nuclear, chemical, mechanical, and electrical
energies into thermal energy as heat generation.

* The energy balance in that case can be expressed
as

Qin _Qout + E gen — éEthermal,systen} (J)

v

Change in
thermal
energy of the
system



CONDUCTION

Conduction: The transfer of energy from the more
energetic particles of a substance to the adjacent less
energetic ones as a result of interactions between the
particles.

In gases and liquids, conduction is due to the
collisions and diffusion of the molecules during their
random motion.

In solids, it is due to the combination of vibrations of
the molecules in a lattice and the energy transport by
free electrons.

The rate of heat conduction through a plane layer is
proportional to the temperature difference across the
layer and the heat transfer area, but is inversely
proportional to the thickness of the layer.

(Area)(Temperature difference)

Rate of heat conduction .
Thickness

+ Iy — 1, AT —
QCGHC[ = kA —(——— A = —kA ] {V\' )

- Ar—]




When x — 0 ()

— —kA *’Lf Fourier’s law of
= cond :

Thermal conductivity, k : A measure of the ability
of a material to conduct heat.

Temperature gradient dT/dx : the slope of the
temperature curve on a T-x diagram.

Heat is conducted in the direction of decreasing
temperature, and the temperature gradient becomes
negative when temperature decreases with
increasing x. The negative sign in the equation
ensures that heat transfer in the positive x direction
is a positive quantity.

In heat conduction
analysis, A represents
the area normal to the

direction of heat
transfer.

(/x heat conduction 30°C-\
20°C

) O = 4010 W/m?

I m

- >

(a) Copper (k =401 W/m-°C)

30°C -\
20°C
) O = 1480 W/m?

I m

(b) Silicon (k = 148 W/m-°C)
The rate of heat conduction
through a solid is directly

proportional to its thermal
conductivity. 10



EXAMPLE 16—-1 The Cost of Heat Loss through a Roof

The roof of an electrically heated home is 6 m long, 8 m wide, and 0.25 m
thick, and is made of a flat layer of concrete whose thermal conductivity is
k= 0.8 W/m - °C (Fig. 16-4). The temperatures of the inner and the outer sur-
faces of the roof one night are measured to be 15°C and 4°C, respectively, for a
period of 10 hours. Determine (a) the rate of heat loss through the roof that
night and (b) the cost of that heat loss to the home owner if the cost of elec-
tricity is $0.08/kWh.

SOLUTION The inner and outer surfaces of the flat concrete roof of an electri-
cally heated home are maintained at specified temperatures during a night. The
heat loss through the roof and its cost that night are to be determined.
Assumptions 1 Steady operating conditions exist during the entire night since
the surface temperatures of the roof remain constant at the specified values.
2 Constant properties can be used for the roof.

Properties The thermal conductivity of the roof is given to be
k= 0.8 W/m - °C.

Analysis (a) Noting that heat transfer through the roof is by conduction and
the area of the roof is A = 6 m X 8 m = 48 m2, the steady rate of heat trans-
fer through the roof is determined to be

T, — T, (15 — 4)°C

— . °CY( 232~ 7~ 16 = 1 60 kKW
I (0.8 W/m - °C)(48 m~) 035 m 1690 W 1.69 kW

O = kA

(b) The amount of heat lost through the roof during a 10-h period and its cost
are determined from

O = O At = (1.69 kW)(10 h) = 16.9 kWh

Cost = (Amount of energy)(Unit cost of energy)
= (16.9 kWh)($0.08/kWh) = $1.35

Discussion The cost to the home owner of the heat loss through the roof that
night was $1.35. The total heating bill of the house will be much larger since
the heat losses through the walls are not considered in these calculations.

Concrete roof 0.25m
\ 6m

FIGURE 1-25

Schematic for Example 1-5.
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Thermal Ehlectric

= o= ecater
Conductivity \
Thermal conductivity: \I"S“Ia‘ion
The rate of heat transfer = 7 X /iaart‘gz]
through a unit thickness =
of the material per unit = T,
area per unit B -
temperature difference. z E -" L
The thermal conductivity = = A
of a material is a . e 71—
measure of the ability of W, =
the material to conduct O T—=———
heat. Insulation
A high value for thermal k=L 5
conductivity indicates AT -Ty)

that the material is a A simple experimental setup
good heat conductor, to determine the thermal
and a low value indicates conductivity of a material.
that the material is a

poor heat conductor or

insulator.

TABLE 16-1

The thermal conductivities of some
materials at room temperature

Material ik, Wim . “C*
Diamond 2300
Silver 429
Copper 401
zold al7z
Aluminum 237
[ron 80.2
Mearcury (1) 8.54
Glass 0.78
Brick 0.72
Water (1) 0.607
Human skin 0.37
Wood (oak) 0.17
Helium (g} 0.152
=soft rubber 0.13
Glass fiber 0.043
Airigl 0.026

rethane, rigid foam 0.026

12
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Diamond

Graphite

Silicon
carbide
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oxide

Quartz

PURE
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METAL | gijver
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SOLIDS Iron
Oxides Bronze
Steal
Nichrome | Manganese
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Rock
IMSULATORS R
' Food
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Bubber
Wﬂﬂd nﬂﬁ
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The range of
thermal
conductivity of
various
materials at
room

temperature. 13



' /Y GAS
l/ +* Molecular
collisions
g7 ’\ \l * Mo}ec.ular
diffusion
A
50 LIQUID
z i;‘ * Molecular
[ o, S collisions
7 Y * Molecular
IZI' 2 o diffusion
B4
9 electrons
SOLID

* Lattice vibrations
* Flow of free
electrons

The mechanisms of heat
conduction in different
phases of a substance.

The thermal conductivities of gases such as air
vary by a factor of 104 from those of pure
metals such as copper. Pure crystals and
metals have the highest thermal conductivities,

and gases and insulating materials the lowest.

A TABLE 16-2

The thermal conductivity of an
alloy is usually much lower than
the thermal conductivity of either
metal of which it is composed

Pure metal or k, W/m - °C,
alloy at 300 K
Copper 401
Nickel 91
Constantan

(55% Cu, 45% Ni) 23
Copper 401
Aluminum 237
Commercial bronze

(90% Cu, 10% Al) 52
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Liquids
Gases
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\ Type Ila
Type 1b

Type 1

Silver  Copper

— !
Platinum
Iron

Aluminum oxide

/

. ——
Aluminum

Clear fused quartz

iy Helinm

- = m om o=
o m o m =
- m ==
- mm=

-
_—
-=="
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- = =

o7 "“"--n._ Carbon tetrachloride i
- . .- -oleam ________-’!_ﬂ[___
) - :':':‘,::-r'"""”""-_"-"a}gcm
0.01 L
200 400 a0 Bon0 1000 1200 1400
T.K

The variation of
the thermal
conductivity of
various solids,
liquids, and gases
with temperature.

TABLE 16-3

Thermal conductivities of materials
vary with temperature

k, W/m - °C
T, K Copper Aluminum
100 482 302
200 413 237
300 401 237
400 393 240
600 379 231
800 366 218
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Thermal Diffusivity

¢, Specific heat, J/kg - °C: Heat capacity
per unit mass

pc, Heat capacity, J/m3 - °C: Heat capacity
per unit volume

a Thermal diffusivity, m?/s: Represents
how fast heat diffuses through a material

Heat conducted k
':1" — f—
Heat stored pe,

A material that has a high thermal
conductivity or a low heat capacity will
obviously have a large thermal diffusivity.

The larger the thermal diffusivity, the faster
the propagation of heat into the medium.

A small value of thermal diffusivity means
that heat is mostly absorbed by the
material and a small amount of heat is
conducted further.

TABLE 164

The thermal diffusivities of some
materials at room temperature

(m?*/s)

Material a, m2/s*

Silver 149 x 10-%
Gold 127 x 10-%
Copper 113 x 10-%
Aluminum 97.5 x 10-%
Iron 22.8 x 10
Mercury (1) 4.7 x 10-#
Marble 1.2 x 10°°
Ice 1.2 x 10-°
Concrete 0.75 x 10-%
Brick 0.52 x 10-®
Heavy soil (dry) 0.52 x 10-%
Glass 0.34 x 10-®
Glass wool 0.23 x 10-®
Water (I) 0.14 x 10-%
Beef 0.14 x 10-%
Wood (oak) 0.13 x 10-%
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CONVECTION = Conduction + Advection

Convection: The mode of
energy transfer between a
solid surface and the
adjacent liquid or gas that is
in motion, and it involves
the combined effects of

and

The faster the fluid motion,
the greater the convection
heat transfer.

In the absence of any bulk
fluid motion, heat transfer
between a solid surface and
the adjacent fluid is by pure
conduction.

Velocity
variation

(fluid motion)

o0

V —h
, Temperature
| f‘;\lr variation
E 2l of air
A Qconv
/) \Ts

Hot Block

Heat transfer from a hot surface to air
by convection.

17



Forced convection: If the
fluid is forced to flow over
the surface by external
means such as a fan,
pump, or the wind.

Natural (or free)
convection: If the fluid
motion is caused by
buoyancy forces that are
induced by density
differences due to the
variation of temperature in
the fluid.

Forced Natural
convection convection
Air
Vo =
b 2 X

—

BiGoreds Aoread-

The cooling of a boiled egg by forced
and natural convection.

Heat transfer processes that involve change of phase of a fluid are also
considered to be convection because of the fluid motion induced during
the process, such as the rise of the vapor bubbles during boiling or the

fall of the liquid droplets during condensation.

18



QCD[IV = J'!!:'."4.'_'7.' (TS o T'-":}

(W)

Newton’s law of cooling

h convection heat transfer coefficient, W/m2 - °C
A. the surface area through which convection heat transfer takes place

T,  the surface temperature

T, the temperature of the fluid sufficiently far from the surface.

The convection heat transfer
coefficient h is not a property of
the fluid.

It is an experimentally
determined parameter whose
value depends on all the
variables influencing convection
such as

- the surface geometry
- the nature of fluid motion
- the properties of the fluid
- the bulk fluid velocity

TABLE 16-5

Typical values of convection heat
transfer coefficient

Type of
convection h, W/m?2 . °C*
Free convection of

gases 2-25
Free convection of

liquids 10-1000
Forced convection

of gases 25-250
Forced convection

of liquids 50-20,000
Boiling and

condensation 2500-100,000
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m EXAMPLE 1-8 Measuring Convection Heat Transfer Coefficient

: A 2-m-long, 0.3-cm-diameter electrical wire extends across a room at 15°C, as
@ Shown in Fig. 16-13. Heat is generated in the wire as a result of resistance
m heating, and the surface temperature of the wire is measured to be 152°C in
m steady operation. Also, the voltage drop and electric current through the wire
B are measured to be 60 V and 1.5 A, respectively. Disregarding any heat transfer
® by radiation, determine the convection heat transfer coefficient for heat trans-
: fer between the outer surface of the wire and the air in the room.

|

m SOLUTION The convection heat transfer coefficient for heat transfer from an
electrically heated wire to air is to be determined by measuring temperatures
when steady operating conditions are reached and the electric power consumed.
Assumptions 1 Steady operating conditions exist since the temperature read-
ings do not change with time. 2 Radiation heat transfer is negligible.
Analysis When steady operating conditions are reached, the rate of heat loss
from the wire will equal the rate of heat generation in the wire as a result of
resistance heating. That is,

O = E generaiea = VI = (60 V)(1.5 A) = 00 W
The surface area of the wire is
A, = wDL = 7(0.003 m)(2 m) = 0.01885 m?
Newton's law of cooling for convection heat transfer is expressed as
Qcone = hA, (T, = T..)

Disregarding any heat transfer by radiation and thus assuming all the heat loss
from the wire to occur by convection, the convection heat transfer coefficient is
determined to be

D o0 W

= = — 34.9 W/m? - °C
ALT, — To) — (0.01885 m)(152 — 15)°C — 49 Wim=-°C

h

Discussion Note that the simple setup described above can be used to deter-
mine the average heat transfer coefficients from a variety of surfaces in air.
Also, heat transfer by radiation can be eliminated by keeping the surrounding
surfaces at the temperature of the wire.

T_=15°C
s A [ 157°C

Q — )

- 60V .

FIGURE 1-34

Schematic for Example 1-8.
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RADIATION

Radiation: The energy emitted by matter in the form of electromagnetic
waves (or photons) as a result of the changes in the electronic
configurations of the atoms or molecules.

Unlike conduction and convection, the transfer of heat by radiation does
not require the presence of an intervening medium.

In fact, heat transfer by radiation is fastest (at the speed of light) and it
suffers no attenuation in a vacuum. This is how the energy of the sun
reaches the earth.

In heat transfer studies we are interested in thermal radiation, which is
the form of radiation emitted by bodies because of their temperature.

Radiation is a volumetric phenomenon, and all solids, liquids, and
gases emit, absorb, or transmit radiation to varying degrees.

However, radiation is usually considered to be a surface phenomenon

for solids.
21



Q emit. max = AT (W) Stefan-Boltzmann law
o=5.670 x 108 W/m? - K4 Stefan—Boltzmann constant

Blackbody: The idealized surface that emits radiation at the maximum rate.

Q emit = E:G‘AST? (W) Radiation emitted RfLIR[E

by real surfaces Emissivities of some materials
. e at 300 K
Emissivity ¢: A measure of how closely _ —
. Material Emissivity
a surface approximates a blackbody for _ _
which &= 1 of the surface. 0< £< 1. Aluminum foil 0.07
Anodized aluminum 0.82
Q _ O_T4 Polished copper 0.03
emit, max s Polished gold 0.03
T =400 K = 2 Polished silver 0.02
§ - 1452 W/m Polished stainless steel 0.17
\ Black paint 0.08
White paint 0.90
White paper 0.92-0.97
Blackbody (8 - 1) Asphalt pavement 0.85-0.93
Red brick 0.93-0.96
Human skin 0.95
Blackbody radiation represents the maximum Wood 0.82-0.92
amount of radiation that can be emitted from o oo e

a surface at a specified temperature. Vegetation 0.92-0.96




Absorptivity o: The fraction of the radiation energy incident on a
surface that is absorbed by the surface. 0< o< 1

A blackbody absorbs the entire radiation incident on it (= 1).

Kirchhoff’s law: The emissivity and the absorptivity of a surface at
a given temperature and wavelength are equal.

Qincident

Qref =(1-o Qincident

Qabs = & Lincident

The absorption of radiation incident on
an opaque surface of absorptivity .

23



Net radiation heat transfer: Radiation heat transfer between

The difference between the a surface and the surfaces Surrounding
rates of radiation emitted by the Surrounding it. s sur f;}LeS at
surface and the radiation surr
absorbed.

The determination of the net
rate of heat transfer by radiation

between two surfaces is a Alr

complicated matter since it Qemin 4

depends on :

. Qincident

- the properties of the surfaces L €, ALin

* their orientation relative to

each other

« the interaction of the medium 0o S BOANT =T s

between the surfaces with

radiation When radiation and convection occur
Radiation is usually simultaneously between a surface and a gas
significant relative to . _ o
conduction or natural thul — "?mmhinedAs {Tj o Tm] (W)
convection, but Combined heat transfer coefficient h.ompined
negligible relative to Includes the effects of both convection and radiation
forced convection.




ExampLE 1—g Radiation Effect on Thermal Comfort

It is a common experience to feel “chilly” in winter and “warm” in summer in
m Our homes even when the thermostat setting is kept the same. This is due to the
m SO called “radiation effect” resulting from radiation heat exchange between our
bodies and the surrounding surfaces of the walls and the ceiling.

Consider a person standing in a room maintained at 22°C at all times. The
inner surfaces of the walls, floors, and the ceiling of the house are observed to
be at an average temperature of 10°C in winter and 25°C in summer. Determine

the rate of radiation heat transfer between this person and the surrounding sur-

faces If the exposed surface area and the average outer surface temperature of
the person are 1.4 m?2 and 30°C, respectively (Fig. 16-17).

meen &
T
surr

30°C —~ )
1.4 m2 Qrad

TP Al nN

FIGURE 1-38
Schematic for Example 1-9.
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SOLUTION The rates of radiation heat transfer between a person and the sur-
rounding surfaces at specified temperatures are to be determined in summer
and winter.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer by convection
Is not considered. 3 The person is completely surrounded by the interior sur-
faces of the room. 4 The surrounding surfaces are at a uniform temperature.

Properties The emissivity of a person is ¢ = 0.95 (Table 16-6).

Analysis The net rates of radiation heat transfer from the body to the sur-
rounding walls, ceiling, and floor in winter and summer are

Qrad. winter — €0 As (T}‘ _ T:Jrr. winter)
= (0.95)(5.67 X 1078 W/m? - K*)(1.4 m?)
X [(30 + 273)* — (10 + 273)*] K4

=152 W
and

Qrad. sommer = E0; (T-s1 - Tgtjrr summer)
= (0.95)(5.67 X 1078 W/m? - K*)(1.4 m?)
X [(30 + 273)* — (25 + 273)*] K*

=409 W

Discussion Note that we must use absolute temperatures in radiation calcula-
tions. Also note that the rate of heat loss from the person by radiation is almost
four times as large in winter than it is in summer, which explains the “chill” we
feel in winter even if the thermostat setting is kept the same.

26



SIMULTANEOUS HEAT OPAQUE |7,
TRANSFER MECHANISMS —_— I mode
Heat transfer is only by conduction in opaque solids, Conduction
but by conduction and radiation in semitransparent
solids.
A solid may involve conduction and radiation but not
convection. A solid may involve convection and/or GAS T,
radiation on its surfaces exposed to a fluid or other . )
Radiation
surfaces. 7 modes
Heat transfer is by conduction and possibly by Bl T it
radiation in a still fluid (no bulk fluid motion) and by convection
convection and radiation in a flowing fluid.
In the absence of radiation, heat transfer through a
fluid is either by conduction or gonvec?tlon, depending VACUUM |7
on the presence of any bulk fluid motion. 2
Convection = Conduction + Fluid motion —
: e Radiation I mode
Heat transfer through a vacuum is by radiation.
Most gases between two solid surfaces

do not interfere with radiation.

Although there are three mechanisms of
heat transfer, a medium may involve
only two of them simultaneously.

Liquids are usually strong absorbers of
radiation.



t EXAMPLE 1-10 Heat Loss from a Person

® Consider a person standing in a breezy room at 20°C. Determine the total rate
of heat transfer from this person if the exposed surface area and the average
outer surface temperature of the person are 1.6 m? and 29°C, respectively, and
the convection heat transfer coefficient is 6 W/m2 - °C (Fig. 16-19).

FA RN

SOLUTION The total rate of heat transfer from a person by both convection
and radiation to the surrounding air and surfaces at specified temperatures is to
be determined.

Assumptions 1 Steady operating conditions exist. 2 The person is completely
surrounded by the interior surfaces of the room. 3 The surrounding surfaces are
at the same temperature as the air in the room. 4 Heat conduction to the floor
through the feet is negligible.

Properties The emissivity of a person is ¢ = 0.95 (Table 16-6). R‘;?rm

29°C

Qcond

FIGURE 1-40

Heat transfer from the person

described in Example 1-10.
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Analysis The heat transfer between the person and the air in the room will be
by convection (instead of conduction) since it is conceivable that the air in the
vicinity of the skin or clothing will warm up and rise as a result of heat transfer
from the body, initiating natural convection currents. It appears that the exper-
iImentally determined value for the rate of convection heat transfer in this case
is 6 W per unit surface area (m?2) per unit temperature difference (in K or °C)
between the person and the air away from the person. Thus, the rate of convec-
tion heat transfer from the person to the air in the room is

Oune = hA, (T, — T.)
= (6 W/m? - °C)(1.6 m2)('29 — 20)°C
=864 W

The person will also lose heat by radiation to the surrounding wall surfaces.
We take the temperature of the surfaces of the walls, ceiling, and floor to be
equal to the air temperature in this case for simplicity, but we recognize that
this does not need to be the case. These surfaces may be at a higher or lower
temperature than the average temperature of the room air, depending on the
outdoor conditions and the structure of the walls. Considering that air does not
intervene with radiation and the person is completely enclosed by the sur-
rounding surfaces, the net rate of radiation heat transfer from the person to the
surrounding walls, ceiling, and floor is

Qrad = e0A, (Tt —T3,)
X [(29 + 273)* — (20 + 273)*] K¢

=81.7TW

29



Note that we must use absolute temperatures in radiation calculations. Also
note that we used the emissivity value for the skin and clothing at room tem-
perature since the emissivity is not expected to change significantly at a slightly
higher temperature.

Then the rate of total heat transfer from the body is determined by adding

these two quantities:
QIOtﬂ - Qconv + Qrw = (86.4 +81.7) W = 168.1 W

Discussion The heat transfer would be much higher if the person were not
dressed since the exposed surface temperature would be higher. Thus, an im-
portant function of the clothes is to serve as a barrier against heat transfer.

In these calculations, heat transfer through the feet to the floor by conduc-
tion, which is usually very small, is neglected. Heat transfer from the skin by
perspiration, which is the dominant mode of heat transfer in hot environments,
IS not considered here.
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E EXAMPLE 1-11  Heat Transfer between Two Isothermal Plates

Consider steady heat transfer between two large parallel plates at constant
m temperatures of 7, = 300 K and T, = 200 K thatare L = 1 cm apart, as shown
m in Fig. 16-20. Assuming the surfaces to be black (emissivity £ = 1), determine

the rate of heat transfer between the plates per unit surface area assuming the

gap between the plates is (a) filled with atmospheric air, (b) evacuated, (c) filled
with urethane insulation, and (d) filled with superinsulation that has an appar-
ent thermal conductivity of 0.00002 W/m - °C.

||
SOLUTION The total rate of heat transfer between two large parallel plates at _ _
T,=300K T,=200K

specified temperatures is to be determined for four different cases. .
Assumptions 1 Steady operating conditions exist. 2 There are no natural con- 0
vection currents in the air between the plates. 3 The surfaces are black and -
thus e = 1.

Properties The thermal conductivity at the average temperature of 250 K is
k= 0.0219 W/m - °C for air (Table A-22), 0.026 W/m - °C for urethane insula- +—L=1cm—
tion (Table A-28), and 0.00002 W/m - °C for the superinsulation.
Analysis (a) The rates of conduction and radiation heat transfer between the =
plates through the air layer are

S 300 — 200)°C FIGURE 1-41

Qo = kA 7 = (00219 W/m - °C)(1 m?) oolm 219w Schematic for Example 1-11.

and

0.y = cor AT} — TS
= (1)(5.67 X 10-8 W/m2 - K*)(1 m2)[(300 K)* — (200 K)*] = 368 W

Therefore,
Qlotal = Qcond + Qrad =219 + 368 = 587 W

The heat transfer rate in reality will be higher because of the natural convection 31
currents that are likely to occur in the air space between the plates.




(b) When the air space between the plates is evacuated, there will be no con-
duction or convection, and the only heat transfer between the plates will be by
radiation. Therefore,

Qtotal Qrad ‘68 W

(¢) An opaque solid material placed between two plates blocks direct radiation
heat transfer between the plates. Also, the thermal conductivity of an insulating
material accounts for the radiation heat transfer that may be occurring through
the voids in the insulating material. The rate of heat transfer through the ure-
thane insulation is

LoD ,.(300 — 700)°c

Qmm, Qco,,d i3 = (0.026 W/m - °C)(1 m*) 00l n =260 W

Note that heat transfer through the urethane material is less than the heat
transfer through the air determined in (&), although the thermal conductivity of
the insulation is higher than that of air. This is because the insulation blocks
the radiation whereas air transmits it.

(d) The layers of the superinsulation prevent any direct radiation heat transfer
between the plates. However, radiation heat transfer between the sheets of su-
perinsulation does occur, and the apparent thermal conductivity of the super-
insulation accounts for this effect. Therefore,

T, (300 — 200)°C

. - T,-,
— I £ _ ( . o - 2.\ — ‘, X7
Orotal = kA I (0.00002 W/m - °C)(1 m*) 00l m 0.2W

which is ta55 of the heat transfer through the vacuum. The results of this exam-
ple are summarized in Fig. 16-21 to put them into perspective.

Discussion This example demonstrates the effectiveness of superinsulations,
which are discussed in Chap. 17, and explains why they are the insulation of
choice in critical applications despite their high cost.
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300 K

0=588W

« 1 cm
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FIGURE 1-42

Different ways of reducing heat transfer between two isothermal plates, and their effectiveness.
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exampLE 1—12  Heat Transfer in Conventional
and Microwave Ovens

The fast and efficient cooking of microwave ovens made them one of the es-
sential appliances in modern kitchens (Fig. 16-22). Discuss the heat transfer

mechanisms associated with the cooking of a chicken in microwave and con-
ventional ovens, and explain why cooking in a microwave oven is more efficient.

SOLUTION Food is cooked in a microwave oven by absorbing the electromag-
netic radiation energy generated by the microwave tube, called the magnetron.
The radiation emitted by the magnetron is not thermal radiation, since its emis-
sion is not due to the temperature of the magnetron; rather, it is due to the
conversion of electrical energy into electromagnetic radiation at a specified
wavelength. The wavelength of the microwave radiation is such that it is re-
flected by metal surfaces; transmitted by the cookware made of glass, ceramic,
or plastic; and absorbed and converted to internal energy by food (especially the
water, sugar, and fat) molecules.

In a microwave oven, the radiation that strikes the chicken is absorbed by
the skin of the chicken and the outer parts. As a result, the temperature of the
chicken at and near the skin rises. Heat is then conducted toward the inner
parts of the chicken from its outer parts. Of course, some of the heat absorbed
by the outer surface of the chicken is lost to the air in the oven by convection.

In a conventional oven, the air in the oven is first heated to the desired tem-
perature by the electric or gas heating element. This preheating may take sev-
eral minutes. The heat is then transferred from the air to the skin of the chicken
by natural convection in most ovens or by forced convection in the newer con-
vection ovens that utilize a fan. The air motion in convection ovens increases
the convection heat transfer coefficient and thus decreases the cooking time.
Heat is then conducted toward the inner parts of the chicken from its outer
parts as in microwave ovens.

Microwave ovens replace the slow convection heat transfer process in con-
ventional ovens by the instantaneous radiation heat transfer. As a result, micro-
wave ovens transfer energy to the food at full capacity the moment they are
turned on, and thus they cook faster while consuming less energy.

FIGURE 143

A chicken being cooked in a
microwave oven (Example 1-12).
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EXAMPLE 1-13  Heating of a Plate by Solar Energy

A thin metal plate is insulated on the back and exposed to solar radiation at the
front surface (Fig. 16-23). The exposed surface of the plate has an absorptivity
of 0.6 for solar radiation. If solar radiation is incident on the plate at a rate of
700 W/m? and the surrounding air temperature is 25°C, determine the surface
temperature of the plate when the heat loss by convection and radiation equals
the solar energy absorbed by the plate. Assume the combined convection and

® radiation heat transfer coefficient to be 50 W/m?2 - °C.

SOLUTION The back side of the thin metal plate is insulated and the front
side is exposed to solar radiation. The surface temperature of the plate is to be
determined when it stabilizes.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the
insulated side of the plate is negligible. 3 The heat transfer coefficient remains
constant.

Properties The solar absorptivity of the plate is given to be « = 0.6.

e

~ =

2, &

_ s

700 W/m
a=0.6
25°C
AP
FIGURE 1-44

Schematic for Example 1-13.
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Analysis The absorptivity of the plate is 0.6, and thus 60 percent of the solar
radiation incident on the plate will be absorbed continuously. As a result, the
temperature of the plate will rise, and the temperature difference between the
plate and the surroundings will increase. This increasing temperature difference

will cause the rate of heat loss from the plate to the surroundings to increase.
At some point, the rate of heat loss from the plate will equal the rate of solar
energy absorbed, and the temperature of the plate will no longer change. The
temperature of the plate when steady operation is established is deter-
mined from

E@md = Elost or aAs incident, solar — hcombinedAs (Ts o Too)

Solving for T, and substituting, the plate surface temperature is determined
to be
‘}incident. solar 0.6 X (700 Wi Inz)

T = i — 25°C + = 33.4°C
g  eorbined 50 W/m? - °C ¢

Discussion Note that the heat losses will prevent the plate temperature from
rising above 33.4°C. Also, the combined heat transfer coefficient accounts for
the effects of both convection and radiation, and thus it is very convenient
to use in heat transfer calculations when its value is known with reasonable
accuracy.
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- Differences between Thermodynamics and Heat Transfer?
* Basic Concepts of Thermodynamics

* Heat Transfer Modes?

* Fourier’s Law of Heat Conduction?

* Thermal Conductivity and Thermal Diffusivity?
* Natural (or Free) and Forced Convection?

« Convection and Newton’s Law of Cooling?

* Radiation and Stefan—Boltzman Law?

* Blackbody and Emissivity?

 Kirchhoff’s Law of Radiation?

« Combined Heat Transfer Coefficient?

« Simultaneous Heat Transfer Mechanisms?
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Summary

Introduction

Conduction

v" Fourier's law of heat conduction
v Thermal Conductivity

v Thermal Diffusivity
Convection

v" Newton’s law of cooling
Radiation

v’ Stefan—Boltzmann law

Simultaneous Heat Transfer
Mechanisms
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