STEADY HEAT CONDUCTION

n heat transfer analysis, we are often interested in the rate of heat transfer

through a medium under steady conditions and surface temperatures. Such

problems can be solved easily without involving any differential equations
by the introduction of the thermal resistance concept in an analogous manner
to electrical circuit problems. In this case, the thermal resistance corresponds
to electrical resistance, temperature difference corresponds to voltage, and the
heat transfer rate corresponds to electric current.

We start this chapter with one-dimensional steady heat conduction in a
plane wall, a cylinder, and a sphere, and develop relations for thermal resis-
tances in these geometries. We also develop thermal resistance relations for
convection and radiation conditions at the boundaries. We apply this concept
to heat conduction problems in multilayer plane walls, cylinders, and spheres
and generalize it to systems that involve heat transfer in two or three dimen-
sions. We also discuss the thermal contact resistance and the overall heat
transfer coefficient and develop relations for the critical radius of insulation
for a cylinder and a sphere. Finally, we discuss steady heat transfer from
finned surfaces and some complex geometrics commonly encountered in
practice through the use of conduction shape factors.

CHAPTER

OBJECTIVES

When you finish studying this chapter,
you should be able to:

Understand the concept of thermal
resistance and its limitations,

and develop thermal resistance
networks for practical heat
conduction problems,

Solve steady conduction problems
that involve multilayer rectangular,
cylindrical, or spherical geome-
tries,

Develop an intuitive understand-
ing of thermal contact resistance,
and circumstances under which it
may be significant,

Identify applications in which
insulation may actually increase
heat transfer,

Analyze finned surfaces, and as-
sess how efficiently and effectively
fins enhance heat transfer, and

Solve multidimensional practical
heat conduction problems using
conduction shape factors.
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FIGURE 3-1

Heat transfer through a wall is one-
dimensional when the temperature of
the wall varies in one direction only.

Qcond

FIGURE 3-2

Under steady conditions,

the temperature distribution in
a plane wall is a straight line.

3-1 = STEADY HEAT CONDUCTION IN PLANE WALLS

Consider steady heat conduction through the walls of a house during a winter
day. We know that heat is continuously lost to the outdoors through the wall.
We intuitively feel that heat transfer through the wall is in the normal direc-
tion to the wall surface, and no significant heat transfer takes place in the wall
in other directions (Fig. 3—-1).

Recall that heat transfer in a certain direction is driven by the temperature
gradient in that direction. There is no heat transfer in a direction in which
there is no change in temperature. Temperature measurements at several loca-
tions on the inner or outer wall surface will confirm that a wall surface is
nearly isothermal. That is, the temperatures at the top and bottom of a wall
surface as well as at the right and left ends are almost the same. Therefore,
there is no heat transfer through the wall from the top to the bottom, or from
left to right, but there is considerable temperature difference between the in-
ner and the outer surfaces of the wall, and thus significant heat transfer in the
direction from the inner surface to the outer one.

The small thickness of the wall causes the temperature gradient in that di-
rection to be large. Further, if the air temperatures in and outside the house re-
main constant, then heat transfer through the wall of a house can be modeled
as steady and one-dimensional. The temperature of the wall in this case de-
pends on one direction only (say the x-direction) and can be expressed as 7(x).

Noting that heat transfer is the only energy interaction involved in this case
and there is no heat generation, the energy balance for the wall can be ex-
pressed as

Rate of Rate of Rate of change
heat transfer | — | heat transfer | = | of the energy
into the wall out of the wall of the wall
or
5 5 dEwall
Oin — Qout = dt (3-1

But dE,,,,/dt = 0 for steady operation, since there is no change in the temper-
ature of the wall with time at any point. Therefore, the rate of heat transfer into
the wall must be equal to the rate of heat transfer out of it. In other words, the
rate of heat transfer through the wall must be constant, Q.ynq, w1 = constant.
Consider a plane wall of thickness L and average thermal conductivity k.
The two surfaces of the wall are maintained at constant temperatures of 7 and
T,. For one-dimensional steady heat conduction through the wall, we have
T(x). Then Fourier’s law of heat conduction for the wall can be expressed as

: dr
Qcond, wall — —kA E (W) (3-2)

where the rate of conduction heat transfer Qcond, wan and the wall area A are
constant. Thus d7/dx = constant, which means that the temperature through
the wall varies linearly with x. That is, the temperature distribution in the wall
under steady conditions is a straight line (Fig. 3-2).



Separating the variables in the preceding equation and integrating from
x = 0, where T(0) = T,, to x = L, where T(L) = T,, we get

L . T,
J Qcond, wall dx = - J kA dT
x=0 T=T,

Performing the integrations and rearranging gives

. Tl - T2
Qcon(L wall — kA L

(W) (3-3)

which is identical to Eq. 1-21. Again, the rate of heat conduction through
a plane wall is proportional to the average thermal conductivity, the wall
area, and the temperature difference, but is inversely proportional to the
wall thickness. Also, once the rate of heat conduction is available, the tem-
perature 7(x) at any location x can be determined by replacing 7, in Eq. 3-3
by 7, and L by x.

Thermal Resistance Concept

Equation 3-3 for heat conduction through a plane wall can be rearranged as

: T,—T,
Qc(md, wall — T

wall

(W) (3-4)

where

R (K/W) (3-5)

_ L
wall — a
is the thermal resistance of the wall against heat conduction or simply the
conduction resistance of the wall. Note that the thermal resistance of a
medium depends on the geometry and the thermal properties of the medium.
Note that thermal resistance can also be expressed as R,; = AT/Qcong. wan»
which is the ratio of the driving potential AT to the corresponding transfer rate
Qcond, wall*

This equation for heat transfer is analogous to the relation for electric
current flow I, expressed as

vV, -V,
R

I = (3-6)

where R, = L/o, A is the electric resistance and V,; — V, is the voltage dif-
ference across the resistance (o, is the electrical conductivity). Thus, the rate
of heat transfer through a layer corresponds to the electric current, the
thermal resistance corresponds to electrical resistance, and the temperature
difference corresponds to voltage difference across the layer (Fig. 3-3).

Consider convection heat transfer from a solid surface of area A, and tem-
perature T to a fluid whose temperature sufficiently far from the surface is 7.,
with a convection heat transfer coefficient 4. Newton’s law of cooling for con-
vection heat transfer rate Q.,,, = hA(T, — T.) can be rearranged as

T,-T.
Qconv - R

(W) (3-7)

conv
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FIGURE 3-3
Analogy between thermal and
electrical resistance concepts.
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Schematic for convection resistance
at a surface.
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Schematic for convection and
radiation resistances at a surface.

where

1

R = hA. (K/W) (3-8)
is the thermal resistance of the surface against heat convection, or simply the
convection resistance of the surface (Fig. 3—4). Note that when the convec-
tion heat transfer coefficient is very large (7 — %), the convection resistance
becomes zero and T, =T,.. That is, the surface offers no resistance to convec-
tion, and thus it does not slow down the heat transfer process. This situation is
approached in practice at surfaces where boiling and condensation occur. Also
note that the surface does not have to be a plane surface. Equation 3-8 for con-
vection resistance is valid for surfaces of any shape, provided that the as-
sumption of 4 = constant and uniform is reasonable.

When the wall is surrounded by a gas, the radiation effects, which we have
ignored so far, can be significant and may need to be considered. The rate of
radiation heat transfer between a surface of emissivity € and area A, at tem-
perature 7 and the surrounding surfaces at some average temperature 7, can
be expressed as

T.\' - Tsurr
— (W) (3-9)

5 = 4 _
Qrud eo As (Tv Rrad

T:trr) = hrud As (TY - Tsurr) =

where

_ 1
Rrad - hmdA.\- (I:J “) (3_10)

is the thermal resistance of a surface against radiation, or the radiation
resistance, and

Q rad

_ Xrad 2 2
AS(TS — Tsun«) 80-(T.S + TSUIT)(TS + TSL]IT)

hyog = (W/m?-K) (3-11)

is the radiation heat transfer coefficient. Note that both T, and T, must be
in K in the evaluation of 4,,. The definition of the radiation heat transfer co-
efficient enables us to express radiation conveniently in an analogous manner
to convection in terms of a temperature difference. But 4,4 depends strongly
on temperature while /_,, usually does not.

A surface exposed to the surrounding air involves convection and radiation
simultaneously, and the total heat transfer at the surface is determined by
adding (or subtracting, if in the opposite direction) the radiation and convec-
tion components. The convection and radiation resistances are parallel to each
other, as shown in Fig. 3-5, and may cause some complication in the thermal
resistance network. When T, =T, the radiation effect can properly be ac-
counted for by replacing / in the convection resistance relation by

hcombined = hconv + hrad (W/m2K) (3-12)
where /i.opinea 1S the combined heat transfer coefficient discussed in
Chapter 1. This way all complications associated with radiation are avoided.
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The thermal resistance network for heat transfer through a plane wall subjected to convection on both sides,
and the electrical analogy.

Thermal Resistance Network
Now consider steady one-dimensional heat transfer through a plane wall of
thickness L, area A, and thermal conductivity k that is exposed to convection
on both sides to fluids at temperatures 7., and 7,,, with heat transfer coeffi-
cients h; and h,, respectively, as shown in Fig. 3-6. Assuming 7., < T, the
variation of temperature will be as shown in the figure. Note that the temper-
ature varies linearly in the wall, and asymptotically approaches T, and T, in
the fluids as we move away from the wall.
Under steady conditions we have

Rate of Rate of Rate of
heat convection | = | heat conduction | = | heat convection
into the wall through the wall from the wall
or
T,—T,

0=hAT, —T)=kA = hy A(T, — T.,) (3-13)

L
which can be rearranged as

7TOC1_T1 7T1_T27T2_Tm2
C="UnA ~ LikA ~ 1A

_chl_Tl_Tl_Tz_Tz_Tooz

(3-14)

conv, 1 wall Rconv, 2
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A useful mathematical identity.
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FIGURE 3-8
The temperature drop across a layer is
proportional to its thermal resistance.

Once the rate of heat transfer is calculated, Eq. 3—14 can also be used to
determine the intermediate temperatures 7' or T,. Adding the numerators and
denominators yields (Fig. 3-7)

O="T=Tn (W) (3-15)
Rmtal
where
— _ 1 L 1
Rlolal - Rcon\r', 1 + Rwall + Rconv,Z =t 0t (K/W) (3_16)

A" kA" hA

Note that the heat transfer area A is constant for a plane wall, and the rate of
heat transfer through a wall separating two media is equal to the overall tem-
perature difference (7.,; — T.,;) divided by the total thermal resistance between
the media. Also note that the thermal resistances are in series, and the equiva-
lent thermal resistance is determined by simply adding the individual resis-
tances, just like the electrical resistances connected in series. Thus, the
electrical analogy still applies. We summarize this as the rate of steady heat
transfer between two surfaces is equal to the temperature difference divided
by the total thermal resistance between those two surfaces.

Another observation that can be made from Eq. 3—15 is that the ratio of the
temperature drop to the thermal resistance across any layer is constant, and
thus the temperature drop across any layer is proportional to the thermal re-
sistance of the layer. The larger the resistance, the larger the temperature drop.
In fact, the equation Q = AT/R can be rearranged as

AT = OR (°C) (3-17)

which indicates that the temperature drop across any layer is equal to the rate
of heat transfer times the thermal resistance across that layer (Fig. 3—8). You
may recall that this is also true for voltage drop across an electrical resistance
when the electric current is constant.

It is sometimes convenient to express heat transfer through a medium in an
analogous manner to Newton’s law of cooling as

O = UA AT (W) (3-18)

where U is the overall heat transfer coefficient with the unit W/m?K. The
overall heat transfer coefficient is usually used in heat transfer calculations as-
sociated with heat exchangers (Chapter 11). It is also used in heat transfer cal-
culations through windows (Chapter 9), commonly referred to as U-factor.
A comparison of Eqs. 3—15 and 3-18 reveals that

1

total

UA =

I (W/K) (3-19)

Therefore, for a unit area, the overall heat transfer coefficient is equal to the
inverse of the total thermal resistance.

Note that we do not need to know the surface temperatures of the wall in or-
der to evaluate the rate of steady heat transfer through it. All we need to know
is the convection heat transfer coefficients and the fluid temperatures on both



sides of the wall. The surface temperature of the wall can be determined as
described above using the thermal resistance concept, but by taking the sur-
face at which the temperature is to be determined as one of the terminal sur-
faces. For example, once Q is evaluated, the surface temperature 7', can be
determined from

'_Tocl_Tl_
Q_ R -

conv, 1

T., —T,
1/h, A

(3-20)

Multilayer Plane Walls
In practice we often encounter plane walls that consist of several layers of dif-
ferent materials. The thermal resistance concept can still be used to determine
the rate of steady heat transfer through such composite walls. As you may
have already guessed, this is done by simply noting that the conduction resis-
tance of each wall is L/kA connected in series, and using the electrical analogy.
That is, by dividing the temperature difference between two surfaces at known
temperatures by the total thermal resistance between them.

Consider a plane wall that consists of two layers (such as a brick wall with
a layer of insulation). The rate of steady heat transfer through this two-layer
composite wall can be expressed as (Fig. 3-9)

. T —T.,
0= TRy (3-21)
where R, 1s the fotal thermal resistance, expressed as
Rigtal = Reomy 1 + Ry, 1 + Ryan, 2 + Reon 2
S S R A (3-22)
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FIGURE 3-9

The thermal resistance network for
heat transfer through a two-layer
plane wall subjected to

convection on both sides.
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Schematic for Example 3—1.

The subscripts 1 and 2 in the R,,; relations above indicate the first and the
second layers, respectively. We could also obtain this result by following the
approach already used for the single-layer case by noting that the rate of
steady heat transfer Q through a multilayer medium is constant, and thus it
must be the same through each layer. Note from the thermal resistance net-
work that the resistances are in series, and thus the rotal thermal resistance is
simply the arithmetic sum of the individual thermal resistances in the path of
heat transfer.

This result for the two-layer case is analogous to the single-layer case, ex-
cept that an additional resistance is added for the additional layer. This result
can be extended to plane walls that consist of three or more layers by adding
an additional resistance for each additional layer.

Once Q is known, an unknown surface temperature 7; at any surface or
interface j can be determined from

. T,
0= (3-23)

thal, i—j

where T; is a known temperature at location i and Ry, ; - ; is the total thermal
resistance between locations i and j. For example, when the fluid temperatures
T, and T, for the two-layer case shown in Fig. 3-9 are available and Q is
calculated from Eq. 3-21, the interface temperature 7, between the two walls
can be determined from (Fig. 3—10)

Q- _ Txl - T2 _ Tool - T2 (3 24)
Rconv, 1 + Rwull, 1 L i
A" kA

The temperature drop across a layer is easily determined from Eq. 3-17 by
multiplying Q by the thermal resistance of that layer.

The thermal resistance concept is widely used in practice because it is intu-
itively easy to understand and it has proven to be a powerful tool in the solu-
tion of a wide range of heat transfer problems. But its use is limited to systems
through which the rate of heat transfer Q remains constant; that is, to systems
involving steady heat transfer with no heat generation (such as resistance
heating or chemical reactions) within the medium.

EXAMPLE 3-1 Heat Loss through a Wall

Consider a 3-m-high, 5-m-wide, and 0.3-m-thick wall whose thermal conduc-
tivity is k = 0.9 W/m-K (Fig. 3-11). On a certain day, the temperatures of the g
inner and the outer surfaces of the wall are measured to be 16°C and 2°C, g
respectively. Determine the rate of heat loss through the wall on that day. |

| |



SOLUTION The two surfaces of a wall are maintained at specified tempera-
tures. The rate of heat loss through the wall is to be determined.

Assumptions 1 Heat transfer through the wall is steady since the surface
temperatures remain constant at the specified values. 2 Heat transfer is one-
dimensional since any significant temperature gradients exist in the direction
from the indoors to the outdoors. 3 Thermal conductivity is constant.
Properties The thermal conductivity is given to be kK = 0.9 W/m-K.

Analysis Noting that heat transfer through the wall is by conduction and the
area of the wall is A =3 m X 5 m = 15 m?, the steady rate of heat transfer
through the wall can be determined from Eq. 3-3 to be

=N (16 — 2)°C

[ (0.9 W/m-°C)(15 m?) —~5—— = 630 W

Q== 03m

We could also determine the steady rate of heat transfer through the wall by
making use of the thermal resistance concept from

A Twall

R

wall
where

Ryu = & Lzl = 0.02222°C/W

kA (0.9 W/m-°C)(15 m?)

Substituting, we get

)= BO-DC _ 0w
Q= 0.02222°C/W

Discussion This is the same result obtained earlier. Note that heat conduction
through a plane wall with specified surface temperatures can be determined
directly and easily without utilizing the thermal resistance concept. However,
the thermal resistance concept serves as a valuable tool in more complex heat
transfer problems, as you will see in the following examples. Also, the units
W/m-°C and W/m-K for thermal conductivity are equivalent, and thus inter-
changeable. This is also the case for °C and K for temperature differences.

EXAMPLE 3-2 Heat Loss through a Single-Pane Window

Consider a 0.8-m-high and 1.5-m-wide glass window with a thickness of 8 mm
and a thermal conductivity of kK = 0.78 W/m-K. Determine the steady rate of
heat transfer through this glass window and the temperature of its inner sur-
face for a day during which the room is maintained at 20°C while the temper-
ature of the outdoors is —10°C. Take the heat transfer coefficients on the inner
and outer surfaces of the window to be h; = 10 W/m?-K and h, = 40 W/m?-K,
which includes the effects of radiation.

SOLUTION Heat loss through a window glass is considered. The rate of heat
transfer through the window and the inner surface temperature are to be
determined.
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Schematic for Example 3-2.

Assumptions 1 Heat transfer through the window is steady since the surface
temperatures remain constant at the specified values. 2 Heat transfer through
the wall is one-dimensional since any significant temperature gradients exist in
the direction from the indoors to the outdoors. 3 Thermal conductivity is
constant.

Properties The thermal conductivity is given to be k = 0.78 W/m-K.

Analysis This problem involves conduction through the glass window and con-
vection at its surfaces, and can best be handled by making use of the thermal
resistance concept and drawing the thermal resistance network, as shown in
Fig. 3-12. Noting that the area of the window is A = 0.8 m X 1.6 m =
1.2 m?, the individual resistances are evaluated from their definitions to be

1 1
Ri = Rconv = = = 008333°C/W
A (10 W/m2K)(1.2 m?)
Ry = 2 = 0008m____ ¢ gogssec/w
KA (0.78 W/m-K)(1.2 m?)
R(l =R 1 . = 0020830C/W

©m2 T A (40 Wim2-K)(1.2 md)

Noting that all three resistances are in series, the total resistance is

Rigal = Reony 1 T Rytass T Reony 2 = 0.08333 + 0.00855 + 0.02083
= 0.1127°C/W
Then the steady rate of heat transfer through the window becomes

_ To) = Ty _ [20 — (—10)]°C
0= Reu — 012FC/W

=266 W

Knowing the rate of heat transfer, the inner surface temperature of the window
glass can be determined from

0 Toc] — Tl 0
Q = Ril — Tl = TOO] - QRconv,l
' = 20°C — (266 W)(0.08333°C/W)
- —22°C

Discussion Note that the inner surface temperature of the window glass is
—2.2°C even though the temperature of the air in the room is maintained at
20°C. Such low surface temperatures are highly undesirable since they cause
the formation of fog or even frost on the inner surfaces of the glass when the
humidity in the room is high.

EXAMPLE 3-3 Heat Loss through Double-Pane Windows

Consider a 0.8-m-high and 1.5-m-wide double-pane window consisting of two
4-mm-thick layers of glass (k = 0.78 W/m-K) separated by a 10-mm-wide
stagnant air space (k = 0.026 W/m-K). Determine the steady rate of heat



transfer through this double-pane window and the temperature of its inner sur-
face for a day during which the room is maintained at 20°C while the temper-
ature of the outdoors is —10°C. Take the convection heat transfer coefficients
on the inner and outer surfaces of the window to be h; = 10 W/m2-K and
h, = 40 W/m?2-K, which includes the effects of radiation.

SOLUTION A double-pane window is considered. The rate of heat transfer
through the window and the inner surface temperature are to be determined.
Analysis This example problem is identical to the previous one except that
the single 8-mm-thick window glass is replaced by two 4-mm-thick glasses
that enclose a 10-mm-wide stagnant air space. Therefore, the thermal resis-
tance network of this problem involves two additional conduction resistances
corresponding to the two additional layers, as shown in Fig. 3—-13. Noting that
the area of the window is again A = 0.8 m X 1.5 m = 1.2 m?, the individual
resistances are evaluated from their definitions to be

1 1

R, = Rconv =7 i = 0.08333°C/W
: A (10 W/m2K)(1.2 m?)
L
Ry =Ry =Ry = — = = 0.004 m = 0.00427°C/W
kA (0.78 W/m-K)(1.2 m?)
L
R2 = Rair = —= = QL0 i 2 = 0.3205°C/W
kA (0.026 W/m-K)(1.2 m?)
R, = L 1 = 0.02083°C/W

Rconv =T 5=
2 A (40 W/m2K)(1.2 m?)
Noting that all three resistances are in series, the total resistance is

Rtotal = Rconv,l + Rglass,l + Rair + Rglass, 2 + Rconv,Z
= 0.08333 + 0.00427 + 0.3205 + 0.00427 + 0.02083
= 0.4332°C/W

Then the steady rate of heat transfer through the window becomes

T, —T., [20—(—10)°C

Q=g = = oamrcaw _092W

which is about one-fourth of the result obtained in the previous example. This
explains the popularity of the double- and even triple-pane windows in cold
climates. The drastic reduction in the heat transfer rate in this case is due to
the large thermal resistance of the air layer between the glasses.
The inner surface temperature of the window in this case will be
T, =T, — OR o 1 = 20°C — (69.2 W)(0.08333°C/ W) = 14.2°C

which is considerably higher than the —2.2°C obtained in the previous exam-
ple. Therefore, a double-pane window will rarely get fogged. A double-pane
window will also reduce the heat gain in summer, and thus reduce the air-
conditioning costs.
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Schematic for Example 3-3.
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FIGURE 3-14

Temperature distribution and heat flow
lines along two solid plates pressed
against each other for the case of
perfect and imperfect contact.

Applied load

Loading shaft \l

Alignment collar —
Top plate —> i |
Steel ball =

Pencil heaters —>ﬁ-€ 1 X
Heaters block

.— Thermocouples

Upper test specimen —>|

Lower test specimen —>|

Lower heat flux meter —»|

#
_g\ Interface

Cold plate
Load cell

Steel ball
Bottom plate

Bell jar —>
base plate

FIGURE 3-15

A typical experimental setup for the
determination of thermal contact
resistance (from Song et al.).

Layer 2
Layer 1 C) Layer 2 Y
Temperature
Interface ~ drop
No
temperature
drop
Temperature &
distribution
T,=T,

(a) Ideal (perfect) thermal contact (b) Actual (imperfect) thermal contact

3-2 = THERMAL CONTACT RESISTANCE

In the analysis of heat conduction through multilayer solids, we assumed “perfect
contact” at the interface of two layers, and thus no temperature drop at the in-
terface. This would be the case when the surfaces are perfectly smooth and they
produce a perfect contact at each point. In reality, however, even flat surfaces
that appear smooth to the eye turn out to be rather rough when examined under
a microscope, as shown in Fig. 3—14, with numerous peaks and valleys. That is,
a surface is microscopically rough no matter how smooth it appears to be.

When two such surfaces are pressed against each other, the peaks form good
material contact but the valleys form voids filled with air in most cases. As a
result, an interface contains numerous air gaps of varying sizes that act as
insulation because of the low thermal conductivity of air. Thus, an interface
offers some resistance to heat transfer, and this resistance for a unit interface
area is called the thermal contact resistance, R.. The value of R, is deter-
mined experimentally using a setup like the one shown in Fig. 3—-15, and as
expected, there is considerable scatter of data because of the difficulty in char-
acterizing the surfaces.

Consider heat transfer through two metal rods of cross-sectional area A that
are pressed against each other. Heat transfer through the interface of these two
rods is the sum of the heat transfers through the solid contact spots (solid-to-
solid conduction) and the gaps (conduction and/or radiation across the gaps)
in the noncontact areas (which is a major contributor to heat transfer) and can
be expressed as

Q = Qcontact + anp (3_25)

It can also be expressed in an analogous manner to Newton’s law of cooling as

Q = hcA ATimerfatce (3-26)



where A is the apparent interface area (which is the same as the cross-sectional
area of the rods) and AT, .. 18 the effective temperature difference at the
interface. The quantity 4., which corresponds to the convection heat transfer
coefficient, is called the thermal contact conductance and is expressed as
_onm 2
h,. = AT (W/m?-K) (3-27)

interface

It is related to thermal contact resistance by

o 1 _ ATimerﬁnce 5
R, = — = —pterfuce (m2-K/W) (3-28)
h, QIA

That is, thermal contact resistance is the inverse of thermal contact conduc-
tance. Usually, thermal contact conductance is reported in the literature, but
the concept of thermal contact resistance serves as a better vehicle for ex-
plaining the effect of interface on heat transfer. Note that R, represents thermal
contact resistance for a unit area. The thermal resistance for the entire inter-
face is obtained by dividing R, by the apparent interface area A.

The thermal contact resistance can be determined from Eq. 3-28 by mea-
suring the temperature drop at the interface and dividing it by the heat flux un-
der steady conditions. The value of thermal contact resistance depends on the
surface roughness and the material properties as well as the temperature and
pressure at the interface and the fype of fluid trapped at the interface. The sit-
uation becomes more complex when plates are fastened by bolts, screws, or
rivets since the interface pressure in this case is nonuniform. The thermal con-
tact resistance in that case also depends on the plate thickness, the bolt radius,
and the size of the contact zone. Thermal contact resistance is observed to
decrease with decreasing surface roughness and increasing interface pres-
sure, as expected. Most experimentally determined values of the thermal con-
tact resistance fall between 0.000005 and 0.0005 m?-K/W (the corresponding
range of thermal contact conductance is 2000 to 200,000 W/m?-K).

When we analyze heat transfer in a medium consisting of two or more lay-
ers, the first thing we need to know is whether the thermal contact resistance
is significant or not. We can answer this question by comparing the magni-
tudes of the thermal resistances of the layers with typical values of thermal
contact resistance. For example, the thermal resistance of a 1-cm-thick layer
of an insulating material for a unit surface area is

_L__00lm _ 2.
RL', insulation — k 004 W/mK 025 m K/W

whereas for a 1-cm-thick layer of copper, it is

_L__00lm _ .
R comer = 7 = 336 WimK — 0000026 m*K/W

Comparing the values above with typical values of thermal contact resistance,
we conclude that thermal contact resistance is significant and can even domi-
nate the heat transfer for good heat conductors such as metals, but can be
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TABLE 3-1

Thermal contact conductance

for aluminum plates with different
fluids at the interface for a surface
roughness of 10 um and interface
pressure of 1 atm (from Fried, 1969).

Contact
Fluid at the conductance, h,,
interface W/mz2.K
Air 3640
Helium 9520
Hydrogen 13,900
Silicone oil 19,000
Glycerin 37,700

Thermal contact conductance (W/m2K)

10°

10*

102

Contact pressure (psi)

102 10°
ET |||||||| T ||||||||
E Coated with {10*—
- tin/nickel alloy 3 _|F
- = Sl
1 AL
u Coated witly] :
__Bronze nickel alloy | E/
E o8 5
C = S
C Nickel 3 3
— =
| . =}
Q
B 1 3
F Coated with g
E aluminum ) —10° =
- alloy Stainless 3 <
- Steel 3
L - (5}
4 B
L1011 NN
10° 10*

Contact pressure (kN/m?)

Uncoated
Coated

FIGURE 3-16

Effect of metallic coatings on
thermal contact conductance
(from Peterson, 1987).

disregarded for poor heat conductors such as insulations. This is not surpris-
ing since insulating materials consist mostly of air space just like the inter-face
itself.

The thermal contact resistance can be minimized by applying a thermally
conducting liquid called a thermal grease such as silicon oil on the surfaces
before they are pressed against each other. This is commonly done when at-
taching electronic components such as power transistors to heat sinks. The
thermal contact resistance can also be reduced by replacing the air at the in-
terface by a better conducting gas such as helium or hydrogen, as shown in
Table 3-1.

Another way to minimize the contact resistance is to insert a soft metallic
foil such as tin, silver, copper, nickel, or aluminum between the two surfaces.
Experimental studies show that the thermal contact resistance can be reduced
by a factor of up to 7 by a metallic foil at the interface. For maximum effec-
tiveness, the foils must be very thin. The effect of metallic coatings on thermal
contact conductance is shown in Fig. 3—16 for various metal surfaces.

There is considerable uncertainty in the contact conductance data reported
in the literature, and care should be exercised when using them. In Table 3-2
some experimental results are given for the contact conductance between sim-
ilar and dissimilar metal surfaces for use in preliminary design calculations.
Note that the thermal contact conductance is highest (and thus the contact re-
sistance is lowest) for soft metals with smooth surfaces at high pressure.

EXAMPLE 3-4 Equivalent Thickness for Contact Resistance

The thermal contact conductance at the interface of two 1-cm-thick aluminum
plates is measured to be 11,000 W/m2-K. Determine the thickness of the alu-
minum plate whose thermal resistance is equal to the thermal resistance of the
interface between the plates (Fig. 3-17).

|
|
|
|
|
|
|
|

SOLUTION The thickness of the aluminum plate whose thermal resistance is

equal to the thermal contact resistance is to be determined.

Properties The thermal conductivity of aluminum at room temperature is k =
237 W/m-K (Table A-3).

Analysis Noting that thermal contact resistance is the inverse of thermal con-
tact conductance, the thermal contact resistance is

R=1=— "1  _0909x10*mK/W
he 11,000 W/m?K

For a unit surface area, the thermal resistance of a flat plate is defined as

_L
R=5%

where L is the thickness of the plate and k is the thermal conductivity.
Setting R = R,, the equivalent thickness is determined from the relation
above to be

L = kR, = (237 W/m-K)(0.909 X 10~* m?-K/W) = 0.0215 m = 2.15 cm
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a poor conductor of heat, and thus all the heat generated at the junction of the
transistor must be dissipated to the ambient at 20°C through the back surface
of the copper plate. The combined convection/radiation heat transfer coefficient

Schematic for Example 3—4.

TABLE 3-2
Thermal contact conductance of some metal surfaces in air (from various sources)
Surface Pressure, h.,*
Material condition Roughness, um Temperature, °C MPa W/m?2-K
Identical Metal Pairs
416 Stainless steel Ground 2.54 90-200 0.17-2.5 3800
304 Stainless steel Ground 1.14 20 4-7 1900
Aluminum Ground 2.54 150 1.2-2.5 11,400
Copper Ground 1.27 20 1.2-20 143,000
Copper Milled 3.81 20 1-5 55,500
Copper (vacuum) Milled 0.25 30 0.17-7 11,400
Dissimilar Metal Pairs
Stainless steel- 10 2900
Aluminum 20-30 20 20 3600
Stainless steel— 10 16,400
Aluminum 1.0-2.0 20 20 20,800
Steel Ct-30- 10 50,000
Aluminum Ground 1.4-2.0 20 15-35 59,000
Steel Ct-30- 10 4800
Aluminum Milled 4.5-7.2 20 30 8300
5 42,000
Aluminum-Copper Ground 1.17-1.4 20 15 56,000
10 12,000
Aluminum-Copper Milled 4.4-4.5 20 20-35 22,000
*Divide the given values by 5.678 to convert to Btu/h-ft?.°F.
Discussion Note that the interface between the two plates offers as much re- Plate ( Plate
sistance to heat transfer as a 2.15-cm-thick aluminum plate. It is interesting ! 2 | Interface
that the thermal contact resistance in this case is greater than the sum of the /
thermal resistances of both plates. TR | cm
| Equi |
S EXAMPLE 3-5  Contact Resistance of Transistors Flate  Bavivalent, Plate
| aluminum | 2
: Four identical power transistors with aluminum casing are attached on one side i e i
| of a 1-cm-thick 20-cm X 20-cm square copper plate (k = 386 W/m-K) by lem! 215em ' 1em
m screws that exert an average pressure of 6 MPa (Fig. 3-18). The base area of >« >—>
@ each transistor is 8 cm?, and each transistor is placed at the center of a 10-cm : :
m X 10-cm quarter section of the plate. The interface roughness is estimated to
B be about 1.5 um. All transistors are covered by a thick Plexiglas layer, which is FIGURE 3-17
|
|
|
|
|

at the back surface can be taken to be 25 W/m2-K. If the case temperature of
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—
Copper

plate Plexiglas cover

70°C

FIGURE 3-18

Schematic for Example 3-5.

the transistor is not to exceed 70°C, determine the maximum power each
transistor can dissipate safely, and the temperature jump at the case-plate
interface.

SOLUTION Four identical power transistors are attached on a copper plate.
For a maximum case temperature of 70°C, the maximum power dissipation
and the temperature jump at the interface are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer can be ap-
proximated as being one-dimensional, although it is recognized that heat con-
duction in some parts of the plate will be two-dimensional since the plate area
is much larger than the base area of the transistor. But the large thermal con-
ductivity of copper will minimize this effect. 3 All the heat generated at the
junction is dissipated through the back surface of the plate since the transis-
tors are covered by a thick Plexiglas layer. 4 Thermal conductivities are
constant.

Properties The thermal conductivity of copper is given to be k = 386 W/m-K.
The contact conductance is obtained from Table 3-2 to be h, =
42,000 W/m2-K, which corresponds to copper-aluminum interface for the case
of 1.17-1.4 um roughness and 5 MPa pressure, which is sufficiently close to
what we have.

Analysis The contact area between the case and the plate is given to be
8 cm?, and the plate area for each transistor is 100 cm?. The thermal resis-
tance network of this problem consists of three resistances in series (interface,
plate, and convection), which are determined to be

1 1
Riertace = = = 0.030°C/W
€T B A (42,000 W/m2K)(8 X 1074 m?)
Ry = & = B0en = 0.0026°C/W
KA (386 W/m-K)(0.01 m?)
1 1

Reony = = = 4.0°C/W
h,A (25 W/m?K)(0.01 m?)

The total thermal resistance is then
Rioat = Rinertace T Rptate T Rambient = 0.030 + 0.0026 + 4.0 = 4.0326°C/W

Note that the thermal resistance of a copper plate is very small and can be
ignored altogether. Then the rate of heat transfer is determined to be

AT (70 —20)°C
Row  4.0326°C/W

=124 W

Therefore, the power transistor should not be operated at power levels greater
than 12.4 W if the case temperature is not to exceed 70°C.
The temperature jump at the interface is determined from

ATimerface = QR interface — (124 W)(00300C/W) = 0.37°C

which is not very large. Therefore, even if we eliminate the thermal contact re-
sistance at the interface completely, we lower the operating temperature of the
transistor in this case by less than 0.4°C.



3-3 = GENERALIZED THERMAL RESISTANCE
NETWORKS

The thermal resistance concept or the electrical analogy can also be used to
solve steady heat transfer problems that involve parallel layers or combined
series-parallel arrangements. Although such problems are often two- or even
three-dimensional, approximate solutions can be obtained by assuming one-
dimensional heat transfer and using the thermal resistance network.

Consider the composite wall shown in Fig. 3—19, which consists of two par-
allel layers. The thermal resistance network, which consists of two parallel re-
sistances, can be represented as shown in the figure. Noting that the total heat
transfer is the sum of the heat transfers through each layer, we have

+ T2+Tl L_r-r + 1 (3-29)
Q Ql Q2 l R2 ( 1 2) R R2 "

Utilizing electrical analogy, we get

. T -,
(3-30)
Q Rtotal
where
L_1, 1 g - Rl (3-31)
Rlolal R] R2 total RI + RZ

since the resistances are in parallel.

Now consider the combined series-parallel arrangement shown in Fig. 3-20.
The total rate of heat transfer through this composite system can again be ex-
pressed as

0= i (3-32)
Rtotal
where
Ryy=Rp+ Ry + R R R R 3-33
total — V12 3 conv — Rl + R2 3 conv ( — )
and
o R, = -2 R, =2 R, =L (3-34)

Once the individual thermal resistances are evaluated, the total resistance and
the total rate of heat transfer can easily be determined from the relations
above.

The result obtained is somewhat approximate, since the surfaces of the third
layer are probably not isothermal, and heat transfer between the first two lay-
ers is likely to occur.

Two assumptions commonly used in solving complex multidimensional
heat transfer problems by treating them as one-dimensional (say, in the
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Insulation

v

A —>

T~ T

Ay —>]

0=0,+0,

FIGURE 3-19
Thermal resistance
network for two parallel layers.

Insulation

¥
O N

0 —>
g, R, —> 0
o
T, Q2 R; Reony 1
R,

FIGURE 3-20
Thermal resistance network for
combined series-parallel arrangement.
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x-direction) using the thermal resistance network are (1) any plane wall nor-
mal to the x-axis is isothermal (i.e., to assume the temperature to vary in the
x-direction only) and (2) any plane parallel to the x-axis is adiabatic (i.e., to
assume heat transfer to occur in the x-direction only). These two assumptions
result in different resistance networks, and thus different (but usually close)
values for the total thermal resistance and thus heat transfer. The actual result
lies between these two values. In geometries in which heat transfer occurs pre-
dominantly in one direction, either approach gives satisfactory results.

EXAMPLE 3-6 Heat Loss through a Composite Wall

A 3-m-high and 5-m-wide wall consists of long 16-cm X 22-cm cross section

Foam Plaster horizontal bricks (k = 0.72 W/m-K) separated by 3-cm-thick plaster layers
’%7(/\/\\7 hy (k= 0.22 W/m-K). There are also 2-cm-thick plaster layers on each side of the
T, brick and a 3-cm-thick rigid foam (k = 0.026 W/m-K) on the inner side of the

wall, as shown in Fig. 3-21. The indoor and the outdoor temperatures are 20°C
and —10°C, respectively, and the convection heat transfer coefficients on the

1.5 cm inner and the outer sides are h; = 10 W/m2-K and h, = 25 W/m2-K, respec-
Brick tively. Assuming one-dimensional heat transfer and disregarding radiation, de-
h termine the rate of heat transfer through the wall.
T 22 cm

SOLUTION The composition of a composite wall is given. The rate of heat
transfer through the wall is to be determined.
1.5 cm Assumptions 1 Heat transfer is steady since there is no indication of change
with time. 2 Heat transfer can be approximated as being one-dimensional since
it is predominantly in the x-direction. 3 Thermal conductivities are constant.
4 Heat transfer by radiation is negligible.

— — Properties The thermal conductivities are given to be k = 0.72 W/m-K for
:_3>|x2 | 16em |2 bricks, k = 0.22 W/m-K for plaster layers, and k = 0.026 W/m-K for the rigid
| | | | | foam.
R Analysis There is a pattern in the construction of this wall that repeats itself
v every 25-cm distance in the vertical direction. There is no variation in the hor-
R, R, R, | R, | R¢ R, izontal direction. Therefore, we consider a 1-m-deep and 0.25-m-high portion
Ty oW AW—MN——VW——AW— W0 T of the wall, since it is representative of the entire wall.
53 Assuming any cross section of the wall normal to the x-direction to be
isothermal, the thermal resistance network for the representative section of
FIGURE 3-21 the wall becomes as shown in Fig. 3-21. The individual resistances are evalu-
Schematic for Example 3-6. ated as:
_ _ 1 _ 1 — AAGE
Ri_Rconv 1 = 7 4 = 0.40°C/W
A (10 Wm?K)(0.25 X 1 m?)
Rl = Rfoam = L = LB = 4.62°C/W
kA (0.026 W/m-K)(0.25 X 1 m?)
L 0.02 m

R, =Rs=R aster, side 4
PO TR A (0.22 W/m K)(0.25 X 1 m?)

= 0.36°C/W
L _ 0.16 m
kA (0.22 W/m-K)(0.015 X 1 m?)

R3 = RS = Rplaster, center

= 48.48°C/W



e 0.16 m
UM RA T (072 Wim-K)(0.22 X 1 m?)

= 1.01°C/W

1 1

RO = RCOﬂV =7 -
2 A (25 WimK)(0.25 X 1 m?)

= 0.16°C/W

The three resistances R;, Ry, and Rs in the middle are parallel, and their equiv-
alent resistance is determined from

1 1 1 1 1 1 1

Ry R, R, TR 2348 "101 " 4843

= 1.03 W/°C

which gives
R = 0.97°C/W
Now all the resistances are in series, and the total resistance is
R = Ri + Ry + Ry + Ryyyg + Rg + R,
=040 + 4.62 + 0.36 + 0.97 + 0.36 + 0.16
= 6.87°C/W

Then the steady rate of heat transfer through the wall becomes

T — Ty [20 — (—10)]°C
Q= Row  6.87°C/W

=437TW (per 0.25 m? surface area)

or 4.37/0.25 = 17.5 W per m? area. The total area of the wall is A = 3 m X
5 m = 15 m?. Then the rate of heat transfer through the entire wall becomes

O = (17.5 W/m)(15 m?) = 263 W

Of course, this result is approximate, since we assumed the temperature within
the wall to vary in one direction only and ignored any temperature change (and
thus heat transfer) in the other two directions.

Discussion In the above solution, we assumed the temperature at any cross
section of the wall normal to the x-direction to be isothermal. We could also
solve this problem by going to the other extreme and assuming the surfaces par-
allel to the x-direction to be adiabatic. The thermal resistance network in this
case will be as shown in Fig. 3-22. By following the approach outlined above,
the total thermal resistance in this case is determined to be Ry, = 6.97°C/W,
which is very close to the value 6.85°C/W obtained before. Thus either
approach gives roughly the same result in this case. This example demon-
strates that either approach can be used in practice to obtain satisfactory
results.
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FIGURE 3-22

Alternative thermal resistance
network for Example 3—6 for the
case of surfaces parallel to the
primary direction of heat
transfer being adiabatic.
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FIGURE 3-23

Heat is lost from a hot-water pipe to
the air outside in the radial direction,
and thus heat transfer from a long
pipe is one-dimensional.

T,

FIGURE 3-24

A long cylindrical pipe (or spherical
shell) with specified inner and outer
surface temperatures 7, and 75.

3-4 - HEAT CONDUCTION IN CYLINDERS
AND SPHERES

Consider steady heat conduction through a hot-water pipe. Heat is continu-
ously lost to the outdoors through the wall of the pipe, and we intuitively feel
that heat transfer through the pipe is in the normal direction to the pipe surface
and no significant heat transfer takes place in the pipe in other directions
(Fig. 3-23). The wall of the pipe, whose thickness is rather small, separates
two fluids at different temperatures, and thus the temperature gradient in the
radial direction is relatively large. Further, if the fluid temperatures inside
and outside the pipe remain constant, then heat transfer through the pipe is
steady. Thus heat transfer through the pipe can be modeled as steady and one-
dimensional. The temperature of the pipe in this case depends on one direction
only (the radial r-direction) and can be expressed as T = T(r). The tempera-
ture is independent of the azimuthal angle or the axial distance. This situation
is approximated in practice in long cylindrical pipes and spherical containers.

In steady operation, there is no change in the temperature of the pipe with
time at any point. Therefore, the rate of heat transfer into the pipe must be
equal to the rate of heat transfer out of it. In other words, heat transfer through
the pipe must be constant, Qg oy = constant.

Consider a long cylindrical layer (such as a circular pipe) of inner radius r;,
outer radius r,, length L, and average thermal conductivity k (Fig. 3-24). The
two surfaces of the cylindrical layer are maintained at constant temperatures
T, and T,. There is no heat generation in the layer and the thermal conductiv-
ity is constant. For one-dimensional heat conduction through the cylindrical
layer, we have 7(r). Then Fourier’s law of heat conduction for heat transfer
through the cylindrical layer can be expressed as

: dr
Qcond, cyl = —kA E (W) (3-35)

where A = 27rrL is the heat transfer area at location 7. Note that A depends on
r, and thus it varies in the direction of heat transfer. Separating the variables
in the above equation and integrating from r = r|, where T(r;) = T, to r = r»,
where T(r,) = T,, gives

ra Q cond, cyl T,
dr = — k dT (3-36)
r= A T=T,

Substituting A = 2arrL and performing the integrations give

-7
ln(rzlrl)

Qcond, cyl = 27TLk (W) (3—37)

since Qcong oyt = constant. This equation can be rearranged as

. I, - T,
Qcond, cyl = R

(W) (3-38)
cyl

where

In(ry/r)) _ In(Outer radius/Inner radius)

Ry = 2Lk~ 2@ X Length X Thermal conductivity

(3-39)
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is the thermal resistance of the cylindrical layer against heat conduction, or
simply the conduction resistance of the cylinder layer. Note that Eq. 3-37 is
identical to Eq. 2-59 which was obtained by using the “standard” approach by
first solving the heat conduction equation in cylindrical coordinates, Eq. 2-29,
to obtain the temperature distribution, Eq. 2-58, and then using the Fourier’s
law to obtain the heat transfer rate. The method used in obtaining Eq. 3-37
can be considered an “alternative” approach. However, it is restricted to one-
dimensional steady heat conduction with no heat generation.

We can repeat the analysis for a spherical layer by taking A = 477> and per-
forming the integrations in Eq. 3-36. The result can be expressed as

. T] - T2
Qcond, sph = R

(3-40)

sph

where

r,— 1 Outer radius — Inner radius

R 4arriry k - 41 (Outer radius)(Inner radius)(Thermal conductivity)

woh = (3-41)

is the thermal resistance of the spherical layer against heat conduction, or sim-
ply the conduction resistance of the spherical layer. Note also that Eq. 3-40 is
identical to Eq. 2-61 which was obtained by solving the heat conduction
equation in spherical coordinates.

Now consider steady one-dimensional heat transfer through a cylindrical or
spherical layer that is exposed to convection on both sides to fluids at tempera-
tures T..; and T, with heat transfer coefficients /2, and &,, respectively, as shown
in Fig. 3-25. The thermal resistance network in this case consists of one con- Rigu1 = Reony,1 + Ry + Reony 2
duction and two convection resistances in series, just like the one for the plane

wall, and the rate of heat transfer under steady conditions can be expressed as . FIGURE 3-25
The thermal resistance network

T T for a cylindrical (or spherical)

0= % (3-42) shell subjected to convection from

total

both the inner and the outer sides.

where

lea] = Rconv.l + Rcyl +R

_ 1 In(ry/ry) 1
2mrL)h, 2Lk (2mr,L)h,

conv, 2

(3-43)

for a cylindrical layer, and

Rmta] = Rconv,l + Rsph + Rconv.l
_ 1 T n 1
@mrdh,  dmrink  (dardh,

(3-44)

for a spherical layer. Note that A in the convection resistance relation
R..ny = 1/hA is the surface area at which convection occurs. It is equal to
A = 2mrrL for a cylindrical surface and A = 472 for a spherical surface of
radius 7. Also note that the thermal resistances are in series, and thus the total
thermal resistance is determined by simply adding the individual resistances,
just like the electrical resistances connected in series.
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Multilayered Cylinders and Spheres

Steady heat transfer through multilayered cylindrical or spherical shells can be
handled just like multilayered plane walls discussed earlier by simply adding
an additional resistance in series for each additional layer. For example, the
steady heat transfer rate through the three-layered composite cylinder of
length L shown in Fig. 3-26 with convection on both sides can be expressed
as

T, —T.,
0= 7&0[“ (3-45)
where R, is the total thermal resistance, expressed as
Riotar = Reony,1 T Rcyl.l + Rcy],2 + Rcyl.3 + Reony, 2
1 In(ry/r)  In(rs/ry)  In(ry/rs) 1 (3.46)

T A, 2mlk, | 2mlk, | 2mwlks | hA,

where A, = 2zrrL and A, = 2mr,L. Equation 3-46 can also be used for a
three-layered spherical shell by replacing the thermal resistances of cylindri-
cal layers by the corresponding spherical ones. Again, note from the thermal
resistance network that the resistances are in series, and thus the total thermal
resistance is simply the arithmetic sum of the individual thermal resistances
in the path of heat flow.

Once Q is known, we can determine any intermediate temperature 7 by
applying the relation Q = (T; — T))/Ryy, ; - ; across any layer or layers such
that 7; is a known temperature at location i and Ry ; - ; 1S the total thermal re-
sistance between locations i and j (Fig. 3—27). For example, once Q has been
calculated, the interface temperature 7, between the first and second cylindri-
cal layers can be determined from

FIGURE 3-26

The thermal resistance network for heat transfer through a three-layered composite cylinder

subjected to convection on both sides.
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- T -7, T, —T, @47) T T, T, Ty T.,
Rconv, 1 + Rcyl, 1 1 ln(r2 /"1) —\ \WWW—e—\\WN——\WN—e—\WWN—e
h1(27T}’1L) 27TLk1 Rconv,l R] R2 Rconv,z
We could also calculate 7, from 0= Te =T,
. T2 _ sz T2 _ Tocz Rconv,l
CTR AR A Ry Inrfr) (il o S
2nlk, | 2mlks | 2wl com1 + R
_ -7
Although both relations give the same result, we prefer the first one since it in- CR+R,
volves fewer terms and thus less work. Ty Ty
The thermal resistance concept can also be used for other geometries, pro- R
vided that the proper conduction resistances and the proper surface areas in _T,-T.,
convection resistances are used. "Ry + Reony
: EXAMPLE 3-7  Heat Transfer to a Spherical Container The rafi FIGURE 3_2.7
e ratio AT/R across any layer is
® A 3-m internal diameter spherical tank made of 2-cm-thick stainless steel (k = equal to Q, which remains constant in
m 15 W/m-K) is used to store iced water at T, = 0°C. The tank is located in a one-dimensional steady conduction.

m room whose temperature is T.., = 22°C. The walls of the room are also at 22°C.
B The outer surface of the tank is black and heat transfer between the outer sur-
B face of the tank and the surroundings is by natural convection and radiation.
B The convection heat transfer coefficients at the inner and the outer surfaces of
® the tank are h, = 80 W/m2.K and h, = 10 W/m?2-K, respectively. Determine
m (@) the rate of heat transfer to the iced water in the tank and (b) the amount of
m ice at 0°C that melts during a 24-h period.

SOLUTION A spherical container filled with iced water is subjected to con-
vection and radiation heat transfer at its outer surface. The rate of heat trans-
fer and the amount of ice that melts per day are to be determined.
Assumptions 1 Heat transfer is steady since the specified thermal conditions
at the boundaries do not change with time. 2 Heat transfer is one-dimensional
since there is thermal symmetry about the midpoint. 3 Thermal conductivity is
constant.

Properties The thermal conductivity of steel is given to be k = 15 W/m-K. The
heat of fusion of water at atmospheric pressure is h;; = 333.7 kJ/kg. The outer
surface of the tank is black and thus its emissivity is e = 1.

Analysis (a) The thermal resistance network for this problem is given in
Fig. 3-28. Noting that the inner diameter of the tank is D, = 3 m and the outer
diameter is D, = 3.04 m, the inner and the outer surface areas of the tank are

A, = wD? = w(3 m)? = 28.3 m?

A, = wD} = 7w(3.04 m)® = 29.0 m? Rog
Also, the radiation heat transfer coefficient is given by Ty T, Ty
— MWWW—e—MWWW— e
2 2 Ri Rl
heg = €0(T5 + TH) T, + Tiy) AAA
R

0

But we do not know the outer surface temperature T, of the tank, and thus we

cannot calculate h,,q. Therefore, we need to assume a T, value now and check FIGURE 3-28
Schematic for Example 3-7.
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the accuracy of this assumption later. We will repeat the calculations if neces-
sary using a revised value for 7.

We note that 7, must be between 0°C and 22°C, but it must be closer to
0°C, since the heat transfer coefficient inside the tank is much larger. Taking
T, = 5°C = 278 K, the radiation heat transfer coefficient is determined to be

hea = (1)(5.67 X 1078 W/m?-KH[(295 K)? + (278 K)?][(295 + 278) K]
= 5.34 W/m*K = 5.34 W/m?-°C

Then the individual thermal resistances become

1 1
Ri=R.p 1 = = = 0.000442°C/ W
AL (80 W/m2K)(28.3 m?)
e e (1.52 — 1.50) m
b Tsehere Ak, 47 (15 W/meK)(1.52 m)(1.50 m)
= 0.000047°C/ W
Ro = Rconv,Z = ! = ) 1 5 = 000345°C/W
hA; (10 W/m?-K)(29.0 m?)
1 1
R4 = = = 0.00646°C/ W
T haAy  (5.34 Wim2K)(29.0 m?)

The two parallel resistances R, and R4 can be replaced by an equivalent
resistance Ry, determined from

1

equiv

1 1 1 - )
Rua  0.00345 T 0.00646  +4+7 W€

_1
Rowu R,

which gives
Requiy = 0.00225°C/W
Now all the resistances are in series, and the total resistance is

Ruw = R + Ry + Royy, = 0.000442 + 0.000047 + 0.00225 = 0.00274°C/W

equiv

Then the steady rate of heat transfer to the iced water becomes

Ty —Tey  (22-0°C .
= T Roa oooziacw - B029W - (or O = 8.029 klfs)

To check the validity of our original assumption, we now determine the outer
surface temperature from

. T, —T, .
Q = Ri — T2 = sz - QR equiv
am = 22°C — (8029 W)(0.00225°C/ W) = 4°C
which is sufficiently close to the 5°C assumed in the determination of the ra-

diation heat transfer coefficient. Therefore, there is no need to repeat the cal-
culations using 4°C for To.



(b) The total amount of heat transfer during a 24-h period is
0= Q Ar = (8.029 kJ/s)(24 X 3600 s) = 693,700 kJ

Noting that it takes 333.7 kJ of energy to melt 1 kg of ice at 0°C, the amount
of ice that will melt during a 24-h period is

0 693700k]
Mee = = 3337 Klkg | 2070 K8

Therefore, about 2 metric tons of ice will melt in the tank every day.

Discussion An easier way to deal with combined convection and radiation at a
surface when the surrounding medium and surfaces are at the same tempera-
ture is to add the radiation and convection heat transfer coefficients and to
treat the result as the convection heat transfer coefficient. That is, to take h =
10 + 5.34 = 15.34 W/m2-K in this case. This way, we can ignore radiation
since its contribution is accounted for in the convection heat transfer coeffi-
cient. The convection resistance of the outer surface in this case would be

1 1

R =
combined A2 (15.34 W/m?-K)(29.0 m?)

= 0.00225°C/W

combined — h

which is identical to the value obtained for equivalent resistance for the paral-
lel convection and the radiation resistances.

EXAMPLE 3-8 Heat Loss through an Insulated Steam Pipe

Steam at T.,; = 320°C flows in a cast iron pipe (k = 80 W/m-K) whose inner
and outer diameters are D; = 5 cm and D, = 5.5 cm, respectively. The pipe is
covered with 3-cm-thick glass wool insulation with k = 0.05 W/m-K. Heat is
lost to the surroundings at 7., = 5°C by natural convection and radiation, with
a combined heat transfer coefficient of h, = 18 W/m?-K. Taking the heat trans-
fer coefficient inside the pipe to be h; = 60 W/m2-K, determine the rate of
heat loss from the steam per unit length of the pipe. Also determine the tem-
perature drops across the pipe shell and the insulation.

SOLUTION A steam pipe covered with glass wool insulation is subjected to
convection on its surfaces. The rate of heat transfer per unit length and the
temperature drops across the pipe and the insulation are to be determined.
Assumptions 1 Heat transfer is steady since there is no indication of any
change with time. 2 Heat transfer is one-dimensional since there is thermal
symmetry about the centerline and no variation in the axial direction. 3 Ther-
mal conductivities are constant. 4 The thermal contact resistance at the inter-
face is negligible.

Properties The thermal conductivities are given to be kK = 80 W/m-K for cast
iron and k = 0.05 W/m-K for glass wool insulation.
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Insulation

T [ T
Toc) e—wiw—e—WWW—e—Ww—e—www—e T,
R; R, R, R,
FIGURE 3-29

Schematic for Example 3-8.

Analysis The thermal resistance network for this problem involves four resis-
tances in series and is given in Fig. 3-29. Taking L = 1 m, the areas of the
surfaces exposed to convection are determined to be

A, = 27r,L = 270(0.025 m)(1 m) = 0.157 m?
Ay = 27r,L = 20(0.0575 m)(1 m) = 0.361 m?

Then the individual thermal resistances become

Ri = Rconv 1= ! = ; = 0106°C/W
AL (60 W/m?K)(0.157 m?)
R R In(ry/ry) _ In(2.75/2.5) S —
PR T ok L 2w(80 W/mK)(1m)
R R In(rs/ry) In(5.75/2.75) JPp——
27 Tinsdlation o pp L 277(0.05 W/m-K)(1 m)
R =R L 1 = 0.154°C/W

M2 Ay (18 W/mK)(0.361 m?)

Noting that all resistances are in series, the total resistance is determined to be

Row =R, + Ry + R, + R, = 0.106 + 0.0002 + 2.35 + 0.154 = 2.61°C/W

total
Then the steady rate of heat loss from the steam becomes
Q Ty —T., (320—5)°C
Rl 2.61°C/W
The heat loss for a given pipe length can be determined by multiplying the
above quantity by the pipe length L.

The temperature drops across the pipe and the insulation are determined

from Eq. 3-17 to be
ATipe = OR ipe = (121 W)(0.0002°C/ W) = 0.02°C

AT, = OR ioutation = (121 W)(2.35°C/ W) = 284°C

insulation

=121 W (per m pipe length)

That is, the temperatures between the inner and the outer surfaces of the pipe
differ by 0.02°C, whereas the temperatures between the inner and the outer
surfaces of the insulation differ by 284°C.

Discussion Note that the thermal resistance of the pipe is too small relative to
the other resistances and can be neglected without causing any significant
error. Also note that the temperature drop across the pipe is practically zero,
and thus the pipe can be assumed to be isothermal. The resistance to heat flow
in insulated pipes is primarily due to insulation.

3-5 = CRITICAL RADIUS OF INSULATION

We know that adding more insulation to a wall or to the attic always decreases
heat transfer. The thicker the insulation, the lower the heat transfer rate. This
is expected, since the heat transfer area A is constant, and adding insulation al-
ways increases the thermal resistance of the wall without increasing the con-
vection resistance.

Adding insulation to a cylindrical pipe or a spherical shell, however, is a dif-
ferent matter. The additional insulation increases the conduction resistance of



the insulation layer but decreases the convection resistance of the surface be-
cause of the increase in the outer surface area for convection. The heat trans-
fer from the pipe may increase or decrease, depending on which effect
dominates.

Consider a cylindrical pipe of outer radius r; whose outer surface tempera-
ture 7', is maintained constant (Fig. 3-30). The pipe is now insulated with a
material whose thermal conductivity is k£ and outer radius is r,. Heat is lost
from the pipe to the surrounding medium at temperature 7., with a convection
heat transfer coefficient /. The rate of heat transfer from the insulated pipe to
the surrounding air can be expressed as (Fig. 3-31)

. _ Tl - Toc _ Tl - T’oc 3 9
Q_Rins+Rconv_ 11’1(}’2/7'1) 1 (3-49)
2Lk h(2mr,L)

The variation of Q with the outer radius of the insulation r, is plotted in
Fig. 3-31. The value of r, at which Q reaches a maximum is determined from
the requirement that dQ/dr, = 0 (zero slope). Performing the differentiation
and solving for r, yields the critical radius of insulation for a cylindrical
body to be

r, k

cr, cylinder = E

(m) (3-50)
Note that the critical radius of insulation depends on the thermal conductivity
of the insulation k£ and the external convection heat transfer coefficient 4. The
rate of heat transfer from the cylinder increases with the addition of insulation
for r, < r.,, reaches a maximum when r, = r,, and starts to decrease for r, >
r..- Thus, insulating the pipe may actually increase the rate of heat transfer
from the pipe instead of decreasing it when r, < r,.

The important question to answer at this point is whether we need to be con-
cerned about the critical radius of insulation when insulating hot-water pipes
or even hot-water tanks. Should we always check and make sure that the outer
radius of insulation sufficiently exceeds the critical radius before we install
any insulation? Probably not, as explained here.

The value of the critical radius r, is the largest when k is large and £ is
small. Noting that the lowest value of & encountered in practice is about
5 W/m?K for the case of natural convection of gases, and that the thermal
conductivity of common insulating materials is about 0.05 W/m?>K, the
largest value of the critical radius we are likely to encounter is

. _ kmux. insulation ~ 0.05 W/m-K

ot max 5 =0.0lm=1cm
hmin 5 W/m~-K

This value would be even smaller when the radiation effects are considered.
The critical radius would be much less in forced convection, often less than
1 mm, because of much larger /& values associated with forced convection.
Therefore, we can insulate hot-water or steam pipes freely without worrying
about the possibility of increasing the heat transfer by insulating the pipes.

The radius of electric wires may be smaller than the critical radius. There-
fore, the plastic electrical insulation may actually enhance the heat transfer
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FIGURE 3-30

An insulated cylindrical pipe
exposed to convection from the outer
surface and the thermal resistance
network associated with it.

0
h
oA
)
Qmax —————————

|
3 |
Qbare -—_—— |
| |
| |
| |
| |
| |
| |
| |
0 1 1

| Top =kih &)

FIGURE 3-31

The variation of heat transfer rate
with the outer radius of the
insulation r, when r; < r,.
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from electric wires and thus keep their steady operating temperatures at lower
and thus safer levels.

The discussions above can be repeated for a sphere, and it can be shown in
a similar manner that the critical radius of insulation for a spherical shell is

2%

Ter, sphere h (3-51)

where k is the thermal conductivity of the insulation and / is the convection
heat transfer coefficient on the outer surface.

EXAMPLE 3-9 Heat Loss from an Insulated Electric Wire

A 3-mm-diameter and 5-m-long electric wire is tightly wrapped with a 2-mm-
thick plastic cover whose thermal conductivity is kK = 0.15 W/m-K. Electrical
measurements indicate that a current of 10 A passes through the wire and
there is a voltage drop of 8 V along the wire. If the insulated wire is exposed to
a medium at 7., = 30°C with a heat transfer coefficient of h = 12 W/m?2-K, de-
termine the temperature at the interface of the wire and the plastic cover in
steady operation. Also determine whether doubling the thickness of the plastic
cover will increase or decrease this interface temperature.

|
|
|
|
|
|
|
|
|
|
|
|
SOLUTION An electric wire is tightly wrapped with a plastic cover. The inter-
face temperature and the effect of doubling the thickness of the plastic cover
on the interface temperature are to be determined.
Assumptions 1 Heat transfer is steady since there is no indication of any
change with time. 2 Heat transfer is one-dimensional since there is thermal
symmetry about the centerline and no variation in the axial direction. 3 Ther-
mal conductivities are constant. 4 The thermal contact resistance at the inter-
face is negligible. 5 Heat transfer coefficient incorporates the radiation effects,
if any.
Properties The thermal conductivity of plastic is given to be k =
0.15 W/m-K.
Analysis Heat is generated in the wire and its temperature rises as a result of
resistance heating. We assume heat is generated uniformly throughout the wire
and is transferred to the surrounding medium in the radial direction. In steady
operation, the rate of heat transfer becomes equal to the heat generated within
the wire, which is determined to be

0
O=W,=VI=@8V)I0A)=80W
) The thermal resistance network for this problem involves a conduction resis-
tance for the plastic cover and a convection resistance for the outer surface in
h series, as shown in Fig. 3-32. The values of these two resistances are
T,
T, A, = 27ry)L = 277(0.0035 m)(5 m) = 0.110 m?
1 1
Rconv =74 = 0.76°C/W
._»’ﬂ T . hA, (12 W/m?K)(0.110 m?)
o——— \WWW—o— \VWWWWW—e [
0 Ry R, . _In(ry/ry) In(3.5/1.5) — 0.18°C/W
plastic — - . — Yo
FIGURE 3-32 27kL 27(0.15 W/m-K)(5 m)

Schematic for Example 3-9.
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and therefore

R{oml = Rplaslic + Rconv = 076 + 018 = 094°C/W

Then the interface temperature can be determined from

0= —  T,=T.+ OR
= 30°C + (80 W)(0.94°C/W) = 105°C

Note that we did not involve the electrical wire directly in the thermal resis-
tance network, since the wire involves heat generation.

To answer the second part of the question, we need to know the critical
radius of insulation of the plastic cover. It is determined from Eq. 3-50 to be

_k_015W/mK

For =0.0125m = 12.5 mm
h 12 W/m>K

which is larger than the radius of the plastic cover. Therefore, increasing the
thickness of the plastic cover will enhance heat transfer until the outer radius
of the cover reaches 12.5 mm. As a result, the rate of heat transfer Q will
increase when the interface temperature 7, is held constant, or T, will
decrease when Q@ is held constant, which is the case here.

Discussion 1t can be shown by repeating the calculations above for a 4-mm-
thick plastic cover that the interface temperature drops to 90.6°C when the
thickness of the plastic cover is doubled. It can also be shown in a similar
manner that the interface reaches a minimum temperature of 83°C when the
outer radius of the plastic cover equals the critical radius.

3-6 = HEAT TRANSFER FROM FINNED SURFACES

The rate of heat transfer from a surface at a temperature 7 to the surrounding
medium at 7, is given by Newton’s law of cooling as

Qconv = hAv (Tr - Too)

where A, is the heat transfer surface area and # is the convection heat transfer
coefficient. When the temperatures 7 and 7., are fixed by design considera-
tions, as is often the case, there are rtwo ways to increase the rate of heat trans-
fer: to increase the convection heat transfer coefficient h or to increase the
surface area A,. Increasing h may require the installation of a pump or fan, or
replacing the existing one with a larger one, but this approach may or may not
be practical. Besides, it may not be adequate. The alternative is to increase the
surface area by attaching to the surface extended surfaces called fins made of
highly conductive materials such as aluminum. Finned surfaces are manufac-
tured by extruding, welding, or wrapping a thin metal sheet on a surface. Fins
enhance heat transfer from a surface by exposing a larger surface area to con-
vection and radiation. FIGURE 3-33

An interesting application of fins from about 150 million years ago, the Presumed cooling fins on dinosaur
Jurassic era, is shown in Fig. 3-33. The dinosaur stegosaurus lived during this  stegosaurus. (© Alamy RF.)
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FIGURE 3-34

The thin plate fins of a car radiator
greatly increase the rate of heat
transfer to the air. (left: © Yunus
Cengel, photo by James Kleiser, right:
© The McGraw-Hill Companies,
Inc./Christopher Kerrigan,
Photographer.)

FIGURE 3-35
Some innovative fin designs.

Volume
element

S

FIGURE 3-36

Volume element of a fin at location x
having a length of Ax, cross-sectional
area of A, and perimeter of p.

era and it had two rows of big (and bizarre) bony plates down its back. For a
long time, scientists thought that the plates were some kind of armor to pro-
tect the vegetarian from predators. We now know that a lot of blood flowed
through the plates, and they may have acted like a car radiator. The heart
pumped blood through the plates, and the plates acted like cooling fins to cool
the blood down.

Finned surfaces are commonly used in practice to enhance heat transfer, and
they often increase the rate of heat transfer from a surface severalfold. The car
radiator shown in Fig. 3-34 is an example of a finned surface. The closely
packed thin metal sheets attached to the hot-water tubes increase the surface
area for convection and thus the rate of convection heat transfer from the tubes
to the air many times. There are a variety of innovative fin designs available in
the market, and they seem to be limited only by imagination (Fig. 3-35).

In the analysis of fins, we consider steady operation with no heat generation
in the fin, and we assume the thermal conductivity k of the material to remain
constant. We also assume the convection heat transfer coefficient 4 to be
constant and uniform over the entire surface of the fin for convenience in the
analysis. We recognize that the convection heat transfer coefficient £, in gen-
eral, varies along the fin as well as its circumference, and its value at a point
is a strong function of the fluid motion at that point. The value of % is usually
much lower at the fin base than it is at the fin tip because the fluid is sur-
rounded by solid surfaces near the base, which seriously disrupt its motion to
the point of “suffocating” it, while the fluid near the fin tip has little contact
with a solid surface and thus encounters little resistance to flow. Therefore,
adding too many fins on a surface may actually decrease the overall heat trans-
fer when the decrease in £ offsets any gain resulting from the increase in the
surface area.

Fin Equation

Consider a volume element of a fin at location x having a length of Ax, cross-
sectional area of A, and a perimeter of p, as shown in Fig. 3-36. Under steady
conditions, the energy balance on this volume element can be expressed as

Rate of heat Rate of heat Rate of heat
conduction into | = | conduction from the | + | convection from
the element at x element at x + Ax the element
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or

Qcond,x = Qcond,x + Ax + Qconv

where
Qconv = h(P A)C)(T - Tm)
Substituting and dividing by Ax, we obtain

Q cond, x + Ax Q cond, x

" +hp(T—T,) =0 (3-52)
Taking the limit as Ax — 0 gives
Q“’““ +hp(T—T,) =0 (3-53)

From Fourier’s law of heat conduction we have

: dr
Ocona = kAr E (3-54)
where A, is the cross-sectional area of the fin at location x. Substitution of this re-
lation into Eq. 3-53 gives the differential equation governing heat transfer in fins,

dT B
o (kA e ) (T —T,)=0 (3-55)
In general, the cross-sectional area A, and the perimeter p of a fin vary with x,
which makes this differential equation difficult to solve. In the special case of
constant cross section and constant thermal conductivity, the differential equa-
tion 3-55 reduces to
d’T d*0

e kA (T T.)=0 or e m?0 =0 (3-56)

where

, _ hp

KA, (3-57)

m
and 0 = T — T, is the temperature excess. At the fin base we have 6, =
T, — T..

Equation 3-56 is a linear, homogeneous, second-order differential equation
with constant coefficients. A fundamental theory of differential equations
states that such an equation has two linearly independent solution functions,
and its general solution is the linear combination of those two solution func-
tions. A careful examination of the differential equation reveals that subtract-
ing a constant multiple of the solution function 6 from its second derivative
yields zero. Thus we conclude that the function 6 and its second derivative
must be constant multiples of each other. The only functions whose deriva-
tives are constant multiples of the functions themselves are the exponential
functions (or a linear combination of exponential functions such as sine and
cosine hyperbolic functions). Therefore, the solution functions of the differ-
ential equation above are the exponential functions e~ or ¢ or constant
multiples of them. This can be verified by direct substitution. For example,
the second derivative of e is m?e™™, and its substitution into Eq. 3-56
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T, T, yields zero. Therefore, the general solution of the differential equation
& Eq. 3-561s

1L

0 T X

6(x) = C,e™ + Che™™ (3-58)

1. Infinitely long fin =~ where C, and C, are arbitrary constants whose values are to be determined
2. Negligible heat loss (adiabatic tip) .. .
3. Specified temperature from the boundary conditions at the base and at the tip of the fin. Note that we
4. Convection need only two conditions to determine C,; and C, uniquely.
FIGURE 3-37 The temperature of the plate to which the fins are attached is normally
B . known in advance. Therefore, at the fin base we have a specified temperature
Boundary conditions at the fin base

. boundary condition, expressed as
and the fin tip. y p
Boundary condition at fin base: 00)=0,=T,— T, (3-59)

At the fin tip we have several possibilities, including infinitely long fins, neg-
ligible heat loss (idealized as an adiabatic tip), specified temperature, and con-
vection (Fig. 3-37). Next, we consider each case separately.

1 Infinitely Long Fin (Tg, 4, = T.)

For a sufficiently long fin of uniform cross section (A, = constant), the tem-
perature of the fin at the fin tip approaches the environment temperature 7.,
and thus 6 approaches zero. That is,

Boundary condition at fin tip:  0(L) =T(L) — T, =0 as L —

This condition is satisfied by the function ™", but not by the other prospec-

tive solution function ¢ since it tends to infinity as x gets larger. Therefore,

the general solution in this case will consist of a constant multiple of e™"*. The
T =T, + (T, ~ T.) e"f/g value of the constant multiple is determined from the requirement that at the
fin base where x = 0 the value of 6 is 6,. Noting that e "™ = ¢ = 1, the proper
value of the constant is 6,, and the solution function we are looking for is
0(x) = 6,e ™. This function satisfies the differential equation as well as the
requirements that the solution reduce to 6,, at the fin base and approach zero at
L - the fin tip for large x. Noting that 6 = T'— T.. and m = \/pp/kA_, the varia-
tion of temperature along the fin in this case can be expressed as

|

i

| T(x)—T.. e

| L " — ,—mx —= ,—xVhplkA, |
T, T. e e 7 (3-60)

0 YL Very long fin:

Note that the temperature along the fin in this case decreases exponentially
from 7, to T.,, as shown in Fig. 3-38. The steady rate of heat transfer from the

| I
I I

I I

I I

I I

| |

| . . . .

| | entire fin can be determined from Fourier’s law of heat conduction
! !

I

I

i

I

I

T, h, T,
G\\ k l+) ) Verv - s — dar _ _
w v ery long fin: kagl-m = —kA, | = \V hpkA. (T, — T.,) (3-61)
| -
: AbzA('
|

| where p is the perimeter, A, is the cross-sectional area of the fin, and x is the
distance from the fin base. Alternatively, the rate of heat transfer from the fin

(p=nD, A, = mD?/4 for a cylindrical fin) . ce ; i
could also be determined by considering heat transfer from a differential vol-

FIGURE 3-38 ume element of the fin and integrating it over the entire surface of the fin:

A long circular fin of uniform cross

section and the varTatlon of Qﬁn _ J WT(x) — T.) dAg, = J hO(x) dAs, (3-62)
temperature along it. n fn



The two approaches described are equivalent and give the same result since,
under steady conditions, the heat transfer from the exposed surfaces of the fin
is equal to the heat transfer to the fin at the base (Fig. 3-39).

2 Negligible Heat Loss from the Fin Tip
(Adiabatic fin tip, @y, = 0)
Fins are not likely to be so long that their temperature approaches the sur-
rounding temperature at the tip. A more realistic situation is for heat transfer
from the fin tip to be negligible since the heat transfer from the fin is propor-
tional to its surface area, and the surface area of the fin tip is usually a negli-
gible fraction of the total fin area. Then the fin tip can be assumed to be
adiabatic, and the condition at the fin tip can be expressed as
db

Boundary condition at fin tip: I =0 (3-63)
x=1L

The condition at the fin base remains the same as expressed in Eq. 3-59. The
application of the boundary conditions given by Egs. (3—59) and (3-63) on the
general solution (Eq. 3-58) requires that #(0) = 6, = C,+C, and mC,e"t —
mC,e "t = (), respectively. Solving these two equations simultaneously for C,
and C, yields C, = 6, /(1+¢*"L) and C, = 0,,/(1+e~2"). Substituting the rela-
tions for C; and C, into Eq. 3-58 and using the definition of the hyperbolic co-
sine function cosh x = (e + e™¥)/2 gives the desired relation for the
temperature distribution:

Tx) = T, _ coshm(L — x)
T, — T, cosh mL

Adiabatic fin tip: (3-64)
The rate of heat transfer from the fin can be determined again from Fourier’s
law of heat conduction:

dr

o = \/hpTA (T, — T,) tanh mL  (3-65)
x=0

Adiabatic.fi’l tip: Qadiabalic tip — —kA

where the equation for the hyperbolic tangent function is
tanh x = sinh x/cosh x = (¢* — e ™)/(e* + ™).

Note that the heat transfer relations for the very long fin and the fin with neg-
ligible heat loss at the tip differ by the factor tanh mL, which approaches 1 as
L becomes very large.

3 Specified Temperature (T, = T))

In this case the temperature at the end of the fin (the fin tip) is fixed at a spec-
ified temperature 7;. This case could be considered as a generalization of the
case of Infinitely Long Fin where the fin tip temperature was fixed at 7... The
condition at the fin tip for this case is

Boundary condition at fin tip: oL)y=60,=1T,— T, (3-66)
The fin base boundary condition remains the same as given in Eq. 3-59. Ap-

plying the boundary conditions given by Eqgs. 3-59 and 3-66 on the general
solution (Eq. 3-58) gives, after some lengthy algebra and using the definition
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Obase = Prin

FIGURE 3-39

Under steady conditions, heat transfer
from the exposed surfaces of the fin is
equal to heat conduction to the fin at
the base.
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Qﬁn
| Convection
| |
< L >
I I
(a) Actual fin with :
convection at the tip |
lA
. | e
Ofin I'p
| |
| ' ' Insulated
I
I <’
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(b) Equivalent fin with insulated tip

FIGURE 3-40

Corrected fin length L, is defined such
that heat transfer from a fin of length
L. with insulated tip is equal to heat
transfer from the actual fin of length L
with convection at the fin tip.

of the hyperbolic sine function, sinh x = (¢*—e ")/2, the desired temperature
distribution:
Specified fin tip temperature:
T(x) = T. [(T, — T.)NT, — T.)Isinh mx + sinh m(L—x)
T, — T, a sinh mL

(3-67)

Using the Fourier’s law of heat conduction, the rate of heat transfer from the fin is

Specified fin tip temperature:

ar

Qspeciﬁsd temp. = _kAr‘a
x=0

— kAT, — T .coshmL — [(T, — TINT, — T.)]
P 7 sinh mL

Note that Eqs. 3—67 and 3-68 reduce to Eqgs. 3—-60 and 3-61 for the case of in-
finitely long fin (L — ).

(3-68)

4 Convection from Fin Tip

The fin tips, in practice, are exposed to the surroundings, and thus the proper
boundary condition for the fin tip is convection that may also include the ef-
fects of radiation. Consider the case of convection only at the tip. The condi-
tion at the fin tip can be obtained from an energy balance at the fin tip

(Qcond = Qconv)- That iS,

dr
Boundary condition at fin tip: - kA‘E = hAJ[T(L) — T.] (3-69)
x=L
The boundary condition at the fin base is Eq. 3-59, which is the same as the
three previous cases. Substituting the two boundary conditions given by
Eqgs. 3-59 and 3-69 in the general solution (Eq. 3-58), it may be shown, after
some lengthy manipulation that the temperature distribution is
T(x) — T, coshm(L — x) + (hW/mk) sinh m(L — x)

C ti tip: = 3-70
onvection from fin tip T, — T, cosh mL + (h/mk) sinh mL ( )

The rate of heat transfer from the fin can be found by substituting the tem-
perature gradient at the base of the fin, obtained from Eq. 3-70, into the
Fourier’s law of heat conduction. The result is

Convection from fin tip:
dT

"dx x=0

sinhmlL + (h/mk) coshmL
= VhpkA (T, — T. - 3-71
PRAT, X)cosh mL + (h/mk) sinh mL @70

= —kA

Q convection

The solution to the general fin equation for the case of convection from fin
tip is rather complex. An approximate, yet practical and accurate, way of ac-
counting for the loss from the fin tip is to replace the fin length L in the rela-
tion for the insulated tip case by a corrected fin length (defined as (Fig. 340)

Corrected fin length: L.=L+ v (3-72)



where A, is the cross-sectional area and p is the perimeter of the fin at the tip.
Multiplying the relation above by the perimeter gives A oyected = Afin tateral) T
Agp, Which indicates that the fin area determined using the corrected length is
equivalent to the sum of the lateral fin area plus the fin tip area.

The corrected length approximation gives very good results when the vari-
ation of temperature near the fin tip is small (which is the case when mL = 1)
and the heat transfer coefficient at the fin tip is about the same as that at the
lateral surface of the fin. Therefore, fins subjected to convection at their tips
can be treated as fins with insulated tips by replacing the actual fin length by
the corrected length in Egs. 3—64 and 3-65.

Using the proper relations for A, and p, the corrected lengths for rectangu-
lar and cylindrical fins are easily determined to be

L('. rectangular fin =L+ and L('. cylindrical fin =L+

DN~
[T

where ¢ is the thickness of the rectangular fins and D is the diameter of the
cylindrical fins.

Fin Efficiency
Consider the surface of a plane wall at temperature T, exposed to a medium at
temperature 7. Heat is lost from the surface to the surrounding medium by
convection with a heat transfer coefficient of 4. Disregarding radiation or ac-
counting for its contribution in the convection coefficient £, heat transfer from
a surface area A, is expressed as Q = hA, (T, — T..).

Now let us consider a fin of constant cross-sectional area A, = A, and length
L that is attached to the surface with a perfect contact (Fig. 3—41). This time
heat is transferrd from the surface to the fin by conduction and from the fin to
the surrounding medium by convection with the same heat transfer coefficient
h. The temperature of the fin is 7, at the fin base and gradually decreases to-
ward the fin tip. Convection from the fin surface causes the temperature at any
cross section to drop somewhat from the midsection toward the outer surfaces.
However, the cross-sectional area of the fins is usually very small, and thus the
temperature at any cross section can be considered to be uniform. Also, the fin
tip can be assumed for convenience and simplicity to be adiabatic by using the
corrected length for the fin instead of the actual length.

In the limiting case of zero thermal resistance or infinite thermal conductiv-
ity (k — %), the temperature of the fin is uniform at the base value of 7;. The
heat transfer from the fin is maximum in this case and can be expressed as

Qtin. max hAﬁn (Tb - Toc) (3-73)

In reality, however, the temperature of the fin drops along the fin, and thus
the heat transfer from the fin is less because of the decreasing temperature dif-
ference T(x) — T.. toward the fin tip, as shown in Fig. 3-42. To account for the
effect of this decrease in temperature on heat transfer, we define a fin effi-
ciency as

_ Q9 _ _ Actual heat transfer rate from the fin
Min O'in. max Ideal heat transfer rate from the fin
if the entire fin were at base temperature

(3-74)
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A,=wxt

(a) Surface without fins

(b) Surface with a fin

An=2xwxL+wxt
=2xwxL

FIGURE 341
Fins enhance heat transfer from
a surface by enhancing surface area.

80°C

80
80
80
80
80°C
(a) Ideal
80°C
70
65
61
58
56°C
(b) Actual
FIGURE 3-42

Ideal and actual temperature
distribution along a fin.
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TABLE 3-3

Efficiency and surface areas of common fin configurations

Straight rectangular fins

m = "\ 2hlkt
L.=L+1t2
Agn = 2wWL,

Straight triangular fins
m = "\ 2hlkt

Agy = 2wV L2 + (1/2)?

Straight parabolic fins

m ="\ 2hlkt

Apn = WL[C, + (LINIn(t/L + C))]

C,=V1+(t/L)?

Circular fins of rectangular profile

m = "\ 2hlkt
Foe = 1y 12

Ay = 277(”22c - ’"12)

Pin fins of rectangular profile

m = \V4hlkD
L. =L+ D/4
Ag, = DL,

Pin fins of triangular profile

m =V 4h/kD
7D/ 3
Agn = 7 VL~ + (D/2)

Pin fins of parabolic profile

m = VA4hlkD
7L’} L
Ag, = ) [CsCy — Eln(ZDC4/L + Cy)]

Cy =1+ 2(D/L)?
C,=V1+ (DL}

Pin fins of parabolic profile
(blunt tip)

m = "\ 4hlkD

D4
Agy = 2 {[16(L/D)2 F1P2 - 1}

9612

_ tanhmL,
Nfin = m L(.
1 L@mD)
M =L 1(2mL)
2

Min =
1+ V@mL?+ 1

-c K\(mrply(mry.) — I(mr)K,(mry,)
i = C2 e K (mryg) + Ko(mrIy(mrs)

2r/m

2 _ 2
¢ r

h =

tanhmlL,
mL

c

Ntin =

2 L,(2mL)
mL [,(2mL)

Ntin =

I, (x) = I, (x) — (2/x)I, (x) where x = 2mL

2

Nin =
1+ V@mLi3)?*+1

3 1,(4mL/3)

i = 2L 1o(4mL13)

y=(D/2) (1 —x/L)
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or TABLE 3-4

Osin = Miin Crin, max = Mrin 1A an (T = T22) (3-75)  Modified Bessel functions of the first
and second kinds*

X e *lh(x) e *h(x) eKyx) eKix)
0.0 1.0000 0.0000 — —

0.2 0.8269 0.0823 2.1408 5.8334
0.4 0.6974 0.1368 1.6627 3.2587

where A, is the total surface area of the fin. This relation enables us to deter-
mine the heat transfer from a fin when its efficiency is known. For the cases of
constant cross section of very long fins and fins with adiabatic tips, the fin ef-
ficiency can be expressed as

. N~ 0.6 0.5993 0.1722 1.4167 2.3739
. _ 9 _ VhpkA (T, =T _ 1 [KA. _ 1 3-76) 08 05241 0.1945 1.2582 1.9179

e fin G i max BAg (T — To) LN hp  mL 1.0 0.4658 0.2079 1.1445 1.6362

1.2 04198 0.2153 1.0575 1.4429

and 1.4 0.3831 0.2185 0.9881 1.3011
. 1.6 0.3533 0.2190 0.9309 1.1919

~ Om  VhpkA, (T, — T.)tanh mL _ tanh mL 1.8 0.3289 0.2177 0.8828 1.1048

Madisaictp =) = A (T, — T.) = L B-71 " 20 03085 0.2153 0.8416 1.0335

2.2 0.2913 0.2121 0.8057 0.9738

. . . . 2.4 0.2766 0.2085 0.7740 0.9229
since Ag, = pL for fins with constant cross section. Equation 3-77 can alsobe 5 ¢ 5639 02047 07459 08790

used for fins subjected to convection provided that the fin length L is replaced 2.8 0.2528 0.2007 0.7206 0.8405
by the corrected length L.. 3.0 0.2430 0.1968 0.6978 0.8066
Table 3-3 provides fin efficiency relations for fins with uniform and non- 3.2 0.2343 0.1930 0.6770 0.7763
uniform cross section. For fins with non-uniform profile, Eq. 3-56 is no longer 34 02264 0.1892 0.6580 0.7491
lid and th 1 f f the diff al . ino h f 3.6 0.2193 0.1856 0.6405 0.7245
valid and the general form of the differential equation governing heat transfer 375 129 0.1821 0.6243 0.7021
in fins of arbitrary shape, Eq. 3—55, must be used. For these cases the solution 4.0 0.2070 0.1788 0.6093 0.6816
is no longer in the form of simple exponential or hyperbolic functions. 4.2 0.2016 0.1755 0.5953 0.6627
The mathematical functions / and K that appear in some of these relations 44 0.1966 0.1725 0.5823 0.6454
are the modified Bessel functions, and their values are given in Table 3—4. 46 01919 0.1695 0.5/01 0.6292
Effici . | d in Fie. 3-43 for fi lai di 4.8 0.1876 0.1667 0.5586 0.6143
fficiencies are p otted in Fig. or fins on a plain surface and in 55 51835 01640 0.5478 0.6003
Fig. 3-44 for circular fins of constant thickness. For most fins of constant 52 0.1797 0.1614 0.5376 0.5872
thickness encountered in practice, the fin thickness 7 is too small relative to the 5.4 0.1762 0.1589 0.5280 0.5749
fin length L, and thus the fin tip area is negligible. 5.6 0.1728 0.1565 0.5188 0.5634
Note that fins with triangular and parabolic profiles contain less material 58 0.1697 0.1542 05101 0.5525
d ffici h h ith | fil d th 6.0 0.1667 0.1521 0.5019 0.5422
and are more efficient than the ones with rectangular profiles, and thus are g5 1508 0.1469 0.4828 0.5187
more suitable for applications requiring minimum weight such as space 7.0 0.1537 0.1423 0.4658 0.4981
applications. 7.5 0.1483 0.1380 0.4505 0.4797
An important consideration in the design of finned surfaces is the selection =~ 8.0 0.1434 0.1341 0.4366 0.4631
of the proper fin length L. Normally the longer the fin, the larger the heat 8.5 01390 0.1305 0.4239 0.4482
f d th he hieh h fh for f he fi 9.0 0.1350 0.1272 0.4123 0.4346
transfer area and thus the higher the rate of heat transfer from the fin. But g5 01313 01241 04016 0.4222
also the larger the fin, the bigger the mass, the higher the price, and the larger 10.0 0.1278 0.1213 0.3916 0.4108
the fluid friction.. Th'erefore, increasing the length of the ﬁn beyond a certain T T T T o the mathematical
value cannot be justified unless the added benefits outweigh the added cost.  functions Bessel_I(x) and Bessel _K(x)
Also, the fin efficiency decreases with increasing fin length because of the
decrease in fin temperature with length. Fin lengths that cause the fin effi-
ciency to drop below 60 percent usually cannot be justified economically and
should be avoided. The efficiency of most fins used in practice is above
90 percent.

Fin Effectiveness

Fins are used to enhance heat transfer, and the use of fins on a surface cannot
be recommended unless the enhancement in heat transfer justifies the added
cost and complexity associated with the fins. In fact, there is no assurance that
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FIGURE 343

Efficiency of straight fins of rectangular, triangular, and parabolic profiles.
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FIGURE 3-44

Efficiency of annular fins of constant thickness z.

adding fins on a surface will enhance heat transfer. The performance of the

fins is judged on the basis of the enhancement in heat transfer relative to the

no-fin case. The performance of fins is expressed in terms of the fin effective-
ness &g, defined as (Fig. 3-45)

. . Heat transfer rate from

O Osin __ the fin of base area A,

&fin = Qno i " hA,(T,—T,) Heat transfer rate from

the surface of area A,

(3-78)




Here, A, is the cross-sectional area of the fin at the base and Q,, 5, represents
the rate of heat transfer from this area if no fins are attached to the surface. An
effectiveness of 5, = 1 indicates that the addition of fins to the surface does
not affect heat transfer at all. That is, heat conducted to the fin through the
base area A, is equal to the heat transferred from the same area A,, to the sur-
rounding medium. An effectiveness of &5, < 1 indicates that the fin actually
acts as insulation, slowing down the heat transfer from the surface. This situ-
ation can occur when fins made of low thermal conductivity materials are
used. An effectiveness of g5, > 1 indicates that fins are enhancing heat trans-
fer from the surface, as they should. However, the use of fins cannot be justi-
fied unless &g, is sufficiently larger than 1. Finned surfaces are designed on the
basis of maximizing effectiveness for a specified cost or minimizing cost for a
desired effectiveness.

Note that both the fin efficiency and fin effectiveness are related to the per-
formance of the fin, but they are different quantities. However, they are related
to each other by

_ Qﬁn _ inn _ TNiin hAg, (T, — T..) _ Agi,
fn G hA(T,—T.  hA,(T,—T.) A,

(3-79)

Therefore, the fin effectiveness can be determined easily when the fin effi-
ciency is known, or vice versa.

The rate of heat transfer from a sufficiently long fin of uniform cross section
under steady conditions is given by Eq. 3—61. Substituting this relation into
Eq. 3-78, the effectiveness of such a long fin is determined to be

_ (o B \VhpkA, (T, — T.) [
Qno fin N hAb (Th - Tx) - hAr (3-80)

Slong fin =

since A, = A, in this case. We can draw several important conclusions from
the fin effectiveness relation above for consideration in the design and selec-
tion of the fins:

* The thermal conductivity k of the fin material should be as high as
possible. Thus it is no coincidence that fins are made from metals, with
copper, aluminum, and iron being the most common ones. Perhaps the
most widely used fins are made of aluminum because of its low cost and
weight and its resistance to corrosion.

* The ratio of the perimeter to the cross-sectional area of the fin p/A.
should be as high as possible. This criterion is satisfied by thin plate fins
and slender pin fins.

* The use of fins is most effective in applications involving a low convection
heat transfer coefficient. Thus, the use of fins is more easily justified
when the medium is a gas instead of a liquid and the heat transfer is by
natural convection instead of by forced convection. Therefore, it is no
coincidence that in liquid-to-gas heat exchangers such as the car radiator,
fins are placed on the gas side.

When determining the rate of heat transfer from a finned surface, we must
consider the unfinned portion of the surface as well as the fins. Therefore, the
rate of heat transfer for a surface containing n fins can be expressed as

173
CHAPTER 3

Qno fin
T,
Ap
Qﬁn
T,
A
£ = Qﬁn
o Qno fin
FIGURE 3-45

The effectiveness of a fin.
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A

nofin=WXH

Aunfin =W X H=3 X (txw)

Afn=2XLXwW+tXw
=2 x L xw (one fin)

FIGURE 346
Various surface areas associated with
a rectangular surface with three fins.
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FIGURE 347

Because of the gradual temperature
drop along the fin, the region near the
fin tip makes little or no contribution
to heat transfer.

Qlolal, fin — Qunﬁn + Qﬁn
= hA i (T, = T) + My hAg, (T, — To0)
= h(Aunfm + nﬁnAl‘m)(Tb - Tm) (3_81)
We can also define an overall effectiveness for a finned surface as the ratio

of the total heat transfer from the finned surface to the heat transfer from the
same surface if there were no fins,

Qlolal, fin h(AunI'in + nl'inA('in)(Th - ch) _ Aunfin + T’finAfin
hAno fin (Tb - TX) Ano fin

(3-82)

Efin, overall — *
Qtotul, no fin

where A, 5, 1S the area of the surface when there are no fins, Ag, is the total sur-
face area of all the fins on the surface, and A5, is the area of the unfinned por-
tion of the surface (Fig. 3—46). Note that the overall fin effectiveness depends
on the fin density (number of fins per unit length) as well as the effectiveness
of the individual fins. The overall effectiveness is a better measure of the per-
formance of a finned surface than the effectiveness of the individual fins.

Proper Length of a Fin
An important step in the design of a fin is the determination of the appropriate
length of the fin once the fin material and the fin cross section are specified.
You may be tempted to think that the longer the fin, the larger the surface area
and thus the higher the rate of heat transfer. Therefore, for maximum heat
transfer, the fin should be infinitely long. However, the temperature drops
along the fin exponentially and reaches the environment temperature at some
length. The part of the fin beyond this length does not contribute to heat trans-
fer since it is at the temperature of the environment, as shown in Fig. 3—47.
Therefore, designing such an “extra long” fin is out of the question since it re-
sults in material waste, excessive weight, and increased size and thus in-
creased cost with no benefit in return (in fact, such a long fin will hurt
performance since it will suppress fluid motion and thus reduce the convection
heat transfer coefficient). Fins that are so long that the temperature approaches
the environment temperature cannot be recommended either since the little in-
crease in heat transfer at the tip region cannot justify the disproportionate in-
crease in the weight and cost.

To get a sense of the proper length of a fin, we compare heat transfer from a
fin of finite length to heat transfer from an infinitely long fin under the same
conditions. The ratio of these two heat transfers is

Heat transfer Ot _ VhpkA. (T, — T.,,)) tanh mL _
o : = = tanh mL (3-83)
ratio: Ql()ng fin V hpkA( (Tb - Tx)

Using a hand calculator, the values of tanh mL are evaluated for some values
of mL and the results are given in Table 3-5. We observe from the table that
heat transfer from a fin increases with mL almost linearly at first, but the curve
reaches a plateau later and reaches a value for the infinitely long fin at about
mL = 5. Therefore, a fin whose length is L = L = {m can be considered to be
an infinitely long fin. We also observe that reducing the fin length by half
in that case (from mL = 5 to mL = 2.5) causes a drop of just 1 percent in
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heat transfer. We certainly would not hesitate sacrificing 1 percent in heat  taABLE 3-5
transfer performance in return for 50 percent reduction in the size and possi-
bly the cost of the fin. In practice, a fin length that corresponds to about mL =

1 will transfer 76.2 percent of the heat that can be transferred by an infinitely
long fin, and thus it should offer a good compromise between heat transfer

The variation of heat transfer from
a fin relative to that from an
infinitely long fin

performance and the fin size. - Qn _ tanh miL
A common approximation used in the analysis of fins is to assume the fin Jiong in

temperature to vary in one direction only (along the fin length) and the tem- 01 0.100
perature variation along other directions is negligible. Perhaps you are won- 0.2 0.197
dering if this one-dimensional approximation is a reasonable one. This is 0.5 0.462
certainly the case for fins made of thin metal sheets such as the fins on a car 1.0 0.762
radiator, but we wouldn’t be so sure for fins made of thick materials. Studies 1.5 0.905
have shown that the error involved in one-dimensional fin analysis is negligi- 2.0 0.964
ble (less than about 1 percent) when 2.5 0.987
3.0 0.995
16 4.0 0.999
5 <02 5.0 1.000

where 6 is the characteristic thickness of the fin, which is taken to be the plate
thickness 7 for rectangular fins and the diameter D for cylindrical ones.

Specially designed finned surfaces called heat sinks, which are commonly
used in the cooling of electronic equipment, involve one-of-a-kind complex
geometries, as shown in Table 3—6. The heat transfer performance of heat
sinks is usually expressed in terms of their thermal resistances R in °C/W,
which is defined as

b T,

Qﬁn = R = hAﬁn MNfin (TI) - TI) (3-84)

A small value of thermal resistance indicates a small temperature drop across
the heat sink, and thus a high fin efficiency.

EXAMPLE 3-10 Maximum Power Dissipation of a Transistor

Power transistors that are commonly used in electronic devices consume large
amounts of electric power. The failure rate of electronic components increases
almost exponentially with operating temperature. As a rule of thumb, the fail-
ure rate of electronic components is halved for each 10°C reduction in the
junction operating temperature. Therefore, the operating temperature of elec-
tronic components is kept below a safe level to minimize the risk of failure.

The sensitive electronic circuitry of a power transistor at the junction is pro-
tected by its case, which is a rigid metal enclosure. Heat transfer characteris-
tics of a power transistor are usually specified by the manufacturer in terms of
the case-to-ambient thermal resistance, which accounts for both the natural
convection and radiation heat transfers.

The case-to-ambient thermal resistance of a power transistor that has a max- |
imum power rating of 10 W is given to be 20°C/W. If the case temperature of B

(Continued on page 177) :



176
STEADY HEAT CONDUCTION

TABLE 3-6

Combined natural convection and radiation thermal resistance of various
heat sinks used in the cooling of electronic devices between the heat sink and
the surroundings. All fins are made of aluminum 6063T-5, are black anodized,

and are 76 mm (3 in) long.

HS 5030

R = 0.9°C/W (vertical)
R = 1.2°C/W (horizontal)

Dimensions: 76 mm X 105 mm X 44 mm
Surface area: 677 cm?

HS 6065

R = 5°C/W

Dimensions: 76 mm X 38 mm X 24 mm
Surface area: 387 cm?

HS 6071

R = 1.4°C/W (vertical)
R = 1.8°C/W (horizontal)

Dimensions: 76 mm X 92 mm X 26 mm
Surface area: 968 cm?

HS 6105

R = 1.8°C/W (vertical)
R = 2.1°C/W (horizontal)

Dimensions: 76 mm X 127 mm X 91 mm
Surface area: 677 cm?

HS 6115

R = 1.1°C/W (vertical)
R = 1.3°C/W (horizontal)

Dimensions: 76 mm X 102 mm X 25 mm
Surface area: 929 cm?

HS 7030

R = 2.9°C/W (vertical)
R = 3.1°C/W (horizontal)

Dimensions: 76 mm X 97 mm X 19 mm
Surface area: 290 cm?




the transistor is not to exceed 85°C, determine the power at which this tran-
sistor can be operated safely in an environment at 25°C.

SOLUTION The maximum power rating of a transistor whose case temperature
is not to exceed 85°C is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The transistor case is
isothermal at 85°C.

Properties The case-to-ambient thermal resistance is given to be 20°C/W.
Analysis The power transistor and the thermal resistance network associated
with it are shown in Fig. 3-48. We notice from the thermal resistance network
that there is a single resistance of 20°C/W between the case at T, = 85°C and
the ambient at 7., = 25°C, and thus the rate of heat transfer is

- _ (AT _T.—T. (85 —25°C _
Q a ( R )case-ambiem a Rcase-ambient B 20°C/'W = S

Therefore, this power transistor should not be operated at power levels above
3 W if its case temperature is not to exceed 85°C.

Discussion This transistor can be used at higher power levels by attaching it
to a heat sink (which lowers the thermal resistance by increasing the heat
transfer surface area, as discussed in the next example) or by using a fan
(which lowers the thermal resistance by increasing the convection heat trans-
fer coefficient).

EXAMPLE 3-11 Selecting a Heat Sink for a Transistor

A 60-W power transistor is to be cooled by attaching it to one of the commer-
cially available heat sinks shown in Table 3-6. Select a heat sink that will al-
low the case temperature of the transistor not to exceed 90°C in the ambient
air at 30°C.

SOLUTION A commercially available heat sink from Table 3-6 is to be se-
lected to keep the case temperature of a transistor below 90°C.

Assumptions 1 Steady operating conditions exist. 2 The transistor case is
isothermal at 90°C. 3 The contact resistance between the transistor and the
heat sink is negligible.

Analysis The rate of heat transfer from a 60-W transistor at full power is
Q = 60 W. The thermal resistance between the transistor attached to the heat
sink and the ambient air for the specified temperature difference is determined
to be

- AT AT (90-—30°C
Q—R — R—Q.— OW = 1.0°C/W

Therefore, the thermal resistance of the heat sink should be below 1.0°C/W.
An examination of Table 3-6 reveals that the HS 5030, whose thermal resis-
tance is 0.9°C/W in the vertical position, is the only heat sink that will meet
this requirement.
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FIGURE 3-48
Schematic for Example 3—10.
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EXAMPLE 3-12 Heat Transfer from Fins of Variable Cross-Section

Aluminum pin fins of parabolic profile with blunt tips are attached on a plane
wall with surface temperature of 200°C (Fig. 3-49). Each fin has a length of
20 mm and a base diameter of 5 mm. The fins are exposed to an ambient air
condition of 25°C and the convection heat transfer coefficient is 50 W/m?-K. If

Air, 25°C

T, =200°C ,
h =50 Wim*K

D=5mm the thermal conductivity of the fins is 240 W/m?.K, determine the efficiency,
N ‘ heat transfer rate, and effectiveness of each fin.
ﬁ L=20mm | SOLUTION The efficiency, heat transfer rate, and effectiveness of a pin fin of
parabolic profile with blunt tips are to be determined.
FIGURE 3-49 Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal

properties are constant. 3 Heat transfer by radiation is negligible.
Properties The thermal conductivity of the fin is given as 240 W/m?2-K.
Analysis From Table 3-3, for pin fins of parabolic profile (blunt tip), we have

L—1/4hL—\/ HE 0.020m) = 0.2582
ML= 1pE =\ 240 W/im-K)0.005 m) *-020m = 0-

wD* L)? 52 a (0.005 m)* 0.020 m ) 2
Am =g (10l 5) T 1= 1|16 +1| -1
96L D 96(0.020 m) 0.005 m

=2.106 X 10 *m?

Schematic for Example 3—12.

3 1L(4mL/3) 3 1,[4(0.2582)/3] 1,[0.3443]
2mL I(4mL/3) 2(0.2582) 1,[4(0.2582)/3] - 1,[0.3443]

Mfin =

The values of the Bessel functions corresponding to x = 0.3443 are deter-
mined from Table 3-4 to be /[ = 1.0350 and /; = 0.1716. Substituting, the
fin efficiency is determined to be

0.1716
1.0350

N = 5.8095 = 0.9632

The heat transfer rate for a single fin is
Qﬁn = Niin hAgn (T, — T20)
= (0.9632) (50 W/m*K) (2.106 X 10~ *m?)(200—25)°C = 1.77 W
The fin effectiveness is

B = Qﬁn _ Ql'm
" hAWT, — T.)  h(wD¥4)(T, — T.)

B 1.77W
(50W/m* K) [r(0 .005 m)¥/4] (200 — 25)°C

=10.3

That is, over a 10-fold increase in heat transfer is achieved by using a pin fin
in this case.



Discussion The fin efficiency can be determined more accurately by avoiding
the interpolation error by using an equation solver with built-in mathematical
functions such as EES. Copying the line

eta_fin = 3/(2%0.2582)*Bessel_| 1(4*0.2582/3)/Bessel_|0(4*0.2582/3)

on a blank EES screen and hitting the ‘solve’ button gives the fin efficiency to
be my, = 0.9855, which is about 2 percent higher than the result obtained
above using the tables.

3-7 = HEAT TRANSFER IN COMMON
CONFIGURATIONS

So far, we have considered heat transfer in simple geometries such as large
plane walls, long cylinders, and spheres. This is because heat transfer in such
geometries can be approximated as one-dimensional, and simple analytical
solutions can be obtained easily. But many problems encountered in practice
are two- or three-dimensional and involve rather complicated geometries for
which no simple solutions are available.

An important class of heat transfer problems for which simple solutions are
obtained encompasses those involving two surfaces maintained at constant
temperatures 7, and 7,. The steady rate of heat transfer between these two sur-
faces is expressed as

Q= SKT, — T, (3-85)

where § is the conduction shape factor, which has the dimension of length,
and k is the thermal conductivity of the medium between the surfaces. The
conduction shape factor depends on the geometry of the system only.

Conduction shape factors have been determined for a number of configura-
tions encountered in practice and are given in Table 3—7 for some common
cases. More comprehensive tables are available in the literature. Once the
value of the shape factor is known for a specific geometry, the total steady heat
transfer rate can be determined from the equation above using the specified
two constant temperatures of the two surfaces and the thermal conductivity of
the medium between them. Note that conduction shape factors are applicable
only when heat transfer between the two surfaces is by conduction. Therefore,
they cannot be used when the medium between the surfaces is a liquid or gas,
which involves natural or forced convection currents.

A comparison of Egs. 3—4 and 3-85 reveals that the conduction shape fac-
tor S is related to the thermal resistance R by R = 1/kS or § = 1/kR. Thus,
these two quantities are the inverse of each other when the thermal conductiv-
ity of the medium is unity. The use of the conduction shape factors is illus-
trated with Examples 3—13 and 3-14.
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TABLE 3-7

Conduction shape factors S for several configurations for use in Q = kS( T, — T,) to determine the steady rate of heat
transfer through a medium of thermal conductivity k between the surfaces at temperatures T, and T,

(1) Isothermal cylinder of length L (2) Vertical isothermal cylinder of length L
buried in a semi-infinite medium buried in a semi-infinite medium T
(L>>Dand z> 1.5D) (L>>D) S L2

_ 2rxL

=== _ 2nL
In (4z/D)

" In(4L/D)

(3) Two parallel isothermal cylinders

(4) A row of equally spaced parallel isothermal
placed in an infinite medium

cylinders buried in a semi-infinite medium

(L>>Dy, D, z) (L>>D,z, andw > 1.5D)
g= 27l g2 2nL I S
4 -Di-D] 2w . 27mz
cosh™! (7) In D sth J]L -
I (per cylinder) D R AR s
e e
(5) Circular isothermal cylinder of length L (6) Circular isothermal cylinder of length L

in the midplane of an infinite wall at the center of a square solid bar of the

(z>0.5D) same length
- 2rL - 27l -
In(8z/7D) In (1.08w/D) STTTT T
— A/
(7) Eccentric circular isothermal cylinder T (8) Large plane wall
of length L in a cylinder of the same
length (L > D,)
TIN — T2
g= 2rL S= A
1(DerDg_ztzz) L
cosh 2D,D, L
\/ A




TABLE 3-7 (Continued)

181
CHAPTER 3

(9) A long cylindrical layer

(10) A square flow passage
(a) For alb > 1.4, T | 77 =

I
__ 27 !
In (Do/D,) - 2L
0.93 In (0.948a/b) Pl -
(b)Foral/b< 141,
_ 2rL
0.785 In (a/b)
(11) A spherical layer (12) Disk buried parallel to
the surface in a semi-infinite
medium (z >> D)
g 27DID, Vot
" Dy~ D

S=4D I

Ty
(S=2D when z=0) @‘L

(13) The edge of two adjoining
walls of equal thickness

S=0.54w

(14) Corner of three walls
of equal thickness

§=0.15L

(15) Isothermal sphere buried in a
semi-infinite medium

S= 27D
1-0.25D/z7

Ty

(16) Isothermal sphere buried
in a semi-infinite medium at 7,
whose surface is insulated

T, (medium).
ey

2nD <

§=— "2
1+0.25D/z
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FIGURE 3-50
Schematic for Example 3—-13.

T=30cem

FIGURE 3-51
Schematic for Example 3—14.

EXAMPLE 3-13 Heat Loss from Buried Steam Pipes

A 30-m-long, 10-cm-diameter hot-water pipe of a district heating system is
buried in the soil 50 cm below the ground surface, as shown in Fig. 3-50. The
outer surface temperature of the pipe is 80°C. Taking the surface temperature
of the earth to be 10°C and the thermal conductivity of the soil at that location
to be 0.9 W/m-K, determine the rate of heat loss from the pipe.

SOLUTION The hot-water pipe of a district heating system is buried in the
soil. The rate of heat loss from the pipe is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-
dimensional (no change in the axial direction). 3 Thermal conductivity of the
soil is constant.

Properties The thermal conductivity of the soil is given to be kK = 0.9 W/m-K.
Analysis The shape factor for this configuration is given in Table 3-7 to be

_ 2L
In(4z/D)

since z > 1.5D, where z is the distance of the pipe from the ground surface,
and D is the diameter of the pipe. Substituting,

g 2mx@om
T In(@ x05/0.1) oM

Then the steady rate of heat transfer from the pipe becomes

Q = Sk(T, — T,) = (62.9 m)(0.9 W/m-K)(80 — 10)°C = 3963 W

Discussion  Note that this heat is conducted from the pipe surface to the sur-
face of the earth through the soil and then transferred to the atmosphere by
convection and radiation.

EXAMPLE 3-14 Heat Transfer hetween Hot- and Cold-Water Pipes

A 5-m-long section of hot- and cold-water pipes run parallel to each other in a
thick concrete layer, as shown in Fig. 3-51. The diameters of both pipes are
5 cm, and the distance between the centerline of the pipes is 30 cm. The sur-
face temperatures of the hot and cold pipes are 70°C and 15°C, respectively.
Taking the thermal conductivity of the concrete to be k = 0.75 W/m-K, deter-
mine the rate of heat transfer between the pipes.

SOLUTION Hot- and cold-water pipes run parallel to each other in a thick
concrete layer. The rate of heat transfer between the pipes is to be determined.
Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-
dimensional (no change in the axial direction). 3 Thermal conductivity of the
concrete is constant.

Properties The thermal conductivity of concrete is given to be k =
0.75 W/m-K.

I & I I B E R EEESE
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Analysis The shape factor for this configuration is given in Table 3—7 to be

2L

S =
42> — D} — D3
cosh™!| ————

2D,D,

where z is the distance between the centerlines of the pipes and L is their
length. Substituting,

27 X (5 m)
S= = 6.34m
cosh~! 4 X 0.3* — 0.05* — 0.05%
2 X 0.05 X 0.05

Then the steady rate of heat transfer between the pipes becomes
Q = Sk(T, — T,) = (6.34 m)(0.75 W/m-K)(70 — 15°)C = 262 W

Discussion We can reduce this heat loss by placing the hot- and cold-water
pipes farther away from each other.

It is well known that insulation reduces heat transfer and saves energy and
money. Decisions on the right amount of insulation are based on a heat trans-
fer analysis, followed by an economic analysis to determine the “monetary
value” of energy loss. This is illustrated with Example 3-15.

: EXAMPLE 3-15 Cost of Heat Loss through Walls in Winter

Consider an electrically heated house whose walls are 9 ft high and have an
R-value of insulation of 13 (i.e., a thickness-to-thermal conductivity ratio of
L/k = 13 h-ft?-°F/Btu). Two of the walls of the house are 40 ft long and the
others are 30 ft long. The house is maintained at 75°F at all times, while
m the temperature of the outdoors varies. Determine the amount of heat lost
m through the walls of the house on a certain day during which the average tem-
m perature of the outdoors is 45°F. Also, determine the cost of this heat loss to
® the home owner if the unit cost of electricity is $0.075/kWh. For combined
® convection and radiation heat transfer coefficients, use the ASHRAE (American
® Society of Heating, Refrigeration, and Air Conditioning Engineers) recom-
: mended values of h; = 1.46 Btu/h-ft?-°F for the inner surface of the walls and
= /1o = 6.0 Btu/h-ft?-°F for the outer surface of the walls under 15 mph wind con-
= ditions in winter.

|

SOLUTION An electrically heated house with R-13 insulation is considered.
The amount of heat lost through the walls and its cost are to be determined.
Assumptions 1 The indoor and outdoor air temperatures have remained at the
given values for the entire day so that heat transfer through the walls is steady.
2 Heat transfer through the walls is one-dimensional since any significant
temperature gradients in this case exist in the direction from the indoors
to the outdoors. 3 The radiation effects are accounted for in the heat transfer
coefficients.
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Wall, R-13
(—/

75°F —\
T,

T,
¥ 45°F

R; | Ryt

R(I
Tx] 0—‘V\MIW‘—+—‘VWWV‘—+—‘WVWV‘—0 Tocz
FIGURE 3-52

Schematic for Example 3—15.

Analysis This problem involves conduction through the wall and convection at
its surfaces and can best be handled by making use of the thermal resistance
concept and drawing the thermal resistance network, as shown in Fig. 3-52.
The heat transfer area of the walls is

A = Circumference X Height = (2 X 30 ft + 2 X 40 ft)(9 ft) = 1260 ft*

Then the individual resistances are evaluated from their definitions to be

1 1

R=R,,,=—= = 0.00054 h-°F/Btu
" A (1.46 Btu/h-ft>-°F)(1260 ft)
L  Rvalue 13 h-ft>°F/Btu
Ry —— = = 0.01032 h-°F/Btu
kA A 1260 ft?
R, = Regpy o = — l = 0.00013 h-"F/Btu

" h,A (6.0 Bu/h-f-F)(1260 ftd)

Noting that all three resistances are in series, the total resistance is
Row = R + Ry + R, = 0.00054 + 0.01032 + 0.00013 = 0.01099 h-°F/Btu
Then the steady rate of heat transfer through the walls of the house becomes

Toy— Ty (75— 45)F

= = 2730 Btu/h
Riotal 0.01099 h-°F/Btu

Q' =
Finally, the total amount of heat lost through the walls during a 24-h period
and its cost to the home owner are
Q= Q At = (2730 Btu/h)(24-h/day) = 65,514 Btu/day = 19.2 kWh/day
since 1 kWh = 3412 Btu, and

Heating cost = (Energy lost)(Cost of energy) = (19.2 kWh/day)($0.075/kWh)
= $1.44/day
Discussion The heat losses through the walls of the house that day cost the

home owner $1.44 worth of electricity. Most of this loss can be saved by
insulation.

TOPIC OF SPECIAL INTEREST*

Heat Transfer through Walls and Roofs

Under steady conditions, the rate of heat transfer through any section of a

building wall or roof can be determined from

AT, —T,)
R

where 7; and T, are the indoor and outdoor air temperatures, A is the heat
transfer area, U is the overall heat transfer coefficient (the U-factor), and

0 =UAT, -T,)= (3-86)

* This section can be skipped without a loss of continuity.



R = 1/U is the overall unit thermal resistance (the R-value). Walls and roofs
of buildings consist of various layers of materials, and the structure and op-
erating conditions of the walls and the roofs may differ significantly from
one building to another. Therefore, it is not practical to list the R-values (or
U-factors) of different kinds of walls or roofs under different conditions.
Instead, the overall R-value is determined from the thermal resistances of
the individual components using the thermal resistance network. The over-
all thermal resistance of a structure can be determined most accurately in a
lab by actually assembling the unit and testing it as a whole, but this ap-
proach is usually very time consuming and expensive. The analytical ap-
proach described here is fast and straightforward, and the results are
usually in good agreement with the experimental values.

The unit thermal resistance of a plane layer of thickness L and thermal
conductivity k can be determined from R = L/k. The thermal conductivity
and other properties of common building materials are given in the appen-
dix. The unit thermal resistances of various components used in building
structures are listed in Table 3-8 for convenience.

Heat transfer through a wall or roof section is also affected by the con-
vection and radiation heat transfer coefficients at the exposed surfaces. The
effects of convection and radiation on the inner and outer surfaces of walls
and roofs are usually combined into the combined convection and radiation
heat transfer coefficients (also called surface conductances) h; and h,,
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TABLE 3-8
Unit thermal resistance (the R-value) of common components used in buildings
R-value R-value
Component m2-°C/W ft2-h-°F/Btu Component m2-°C/W ft2-h-°F/Btu
Outside surface (winter) 0.030 0.17 Wood stud, nominal 2 in X 6 in
Outside surface (summer) 0.044 0.25 (5.5 in or 140 mm wide) 0.98 5.56
Inside surface, still air 0.12 0.68 Clay tile, 100 mm (4 in) 0.18 1.01
Plane air space, vertical, ordinary surfaces (go = 0.82): Acoustic tile 0.32 1.79
13 mm (% in) 0.16 0.90 Asphalt shingle roofing 0.077 0.44
20 mm ( in) 0.17 0.94 Building paper 0.011 0.06
40 mm (1.5 in) 0.16 0.90 Concrete block, 100 mm (4 in):
90 mm (3.5 in) 0.16 0.91 Lightweight 0.27 1.51
Insulation, 25 mm (1 in): Heavyweight 0.13 0.71
Glass fiber 0.70 4.00 Plaster or gypsum board,
Mineral fiber batt 0.66 3.73 13 mm (¢ in) 0.079 0.45
Urethane rigid foam 0.98 5.56 Wood fiberboard, 13 mm (¢ in)  0.23 1.31
Stucco, 25 mm (1 in) 0.037 0.21 Plywood, 13 mm (& in) 0.11 0.62
Face brlck, 100 mm (4 |n) 0.075 0.43 Concretey 200 mm (8 |n)
Common brick, 100 mm (4 in)  0.12 0.79 Lightweight 1.17 6.67
Steel siding 0.00 0.00 Heavyweight 0.12 0.67
Slag, 13 mm (2 in) 0.067 0.38 Cement mortar, 13 mm ( in) 0.018 0.10
WOOd, 25 mm (1 In) 0.22 1.25 Wood bevel |apped Siding,
Wood stud, nominal 2 in X 4 in 13 mm X 200 mm
(3.5 in or 90 mm wide) 0.63 3.58 Gin % 8in) 0.14 0.81
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TABLE 3-9

Combined convection and radiation
heat transfer coefficients at window,
wall, or roof surfaces (from ASHRAE
Handbook of Fundamentals, Chap. 22,

Table 1).
h, W/m2.K*
Direc- ——
tion of Surface
Posi- Heat Emittance, ¢
tion Flow 0.90 0.20 0.05

Still air (both indoors and outdoors)

Horiz. UpT 9.26 5.17 4.32
Horiz. Down ! 6.13 2.10 1.25
45° slope Up T 9.09 5.00 4.15
45° slope Down ! 7.50 3.41 2.56
Vertical  Horiz. - 8.29 4.20 3.35

Moving air (any position, any direction)
Winter condition

(winds at 15 mph

or 24 km/h) 340 — —
Summer condition

(winds at 7.5 mph

or 12 km/h) 227 — @ —

*Multiply by 0.176 to convert to Btu/h-ft2.°F.
Surface resistance can be obtained from R = 1/h.

respectively, whose values are given in Table 3-9 for ordinary surfaces
(e = 0.9) and reflective surfaces (¢ = 0.2 or 0.05). Note that surfaces hav-
ing a low emittance also have a low surface conductance due to the reduc-
tion in radiation heat transfer. The values in the table are based on a surface
temperature of 21°C (72°F) and a surface—air temperature difference of
5.5°C (10°F). Also, the equivalent surface temperature of the environment
is assumed to be equal to the ambient air temperature. Despite the conve-
nience it offers, this assumption is not quite accurate because of the addi-
tional radiation heat loss from the surface to the clear sky. The effect of sky
radiation can be accounted for approximately by taking the outside tem-
perature to be the average of the outdoor air and sky temperatures.

The inner surface heat transfer coefficient /; remains fairly constant
throughout the year, but the value of 4, varies considerably because of its
dependence on the orientation and wind speed, which can vary from less
than 1 km/h in calm weather to over 40 km/h during storms. The com-
monly used values of 4; and &, for peak load calculations are

h; = 8.29 W/m?>K = 1.46 Btu/h-ft>-°F (winter and summer)
B {34.0 W/m?-K = 6.0 Btu/h-ft*> -°F (winter)
°  |22.7 W/m® ‘K = 4.0 Btu/h-ft*>-°F (summer)

which correspond to design wind conditions of 24 km/h (15 mph) for win-
ter and 12 km/h (7.5 mph) for summer. The corresponding surface thermal
resistances (R-values) are determined from R; = 1/h; and R, = 1/h,. The
surface conductance values under still air conditions can be used for inte-
rior surfaces as well as exterior surfaces in calm weather.

Building components often involve trapped air spaces between various
layers. Thermal resistances of such air spaces depend on the thickness of
the layer, the temperature difference across the layer, the mean air temper-
ature, the emissivity of each surface, the orientation of the air layer, and the
direction of heat transfer. The emissivities of surfaces commonly encoun-
tered in buildings are given in Table 3—10. The effective emissivity of a
plane-parallel air space is given by

l = 1 A 1 =1 (3-87)
effective €1 &

&€

where €, and &, are the emissivities of the surfaces of the air space.
Table 3-10 also lists the effective emissivities of air spaces for the cases
where (1) the emissivity of one surface of the air space is € while the emis-
sivity of the other surface is 0.9 (a building material) and (2) the emissivity
of both surfaces is e. Note that the effective emissivity of an air space
between building materials is 0.82/0.03 = 27 times that of an air space be-
tween surfaces covered with aluminum foil. For specified surface tempera-
tures, radiation heat transfer through an air space is proportional to
effective emissivity, and thus the rate of radiation heat transfer in the ordi-
nary surface case is 27 times that of the reflective surface case.

Table 3—11 lists the thermal resistances of 20-mm-, 40-mm-, and 90-mm-
(0.75-in, 1.5-in, and 3.5-in) thick air spaces under various conditions. The



thermal resistance values in the table are applicable to air spaces of uniform
thickness bounded by plane, smooth, parallel surfaces with no air leakage.
Thermal resistances for other temperatures, emissivities, and air spaces can
be obtained by interpolation and moderate extrapolation. Note that the
presence of a low-emissivity surface reduces radiation heat transfer across
an air space and thus significantly increases the thermal resistance. The
thermal effectiveness of a low-emissivity surface will decline, however, if
the condition of the surface changes as a result of some effects such as con-
densation, surface oxidation, and dust accumulation.

The R-value of a wall or roof structure that involves layers of uniform
thickness is determined easily by simply adding up the unit thermal resis-
tances of the layers that are in series. But when a structure involves com-
ponents such as wood studs and metal connectors, then the thermal
resistance network involves parallel connections and possible two-
dimensional effects. The overall R-value in this case can be determined by
assuming (1) parallel heat flow paths through areas of different construc-
tion or (2) isothermal planes normal to the direction of heat transfer. The
first approach usually overpredicts the overall thermal resistance, whereas
the second approach usually underpredicts it. The parallel heat flow path
approach is more suitable for wood frame walls and roofs, whereas the
isothermal planes approach is more suitable for masonry or metal frame
walls.

The thermal contact resistance between different components of building
structures ranges between 0.01 and 0.1 m?-°C/W, which is negligible in
most cases. However, it may be significant for metal building components
such as steel framing members.

The construction of wood frame flat ceilings typically involve 2-in X
6-in joists on 400-mm (16-in) or 600-mm (24-in) centers. The fraction of
framing is usually taken to be 0.10 for joists on 400-mm centers and 0.07
for joists on 600-mm centers.

Most buildings have a combination of a ceiling and a roof with an attic
space in between, and the determination of the R-value of the roof—attic—
ceiling combination depends on whether the attic is vented or not. For ade-
quately ventilated attics, the attic air temperature is practically the same as
the outdoor air temperature, and thus heat transfer through the roof is gov-
erned by the R-value of the ceiling only. However, heat is also transferred
between the roof and the ceiling by radiation, and it needs to be considered
(Fig. 3-53). The major function of the roof in this case is to serve as a ra-
diation shield by blocking off solar radiation. Effectively ventilating the at-
tic in summer should not lead one to believe that heat gain to the building
through the attic is greatly reduced. This is because most of the heat trans-
fer through the attic is by radiation.

Radiation heat transfer between the ceiling and the roof can be mini-
mized by covering at least one side of the attic (the roof or the ceiling side)
by a reflective material, called radiant barrier, such as aluminum foil or
aluminum-coated paper. Tests on houses with R-19 attic floor insulation
have shown that radiant barriers can reduce summer ceiling heat gains by
16 to 42 percent compared to an attic with the same insulation level and no
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TABLE 3-10

Emissivities ¢ of various surfaces
and the effective emissivity of air
spaces (from ASHRAE Handbook
of Fundamentals, Chap. 22,

Table 3).
Effective
Emissivity of
Air Space
g =& g, =&

Surface e =09 g =c¢
Aluminum foil,

bright 0.05* 0.05 0.03
Aluminum

sheet 0.12 0.12 0.06
Aluminum-coated

paper,

polished 0.20 0.20 0.11
Steel, galvanized,

bright 0.25 0.24 0.15
Aluminum

paint 0.50 0.47 0.35
Building materials:

Wood, paper,

masonry, nonmetallic

paints 0.90 0.82 0.82

Ordinary glass 0.84 0.77 0.72

*Surface emissivity of aluminum foil
increases to 0.30 with barely visible
condensation, and to 0.70 with clearly
visible condensation.

}§‘\ i% W/%v Air
= =
f//f//ﬂﬁ (% Q%\ exhaust

\A
3in %diant
barrier

6 in

"\

Air Air
intake intake
FIGURE 3-53

Ventilation paths for a naturally
ventilated attic and the appropriate
size of the flow areas around the
radiant barrier for proper air
circulation (from DOE/CE-0335P,
U.S. Dept. of Energy).



TABLE 3-11

Unit thermal resistances (R-values) of well-sealed plane air spaces (from ASHRAE Handbook of Fundamentals, Chap. 22,

Table 2)
(a) Sl units (in m2.°C/W)

20-mm Air Space

40-mm Air Space

90-mm Air Space

o : : Effective Effective Effective
Position  Direction Mean  Temp. e e e
of Air of Heat Temp., Diff.. Emissivity, eq Emissivity, eqs Emissivity, eqy
Space Flow °C °C 0.03 0.05 0.5 0.82 0.03 0.05 0.5 0.82 0.03 0.05 0.5 0.82
32.2 56 0.41 0.39 0.18 0.13 0.45 0.42 0.19 0.14 0.50 0.47 0.20 0.14
10.0 16.7 0.30 0.29 0.17 0.14 0.33 0.32 0.18 0.14 0.27 0.35 0.19 0.15
Horizontal Up T 10.0 5.6 0.40 0.39 0.20 0.15 0.44 0.42 0.21 0.16 0.49 0.47 0.23 0.16
-17.8 11.1 0.32 0.32 0.20 0.16 0.35 0.34 0.22 0.17 0.40 0.38 0.23 0.18
32.2 5.6 0.52 0.49 0.20 0.14 0.51 0.48 0.20 0.14 0.56 0.52 0.21 0.14
10.0 16.7 0.35 0.34 0.19 0.14 0.38 0.36 0.20 0.15 0.40 0.38 0.20 0.15
45° slope Up T 10.0 5.6 051 0.48 0.23 0.17 0.51 0.48 0.23 0.17 0.55 0.52 0.24 0.17
-17.8 11.1 0.37 0.36 0.23 0.18 0.40 0.39 0.24 0.18 0.43 0.41 0.24 0.19
32.2 5.6 0.62 0.57 0.21 0.15 0.70 0.64 0.22 0.15 0.65 0.60 0.22 0.15
10.0 16.7 0.51 0.49 0.23 0.17 0.45 0.43 0.22 0.16 0.47 0.45 0.22 0.16
Vertical  Horizontal —» 10.0 5.6 0.65 0.61 0.25 0.18 0.67 0.62 0.26 0.18 0.64 0.60 0.25 0.18
-17.8 11.1 0.55 0.53 0.28 0.21 0.49 0.47 0.26 0.20 0.51 0.49 0.27 0.20
32.2 5.6 0.62 0.58 0.21 0.15 0.89 0.80 0.24 0.16 0.85 0.76 0.24 0.16
10.0 16.7 0.60 0.57 0.24 0.17 0.63 0.59 0.25 0.18 0.62 0.58 0.25 0.18
45° slope Down | 10.0 5.6 0.67 0.63 0.26 0.18 0.90 0.82 0.28 0.19 0.83 0.77 0.28 0.19
-17.8 11.1 0.66 0.63 0.30 0.22 0.68 0.64 0.31 0.22 0.67 0.64 0.31 0.22
32.2 5.6 0.62 0.58 0.21 0.15 1.07 0.94 0.25 0.17 1.77 1.44 0.28 0.18
10.0 16.7 0.66 0.62 0.25 0.18 1.10 0.99 0.30 0.20 1.69 1.44 0.33 0.21
Horizontal Down | 10.0 5.6 0.68 0.63 0.26 0.18 1.16 1.04 0.30 0.20 1.96 1.63 0.34 0.22
-17.8 11.1 0.74 0.70 0.32 0.23 1.24 1.13 0.39 0.26 1.92 1.68 0.43 0.29
(b) English units (in h-ft?.°F/Btu)
0.75-in Air Space 1.5-in Air Space 3.5-in Air Space
. : : Effective Effective Effective
Position  Direction Mean Temp. S e A
of Air of Heat Temp., Diff., Emissivity, e Emissivity, eq Emissivity, eq
Space Flow °F °F 0.03 0.05 0.5 0.82 0.03 0.05 0.5 0.82 0.03 0.05 0.5 0.82
90 10 2.34 2.22 1.04 0.75 2.55 2.41 1.08 0.77 2.84 2.66 1.13 0.80
50 30 1.71 1.66 0.99 0.77 1.87 1.81 1.04 0.80 2.09 2.01 1.10 0.84
Horizontal Up T 50 10 2.30 2.21 1.16 0.87 250 2.40 1.21 0.89 2.80 2.66 1.28 0.93
0 20 1.83 1.79 1.16 0.93 2.01 1.95 1.23 0.97 2.25 2.18 1.32 1.03
90 10 296 2.78 1.15 0.81 292 2.73 1.14 0.80 3.18 2.96 1.18 0.82
50 30 1.99 192 1.08 0.82 2.14 2.06 1.12 0.84 2.26 2.17 1.15 0.86
45° slope Up T 50 10 2.90 2.75 1.29 0.94 2.88 2.74 1.29 0.94 3.12 2.95 1.34 0.96
0 20 2.13 2.07 1.28 1.00 2.30 2.23 1.34 1.04 2.42 235 1.38 1.06
90 10 3.50 3.24 1.22 0.84 399 3.66 1.27 0.87 3.69 3.40 1.24 0.85
50 30 291 2.77 130 0.94 258 246 1.23 0.90 2.67 2.55 1.25 0.91
Vertical  Horizontal - 50 10 3.70 3.46 1.43 1.01 3.79 3.55 1.45 1.02 3.63 3.40 1.42 1.01
0 20 3.14 3.02 1.58 1.18 2.76 2.66 1.48 1.12 2.88 2.78 1.51 1.14
90 10 3.63 3.27 1.22 0.84 5.07 455 1.36 0.91 4.81 4.33 1.34 0.90
50 30 3.43 3.23 1.39 099 358 3.36 1.42 1.00 3.51 3.30 1.40 1.00
45° slope Down | 50 10 3.81 3.57 1.45 1.02 5.10 466 1.60 1.09 4.74 4.36 1.57 1.08
0 20 3.75 3.57 1.72 1.26 3.85 3.66 1.74 1.27 3.81 3.63 1.74 1.27
90 10 3.65 3.29 1.22 0.85 6.09 5.35 1.43 0.94 10.07 8.19 1.57 1.00
50 30 3.77 3.52 1.44 1.02 6.27 563 1.70 1.14 9.60 8.17 1.88 1.22
Horizontal Down | 50 10 3.84 359 145 1.02 6.61 590 1.73 1.15 11.15 9.27 1.93 1.24
0 20 4.18 3.96 1.81 1.30 7.03 6.43 2.19 1.49 10.90 9.52 2.47 1.62
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f Roof decking Air space f Roof decking Roof decking

. Rafter
Radiant
barrier
A

/ / Y
Joist Insulation Joist Insulation Joist J Insulation

(a) Under the roof deck (b) At the bottom of rafters (c) On top of attic floor insulation

FIGURE 3-54
Three possible locations for an attic radiant barrier (from DOE/CE-0335P, U.S. Dept. of Energy).

radiant barrier. Considering that the ceiling heat gain represents about 15 to
25 percent of the total cooling load of a house, radiant barriers will reduce
the air conditioning costs by 2 to 10 percent. Radiant barriers also reduce
the heat loss in winter through the ceiling, but tests have shown that the
percentage reduction in heat losses is less. As a result, the percentage
reduction in heating costs will be less than the reduction in the air-
conditioning costs. Also, the values given are for new and undusted radiant
barrier installations, and percentages will be lower for aged or dusty radi-
ant barriers.

Some possible locations for attic radiant barriers are given in Figure 3—-54.
In whole house tests on houses with R-19 attic floor insulation, radiant bar-
riers have reduced the ceiling heat gain by an average of 35 percent when
the radiant barrier is installed on the attic floor, and by 24 percent when it
is attached to the bottom of roof rafters. Test cell tests also demonstrated
that the best location for radiant barriers is the attic floor, provided that the
attic is not used as a storage area and is kept clean.

For unvented attics, any heat transfer must occur through (1) the ceiling,
(2) the attic space, and (3) the roof (Fig. 3-55). Therefore, the overall R-
value of the roof—ceiling combination with an unvented attic depends on
the combined effects of the R-value of the ceiling and the R-value of the Shingles
roof as well as the thermal resistance of the attic space. The attic space can
be treated as an air layer in the analysis. But a more practical way of ac-
counting for its effect is to consider surface resistances on the roof and ceil-
ing surfaces facing each other. In this case, the R-values of the ceiling and
the roof are first determined separately (by using convection resistances for
the still-air case for the attic surfaces). Then it can be shown that the over- %
all R-value of the ceiling—roof combination per unit area of the ceiling can T
be expressed as

A

roof

T Aceiling
. i
Attic e l

Ceiling joist % Rt

A FIGURE 3-55
R = Regiing + Rmm( Cei"“g) (3-88) ~ Thermal resistance network for a
Aot pitched roof—attic—ceiling combination

for the case of an unvented attic.
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where A_jin, and A, are the ceiling and roof areas, respectively. The area
ratio is equal to 1 for flat roofs and is less than 1 for pitched roofs. For a 45°
pitched roof, the area ratio is A gjing/Aroor = 1/ \/2 = 0.707. Note that the
pitched roof has a greater area for heat transfer than the flat ceiling, and the
area ratio accounts for the reduction in the unit R-value of the roof when
expressed per unit area of the ceiling. Also, the direction of heat flow is up
in winter (heat loss through the roof) and down in summer (heat gain
through the roof).

The R-value of a structure determined by analysis assumes that the
materials used and the quality of workmanship meet the standards. Poor
workmanship and substandard materials used during construction may
result in R-values that deviate from predicted values. Therefore, some en-
gineers use a safety factor in their designs based on experience in critical
applications.

EXAMPLE 3-16 The R-Value of a Wood Frame Wall

Determine the overall unit thermal resistance (the R-value) and the overall heat
transfer coefficient (the U-factor) of a wood frame wall that is built around
38-mm X 90-mm (2 X 4 nominal) wood studs with a center-to-center distance
of 400 mm. The 90-mm-wide cavity between the studs is filled with glass fiber
insulation. The inside is finished with 13-mm gypsum wallboard and the out-
side with 13-mm wood fiberboard and 13-mm X 200-mm wood bevel lapped
siding. The insulated cavity constitutes 75 percent of the heat transmission
area while the studs, plates, and sills constitute 21 percent. The headers con-
stitute 4 percent of the area, and they can be treated as studs.

Also, determine the rate of heat loss through the walls of a house whose
perimeter is 50 m and wall height is 2.5 m in Las Vegas, Nevada, whose win-
ter design temperature is —2°C. Take the indoor design temperature to be
22°C and assume 20 percent of the wall area is occupied by glazing.

SOLUTION The R-value and the U-factor of a wood frame wall as well as the
rate of heat loss through such a wall in Las Vegas are to be determined.
Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the
wall is one-dimensional. 3 Thermal properties of the wall and the heat transfer
coefficients are constant.

Properties The R-values of different materials are given in Table 3-8.
Analysis The schematic of the wall as well as the different elements used in
its construction are shown here. Heat transfer through the insulation and
through the studs meets different resistances, and thus we need to analyze the
thermal resistance for each path separately. Once the unit thermal resistances
and the U-factors for the insulation and stud sections are available, the overall
average thermal resistance for the entire wall can be determined from

Roverall = 1/ Uoverall

where

Uoverall = (U X f;lrea)insulation + (U X f:larea)stud



and the value of the area fraction f7,, is 0.75 for the insulation section and
0.25 for the stud section since the headers that constitute a small part of the
wall are to be treated as studs. Using the available R-values from Table 3-8
and calculating others, the total R-values for each section can be determined
in a systematic manner in the table below.

Schematic R-value, m2-°C/W

Between At
4b Construction Studs Studs
1. Outside surface,
24 km/h wind 0.030 0.030
2. Wood bevel lapped
siding 0.14 0.14
3. Wood fiberboard
sheeting, 13 mm 0.23 0.23
1

4a. Glass fiber
N insulation, 90 mm 2.45 —
~ *\
5
4a

64b. Wood stud,

X 38 mm X 90 mm — 0.63
5.  Gypsum wallboard,
REIE 13 mm 0.079  0.079
6. Inside surface, still air  0.12 0.12
Total unit thermal resistance of each section, R
(in m2.°C/W) 3.05 1.23
The U-factor of each section, U = 1/R, in W/m2.K 0.328 0.813
Area fraction of each section, f,., 0.75 0.25
Overall U-factor: U= 2f,., ; U;= 0.75 X 0.328 + 0.25 X 0.813
= 0.449 W/m2.K
Overall unit thermal resistance: R=1/U = 2.23 m>°C/W

We conclude that the overall unit thermal resistance of the wall is
2.23 m2-°C/W, and this value accounts for the effects of the studs and head-
ers. It corresponds to an R-value of 2.23 X 5.68 = 12.7 (or nearly R-13) in
English units. Note that if there were no wood studs and headers in the wall,
the overall thermal resistance would be 3.05 m?-°C/W, which is 37 percent
greater than 2.23 m?2-°C/W. Therefore, the wood studs and headers in this case
serve as thermal bridges in wood frame walls, and their effect must be consid-
ered in the thermal analysis of buildings.

The perimeter of the building is 50 m and the height of the walls is 2.5 m.
Noting that glazing constitutes 20 percent of the walls, the total wall area is

Ay = 0.80(Perimeter)(Height) = 0.80(50 m)(2.5 m) = 100 m?
Then the rate of heat loss through the walls under design conditions becomes

Q wal = (UA)yar (T; — T,)
= (0.449 W/m?K)(100 m?)[22 — (—2)°C]
= 1078 W
Discussion Note that a 1-kW resistance heater in this house will make up al-

most all the heat lost through the walls, except through the doors and windows,
when the outdoor air temperature drops to —2°C.
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EXAMPLE 3-17 The R-Value of a Wall with Rigid Foam

The 13-mm-thick wood fiberboard sheathing of the wood stud wall discussed
in the previous example is replaced by a 25-mm-thick rigid foam insulation.
Determine the percent increase in the R-value of the wall as a result.

SOLUTION The overall R-value of the existing wall was determined in Exam-
ple 3-16 to be 2.23 m?-°C/W. Noting that the R-values of the fiberboard and
the foam insulation are 0.23 m2-°C/W and 0.98 m2-°C/W, respectively, and the
added and removed thermal resistances are in series, the overall R-value
of the wall after modification becomes

Rnew = Rold - Rremoved + Radded
=223 -023+098
= 2.98 m>°C/W

This represents an increase of (2.98 — 2.23)/2.23 = 0.34 or 34 percent in the
R-value of the wall. This example demonstrated how to evaluate the new
R-value of a structure when some structural members are added or removed.

EXAMPLE 3-18 The R-Value of a Masonry Wall

Determine the overall unit thermal resistance (the R-value) and the overall heat
transfer coefficient (the U-factor) of a masonry cavity wall that is built around
6-in-thick concrete blocks made of lightweight aggregate with 3 cores filled
with perlite (R = 4.2 h-ft?.°F/Btu). The outside is finished with 4-in face brick with
1-in cement mortar between the bricks and concrete blocks. The inside finish
consists of 3-in gypsum wallboard separated from the concrete block by 2-in-
thick (1-in X 3-in nominal) vertical furring (R = 4.2 h-ft?-°F/Btu) whose cen-
ter-to-center distance is 16 in. Both sides of the 3-in-thick air space between
the concrete block and the gypsum board are coated with reflective aluminum
foil (¢ = 0.05) so that the effective emissivity of the air space is 0.03. For a
mean temperature of 50°F and a temperature difference of 30°F, the R-value
of the air space is 2.91 h-ft2-°F/Btu. The reflective air space constitutes
80 percent of the heat transmission area, while the vertical furring constitutes
20 percent.

SOLUTION The R-value and the U-factor of a masonry cavity wall are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the
wall is one-dimensional. 3 Thermal properties of the wall and the heat transfer
coefficients are constant.

Properties The R-values of different materials are given in Table 3-8.
Analysis The schematic of the wall as well as the different elements used in
its construction are shown below. Following the approach described here and
using the available R-values from Table 3-8, the overall R-value of the wall is
determined in the following table.



Schematic R-value,
h-ft2.°F/Btu

Between At
Construction Furring Furring

1. Outside surface,

15 mph wind 0.17 0.17
2. Face brick, 4 in 0.43 0.43
3. Cement mortar,

0.5 in 0.10 0.10
4. Concrete block,
6in 4.20 4.20
5a. Reflective air
space, 7 in 2.91 —
5b. Nominal 1 X 3
vertical furring — 0.94
6. Gypsum wallboard,
0.5 in 0.45 0.45
7. Inside surface,
still air 0.68 0.68
Total unit thermal resistance of each section, R 8.94 6.97
The U-factor of each section, U = 1/R, in Btu/h-ft2.°F 0.112 0.143
Area fraction of each section, f,., 0.80 0.20

Overall U-factor: U = 2f,, ;U; = 0.80 X 0.112 + 0.20 X 0.143
= 0.118 Btwh-ft2-°F
Overall unit thermal resistance: R = 1/U = 8.46 h-ft2-°F/Btu

Therefore, the overall unit thermal resistance of the wall is 8.46 h-ft2-°F/Btu
and the overall U-factor is 0.118 Btu/h-ft2-°F. These values account for the ef-
fects of the vertical furring.

EXAMPLE 3-19 The R-Value of a Pitched Roof

Determine the overall unit thermal resistance (the R-value) and the overall heat
transfer coefficient (the U-factor) of a 45° pitched roof built around nominal
2-in X 4-in wood studs with a center-to-center distance of 16 in. The 3.5-in-
wide air space between the studs does not have any reflective surface and thus
its effective emissivity is 0.84. For a mean temperature of 90°F and a temper-
ature difference of 30°F, the R-value of the air space is 0.86 h-ft?-°F/Btu. The
lower part of the roof is finished with -in gypsum wallboard and the upper part
with g-in plywood, building paper, and asphalt shingle roofing. The air space
constitutes 75 percent of the heat transmission area, while the studs and
headers constitute 25 percent.

SOLUTION The R-value and the U-factor of a 45° pitched roof are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the
roof is one-dimensional. 3 Thermal properties of the roof and the heat transfer
coefficients are constant.
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SUMMARY

Properties The R-values of different materials are given in Table 3-8.
Analysis The schematic of the pitched roof as well as the different elements
used in its construction are shown below. Following the approach described
above and using the available R-values from Table 3-8, the overall R-value of
the roof can be determined in the table here.

R-value,
h-ft2.°F/Btu

Between At

Schematic

Construction Studs Studs
1. Outside surface,
15 mph wind 0.17 0.17
2. Asphalt shingle
roofing 0.44 0.44
45° 3. Building paper 0.06 0.06
4. Plywood deck, g in 0.78 0.78
< 5a. Nonreflective air
1 23 45506 7 space, 3.5 in 0.86 —
5b. Wood stud, 2 in X 4 in — 3.58

6. Gypsum wallboard, 0.5 in 0.45 0.45
7. Inside surface,

45° s|ope, still air 0.63 0.63
Total unit thermal resistance of each section, R 3.39 6.11
The U-factor of each section, U = 1/R, in Btu/h-ft2.°F 0.292 0.163
Area fraction of each section, f,e, 0.75 0.25
Overall U-factor: U = 2f,., ;U= 0.75 X 0.292 + 0.25 X 0.163
= 0.260 Btw/h-ft2-°F

Overall unit thermal resistance: R = 1/U = 3.85 h-ft2-°F/Btu

Therefore, the overall unit thermal resistance of this pitched roof is
3.85 h-ft2-°F/Btu and the overall U-factor is 0.260 Btu/h-ft?-°F. Note that the
wood studs offer much larger thermal resistance to heat flow than the air space
between the studs.

One-dimensional heat transfer through a simple or composite
body exposed to convection from both sides to mediums at
temperatures 7.,; and 7., can be expressed as

. T, —Tx
0= Row
total

where R, is the total thermal resistance between the two
mediums. For a plane wall exposed to convection on both
sides, the total resistance is expressed as

1

A

El~

1
Rtotal = Rconv, 1 + Rwall + Rconv, 2= ]’117 +

This relation can be extended to plane walls that consist of two
or more layers by adding an additional resistance for each

additional layer. The elementary thermal resistance relations
can be expressed as follows:

. . L
Conduction resistance (plane wall): R, = A
. . . In(ry/ry)
Conduction resistance (cylinder): Ry = ik
. . r, =T
Conduction resistance (sphere): Ry = pp—
1h
. . 1
Convection resistance: Roony = W
. 1 R
Interface resistance: Rinertace = A=A
c
. . 1
Radiation resistance: R = T
rad



where £, is the thermal contact conductance, R, is the thermal
contact resistance, and the radiation heat transfer coefficient
is defined as

hrad = SU(TSZ + Tszurr)(Ts + Tsun‘)

Once the rate of heat transfer is available, the temperature drop
across any layer can be determined from
AT = OR
The thermal resistance concept can also be used to solve steady
heat transfer problems involving parallel layers or combined
series-parallel arrangements.
Adding insulation to a cylindrical pipe or a spherical shell

increases the rate of heat transfer if the outer radius of the in-
sulation is less than the critical radius of insulation, defined as

_ kins
rcr, cylinder — h
_ 2kins
Ter, sphere h

The effectiveness of an insulation is often given in terms of
its R-value, the thermal resistance of the material for a unit sur-
face area, expressed as

R-value = % (flat insulation)
where L is the thickness and k is the thermal conductivity of the
material.

Finned surfaces are commonly used in practice to enhance
heat transfer. Fins enhance heat transfer from a surface by ex-
posing a larger surface area to convection. The temperature dis-
tribution along the fin are given by

T(x) — T,
Very long fin: ](,)j = o—xVipika,
b %
Adiabati . T(x) = T.. coshm(L — x)
iabatic fin tip: T,—T. = coshni

Specified temperature at fin tip:

Tx) = T. (T, — THNT, — T.)] sinh mx + sinh m(L — x)
T,—T., B sinhmlL

Convection from fin tip:

T(x) = T. coshm(L —x) + (h/mk) sinhm(L — x)
T,— T, coshmlL + (h/mk)sinh mL

where m = \V hplkA., p is the perimeter, and A, is the cross-
sectional area of the fin. The rates of heat transfer for these
cases are given to be

Very long fin:

: dT Ny
Qlong fin = _kAc a _ 0: hpkA( (Th - Tw)

CHAPTER 3
Adiabatic fin tip:

- ar
Qadiabatic tip = _kA(' dx

=V hpkA. (T, — T,) tanh mL
x=0
Specified temperature at fin tip:
coshmL — [(T, — THT, — T.)]

sinhmL

Qspeciﬁed temp. — V hpkA((Tb - T.)

Convection from the fin tip:

sinhmlL + (h/mk) coshmlL
coshmL + (h/mk) sinhmL

Fins exposed to convection at their tips can be treated as fins
with adiabatic tips by using the corrected length L, = L + A Jp
instead of the actual fin length.

The temperature of a fin drops along the fin, and thus the heat
transfer from the fin is less because of the decreasing temperature
difference toward the fin tip. To account for the effect of this de-
crease in temperature on heat transfer, we define fin efficiency as

Qconvection =V hpkAc(Tb - Toc)

Oiin _ _Actual heat transfer rate from the fin
Q i max Ideal heat transfer rate from the fin if
’ the entire fin were at base temperature

Nfin =

When the fin efficiency is available, the rate of heat transfer
from a fin can be determined from

Qﬁn = Mfin Qﬁn, max nﬁnhAﬁn (Tb - TOO)

The performance of the fins is judged on the basis of the en-
hancement in heat transfer relative to the no-fin case and is ex-
pressed in terms of the fin effectiveness &g, defined as

Heat transfer rate from

. = Onn Osin __ the fin of base area A,
fin ™

O,orn 1Ay (T, — T.)  Heat transfer rate from
the surface of area A,

Here, A, is the cross-sectional area of the fin at the base and
O fin Tepresents the rate of heat transfer from this area if no
fins are attached to the surface. The overall effectiveness for a
finned surface is defined as the ratio of the total heat transfer
from the finned surface to the heat transfer from the same sur-
face if there were no fins,

O wal, fin _ h(Aynsin + Min AT, — 1)

Efin, overall — * —
Qlotal, no fin hAHO fin (Tb Toc)
Fin efficiency and fin effectiveness are related to each other by
_ Aﬁn
Bhin = 74, Min

Certain multidimensional heat transfer problems involve two
surfaces maintained at constant temperatures 7, and 7. The steady
rate of heat transfer between these two surfaces is expressed as

Q = Sk(T, — T))
where S is the conduction shape factor that has the dimension

of length and k is the thermal conductivity of the medium be-
tween the surfaces.
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Steady Heat Conduction in Plane Walls

3-1C Consider heat conduction through a wall of thickness
L and area A. Under what conditions will the temperature dis-
tributions in the wall be a straight line?

3-2C Consider heat conduction through a plane wall. Does
the energy content of the wall change during steady heat con-
duction? How about during transient conduction? Explain.

3-3C Consider steady heat transfer through the wall of a
room in winter. The convection heat transfer coefficient at the
outer surface of the wall is three times that of the inner surface
as a result of the winds. On which surface of the wall do you
think the temperature will be closer to the surrounding air tem-
perature? Explain.

3-4C The bottom of a pan is made of a 4-mm-thick alu-
minum layer. In order to increase the rate of heat transfer
through the bottom of the pan, someone proposes a design
for the bottom that consists of a 3-mm-thick copper layer
sandwiched between two 2-mm-thick aluminum layers. Will

*Problems designated by a “C” are concept questions, and
students are encouraged to answer them all. Problems designated
by an “E” are in English units, and the Sl users can ignore them.
Problems with the icon & are solved using EES, and complete
solutions together with parametric studies are included on the
enclosed DVD. Problems with the icon & are comprehensive in
nature, and are intended to be solved with a computer, preferably
using the EES software that accompanies this text.

the new design conduct heat better? Explain. Assume perfect
contact between the layers.

1

2 mm
3 mm
2 mm
T
Aluminum  Copper
FIGURE P3-4C

3-5C Consider one-dimensional heat conduction through a
cylindrical rod of diameter D and length L. What is the heat
transfer area of the rod if (@) the lateral surfaces of the rod are
insulated and (b) the top and bottom surfaces of the rod are
insulated?

3-6C What does the thermal resistance of a medium represent?

3-7C How is the combined heat transfer coefficient defined?
What convenience does it offer in heat transfer calculations?



3-8C Can we define the convection resistance for a unit surface
area as the inverse of the convection heat transfer coefficient?

3-9C Why are the convection and the radiation resistances at
a surface in parallel instead of being in series?

3-10C Consider a surface of area A at which the convection
and radiation heat transfer coefficients are A, and h,,, re-
spectively. Explain how you would determine (@) the single
equivalent heat transfer coefficient, and (b) the equivalent ther-
mal resistance. Assume the medium and the surrounding sur-
faces are at the same temperature.

3-11C How does the thermal resistance network associated
with a single-layer plane wall differ from the one associated
with a five-layer composite wall?

3-12C Consider steady one-dimensional heat transfer
through a multilayer medium. If the rate of heat transfer Q is
known, explain how you would determine the temperature drop
across each layer.

3-13C Consider steady one-dimensional heat transfer
through a plane wall exposed to convection from both sides to
environments at known temperatures 7.,; and 7.,, with known
heat transfer coefficients /; and h,. Once the rate of heat trans-
fer Q has been evaluated, explain how you would determine the
temperature of each surface.

3-14C Someone comments that a microwave oven can be
viewed as a conventional oven with zero convection resistance
at the surface of the food. Is this an accurate statement?

3-15C Consider a window glass consisting of two 4-mm-thick
glass sheets pressed tightly against each other. Compare the heat
transfer rate through this window with that of one consisting of a
single 8-mm-thick glass sheet under identical conditions.

3-16C Consider two cold canned drinks, one wrapped in a
blanket and the other placed on a table in the same room.
Which drink will warm up faster?

3-17 Consider a 3-m-high, 6-m-wide, and 0.25-m-thick brick
wall whose thermal conductivity is k = 0.8 W/m-K. On a cer-
tain day, the temperatures of the inner and the outer surfaces of
the wall are measured to be 14°C and 5°C, respectively. Deter-
mine the rate of heat loss through the wall on that day.

3-18 Water is boiling in a 25-cm-diameter aluminum pan
(k = 237 W/m-K) at 95°C. Heat is transferred steadily to the
boiling water in the pan through its 0.5-cm-thick flat bottom at
a rate of 800 W. If the inner surface temperature of the bottom
of the pan is 108°C, determine (a) the boiling heat transfer co-
efficient on the inner surface of the pan and () the outer sur-
face temperature of the bottom of the pan.

3-19 Consider a 1.5-m-high and 2.4-m-wide glass window
whose thickness is 6 mm and thermal conductivity is k = 0.78
W/m-K. Determine the steady rate of heat transfer through this
glass window and the temperature of its inner surface for a day
during which the room is maintained at 24°C while the tem-
perature of the outdoors is —5°C. Take the convection heat
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transfer coefficients on the inner and outer surfaces of the win-
dow to be h; = 10 W/m?-K and h, = 25 W/m?-K, and disre-
gard any heat transfer by radiation.

3-20 Consider a 1.5-m-high and 2.4-m-wide double-pane
window consisting of two 3-mm-thick layers of glass (k =
0.78 W/m-K) separated by a 12-mm-wide stagnant air space
(k = 0.026 W/m-K). Determine the steady rate of heat transfer
through this double-pane window and the temperature of its in-
ner surface for a day during which the room is maintained at
21°C while the temperature of the outdoors is —5°C. Take the
convection heat transfer coefficients on the inner and outer sur-
faces of the window to be h; = 10 W/m>K and h, =
25 W/m?K, and disregard any heat transfer by radiation.
Answers: 153 W, 14.6°C

Glass

lu
I
1

Frame

FIGURE P3-20

3-21 Repeat Prob. 3-20, assuming the space between the two
glass layers is evacuated.

3-22 Reconsider Prob. 3-20. Using EES (or other) soft-

=S ware, plot the rate of heat transfer through the
window as a function of the width of air space in the range of
2 mm to 20 mm, assuming pure conduction through the air.
Discuss the results.

3-23E Consider an electrically heated brick house (k =
0.40 Btu/h-ft-°F) whose walls are 9 ft high and 1 ft thick. Two
of the walls of the house are 50 ft long and the others are 35 ft
long. The house is maintained at 70°F at all times while the
temperature of the outdoors varies. On a certain day, the tem-
perature of the inner surface of the walls is measured to be at
55°F while the average temperature of the outer surface is ob-
served to remain at 45°F during the day for 10 h and at 35°F at
night for 14 h. Determine the amount of heat lost from the
house that day. Also determine the cost of that heat loss to the
home owner for an electricity price of $0.09/kWh.
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T, = 70°F

50 ft

35 ft

FIGURE P3-23E

3-24 A cylindrical resistor element on a circuit board dissi-
pates 0.15 W of power in an environment at 35°C. The resistor
is 1.2 cm long, and has a diameter of 0.3 cm. Assuming heat to
be transferred uniformly from all surfaces, determine (a) the
amount of heat this resistor dissipates during a 24-h period;
(b) the heat flux on the surface of the resistor, in W/m?; and
(c) the surface temperature of the resistor for a combined con-
vection and radiation heat transfer coefficient of 9 W/m?-K.

3-25 To defog the rear window of an automobile, a very thin
transparent heating element is attached to the inner surface of
the window. A Uniform heat flux of 1300 W/m? is provided to
the heating element for defogging a rear window with thick-
ness of 5 mm. The interior temperature of the automobile is
22°C and the convection heat transfer coefficient is 15 W/m>K.
The outside ambient temperature is —5°C and the convection
heat transfer coefficient is 100 W/m?-K. If the thermal conduc-
tivity of the window is 1.2 W/m-K, determine the inner surface
temperature of the window.

Heating element
G, = 1300 W/m?

Rear window
k=12 W/m-K

Inside air, 22°C
h=15W/m*K

Outside air, -5°C
h =100 W/m>K

T |<—>|
L=5mm

FIGURE P3-25

3-26 A transparent film is to be bonded onto the top surface
of a solid plate inside a heated chamber. For the bond to
cure properly, a temperature of 70°C is to be maintained at the
bond, between the film and the solid plate. The transparent
film has a thickness of 1 mm and thermal conductivity of
0.05 W/m:-K, while the solid plate is 13 mm thick and has a
thermal conductivity of 1.2 W/m-K. Inside the heated chamber,
the convection heat transfer coefficient is 70 W/m?K. If the
bottom surface of the solid plate is maintained at 52°C, deter-
mine the temperature inside the heated chamber and the

surface temperature of the transparent film. Assume thermal
contact resistance is negligible. Answers: 127°C, 103°C

T, ) N Transparent film
Air, h =70 W/m~K / ky=0.05 W/m-K
Ly =1mm /
T, =70°C
_ Solid plate
L,=13mm k= 1.2 W/mK
T,=52°C
FIGURE P3-26

3-27 Consider a power transistor that dissipates 0.15 W of
power in an environment at 30°C. The transistor is 0.4 cm long
and has a diameter of 0.5 cm. Assuming heat to be transferred
uniformly from all surfaces, determine (@) the amount of heat
this resistor dissipates during a 24-h period, in kWh; (b) the
heat flux on the surface of the transistor, in W/m?; and (c) the
surface temperature of the resistor for a combined convection
and radiation heat transfer coefficient of 18 W/m?-K.

30°C

Power
transistor
0.15W

|| I:—O.4cm—>|_

FIGURE P3-27

3-28 A 12-cm X 18-cm circuit board houses on its surface
100 closely spaced logic chips, each dissipating 0.06 W in an
environment at 40°C. The heat transfer from the back surface
of the board is negligible. If the heat transfer coefficient on the
surface of the board is 10 W/m?-K, determine (a) the heat flux
on the surface of the circuit board, in W/m?; (b) the surface
temperature of the chips; and (c) the thermal resistance be-
tween the surface of the circuit board and the cooling medium,
in °C/W.

3-29 Consider a person standing in a room at 20°C with an
exposed surface area of 1.7 m% The deep body temperature of
the human body is 37°C, and the thermal conductivity of the
human tissue near the skin is about 0.3 W/m-K. The body is
losing heat at a rate of 150 W by natural convection and



radiation to the surroundings. Taking the body temperature 0.5
cm beneath the skin to be 37°C, determine the skin temperature
of the person. Answer: 35.5°C

3-30 A 1.0m X 1.5 m double-pane window consists of two
4-mm-thick layers of glass (k = 0.78 W/m-K) that are the sep-
arated by a 5-mm air gap (k,;; = 0.025 W/m-K). The heat flow
through the air gap is assumed to be by conduction. The inside
and outside air temperatures are 20°C and —20°C, respectively,
and the inside and outside heat transfer coefficients are 40 and
20 W/m?-K. Determine (a) the daily rate of heat loss through
the window in steady operation and (b) the temperature differ-
ence across the largest thermal resistence.

3-31E A wall is constructed of two layers of 0.6-in-thick
sheetrock (k = 0.10 Btu/h-ft-°F), which is a plasterboard made
of two layers of heavy paper separated by a layer of gypsum,
placed 7 in apart. The space between the sheetrocks is filled
with fiberglass insulation (k = 0.020 Btu/h-ft-°F). Determine
(a) the thermal resistance of the wall and (b) its R-value of in-
sulation in English units.

Fiberglass
insulation
Sheetrock f

Ty

o.6in—>| |<—7in —>| |<—0.6in

FIGURE P3-31E

3-32 The roof of a house consists of a 15-cm-thick concrete
slab (k = 2 W/m-K) that is 15 m wide and 20 m long. The con-
vection heat transfer coefficients on the inner and outer sur-
faces of the roof are 5 and 12 W/m?-K, respectively. On a clear
winter night, the ambient air is reported to be at 10°C, while
the night sky temperature is 100 K. The house and the interior
surfaces of the wall are maintained at a constant temperature of
20°C. The emissivity of both surfaces of the concrete roof is
0.9. Considering both radiation and convection heat transfers,
determine the rate of heat transfer through the roof, and the in-
ner surface temperature of the roof.

If the house is heated by a furnace burning natural gas with
an efficiency of 80 percent, and the price of natural gas is
$1.20/therm (1 therm = 105,500 kJ of energy content), deter-
mine the money lost through the roof that night during a 14-h
period.
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FIGURE P3-32

3-33 A 2-m X 1.5-m section of wall of an industrial furnace
burning natural gas is not insulated, and the temperature at the
outer surface of this section is measured to be 110°C. The tem-
perature of the furnace room is 32°C, and the combined con-
vection and radiation heat transfer coefficient at the surface of
the outer furnace is 10 W/m?-K. It is proposed to insulate this
section of the furnace wall with glass wool insulation (k =
0.038 W/m-K) in order to reduce the heat loss by 90 percent.
Assuming the outer surface temperature of the metal section
still remains at about 110°C, determine the thickness of the in-
sulation that needs to be used.

The furnace operates continuously and has an efficiency of
78 percent. The price of the natural gas is $1.10/therm (1 therm =
105,500 kJ of energy content). If the installation of the insula-
tion will cost $250 for materials and labor, determine how long
it will take for the insulation to pay for itself from the energy it
saves.

3-34 Repeat Prob. 3-33 for expanded perlite insulation as-
suming conductivity is k = 0.052 W/m-K.

3-35 Reconsider Prob. 3-33. Using EES (or other) soft-

=S ware, investigate the effect of thermal conductiv-
ity on the required insulation thickness. Plot the thickness of
insulation as a function of the thermal conductivity of the insu-
lation in the range of 0.02 W/m-K to 0.08 W/m-K, and discuss
the results.

3-36 Consider a house that has a 10-m X 20-m base and
a 4-m-high wall. All four walls of the house have an R-value of
2.31 m?-°C/W. The two 10-m X 4-m walls have no windows.
The third wall has five windows made of 0.5-cm-thick glass
(k= 0.78 W/m-K), 1.2 m X 1.8 m in size. The fourth wall has
the same size and number of windows, but they are double-
paned with a 1.5-cm-thick stagnant air space (k = 0.026 W/m-K)
enclosed between two 0.5-cm-thick glass layers. The thermo-
stat in the house is set at 24°C and the average temperature out-
side at that location is 8°C during the seven-month-long
heating season. Disregarding any direct radiation gain or loss
through the windows and taking the heat transfer coefficients at
the inner and outer surfaces of the house to be 7 and
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18 W/m2-K, respectively, determine the average rate of heat
transfer through each wall.

If the house is electrically heated and the price of electricity
is $0.08/kWh, determine the amount of money this household
will save per heating season by converting the single-pane win-
dows to double-pane windows.

3-37 The wall of a refrigerator is constructed of fiberglass in-
sulation (k = 0.035 W/m-K) sandwiched between two layers of
1-mm-thick sheet metal (k = 15.1 W/m-K). The refrigerated
space is maintained at 2°C, and the average heat transfer coef-
ficients at the inner and outer surfaces of the wall are
4 W/m*K and 9 W/m?-K, respectively. The kitchen tempera-
ture averages 28°C. It is observed that condensation occurs on
the outer surfaces of the refrigerator when the temperature of
the outer surface drops to 20°C. Determine the minimum thick-
ness of fiberglass insulation that needs to be used in the wall in
order to avoid condensation on the outer surfaces.

Sheet metal

Kitchen Refrigeratec
air 28°C space
2°C

Insulation

S e e

FIGURE P3-37

3-38 Reconsider Prob. 3-37. Using EES (or other)

=S software, investigate the effects of the thermal
conductivities of the insulation material and the sheet metal on
the thickness of the insulation. Let the thermal conductivity vary
from 0.02 W/m-K to 0.08 W/m-K for insulation and 10 W/m-K
to 400 W/m-K for sheet metal. Plot the thickness of the insula-
tion as the functions of the thermal conductivities of the insula-
tion and the sheet metal, and discuss the results.

3-39 Heat is to be conducted along a circuit board that has a
copper layer on one side. The circuit board is 15 cm long and
15 cm wide, and the thicknesses of the copper and epoxy lay-
ers are 0.1 mm and 1.2 mm, respectively. Disregarding heat
transfer from side surfaces, determine the percentages of heat
conduction along the copper (k = 386 W/m-K) and epoxy (k =
0.26 W/m-K) layers. Also determine the effective thermal con-
ductivity of the board.

Answers: 0.8 percent, 99.2 percent, and 29.9 W/m-K

3-40E A 0.05-in-thick copper plate (k = 223 Btu/h-ft-°F) is
sandwiched between two 0.15-in-thick epoxy boards (k = 0.15

Btu/h-ft-°F) that are 7 in X 9 in in size. Determine the effective
thermal conductivity of the board along its 9-in-long side.
What fraction of the heat conducted along that side is con-
ducted through copper?

9in

Epoxy ~—
boards

Copper ™~
plate

—| |« 0.051n

FIGURE P3-40E

3-41 To defrost ice accumulated on the outer surface of an
automobile windshield, warm air is blown over the inner sur-
face of the windshield. Consider an automobile windshield
with thickness of 5 mm and thermal conductivity of
1.4 W/m-K. The outside ambient temperature is —10°C and the
convection heat transfer coefficient is 200 W/m>K, while the
ambient temperature inside the automobile is 25°C. Determine
the value of the convection heat transfer coefficient for the
warm air blowing over the inner surface of the windshield nec-
essary to cause the accumulated ice to begin melting.

leL=Smm
Outside air, =10°C : :
h =200 W/m2K Windshield
o
k=14 W/mK ) )
/ Inside air, 25°C
Il

FIGURE P3—41

3-42  An aluminum plate of 25 mm thick (k = 235 W/m-K) is
attached on a copper plate with thickness of 10 mm. The cop-
per plate is heated electrically to dissipate a uniform heat flux
of 5300 W/m?. The upper surface of the aluminum plate is ex-
posed to convection heat transfer in a condition such that the
convection heat transfer coefficient is 67 W/m>K and the



surrounding room temperature is 20°C. Other surfaces of the
two attached plates are insulated such that heat only dissipates
through the upper surface of the aluminum plate. If the surface
of the copper plate that is attached to the aluminum plate has a
temperature of 100°C, determine the thermal contact conduc-
tance of the aluminum/copper interface. Answer: 16 kW/m?-K

Air, 20°C
h=67 W/m*K

Aluminum plate
k=235 W/m-K

Gelec = 5300 Wim? \L
T, =100°C

L=25mm

FIGURE P3-42

Thermal Contact Resistance

3-43C What is thermal contact resistance? How is it related
to thermal contact conductance?

3-44C Will the thermal contact resistance be greater for
smooth or rough plain surfaces?

3-45C A wall consists of two layers of insulation pressed
against each other. Do we need to be concerned about the ther-
mal contact resistance at the interface in a heat transfer analy-
sis or can we just ignore it?

3-46C A plate consists of two thin metal layers pressed
against each other. Do we need to be concerned about the ther-
mal contact resistance at the interface in a heat transfer analy-
sis or can we just ignore it?

3-47C Consider two surfaces pressed against each other.
Now the air at the interface is evacuated. Will the thermal con-
tact resistance at the interface increase or decrease as a result?

3-48C Explain how the thermal contact resistance can be
minimized.

3-49 The thermal contact conductance at the interface of two
1-cm-thick copper plates is measured to be 14,000 W/m?K.
Determine the thickness of the copper plate whose thermal re-
sistance is equal to the thermal resistance of the interface be-
tween the plates.

3-50 A 1-mm-thick copper plate (k = 386 W/m-K) is sand-
wiched between two 7-mm-thick epoxy boards (k =
0.26 W/m-K) that are 15 cm X 20 cm in size. If the thermal
contact conductance on both sides of the copper plate is esti-
mated to be 6000 W/m-K, determine the error involved in the
total thermal resistance of the plate if the thermal contact con-
ductances are ignored.
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Copper

FIGURE P3-50

3-51 Two 5-cm-diameter, 15-cm-long aluminum bars (k =
176 W/m-K) with ground surfaces are pressed against each
other with a pressure of 20 atm. The bars are enclosed in an in-
sulation sleeve and, thus, heat transfer from the lateral surfaces
is negligible. If the top and bottom surfaces of the two-bar sys-
tem are maintained at temperatures of 150°C and 20°C, re-
spectively, determine (a) the rate of heat transfer along the
cylinders under steady conditions and (b) the temperature drop
at the interface. Answers: (a) 142.4 W, (b) 6.4°C

Generalized Thermal Resistance Networks

3-52C What are the two approaches used in the development
of the thermal resistance network for two-dimensional problems?

3-53C The thermal resistance networks can also be used
approximately for multidimensional problems. For what kind
of multidimensional problems will the thermal resistance
approach give adequate results?

3-54C When plotting the thermal resistance network associ-
ated with a heat transfer problem, explain when two resistances
are in series and when they are in parallel.

3-55 A typical section of a building wall is shown in
Fig. P3-55. This section extends in and out of the page and is

0o 1 2 3 4 5
—~— T
Y
LA
LB
I P
FIGURE P3-55
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repeated in the vertical direction. The wall support members
are made of steel (k = 50 W/m-K). The support members are
8 cm (f,3) X 0.5 cm (Lp). The remainder of the inner wall space
is filled with insulation (k = 0.03 W/m-K) and measures 8 cm
(t3) X 60 cm (Lg). The inner wall is made of gypsum board
(k = 0.5 W/m-K) that is 1 cm thick (¢;,) and the outer wall is
made of brick (k = 1.0 W/m-K) that is 10 cm thick (#;,). What
is the average heat flux through this wall when 7; = 20°C and
T, = 35°C?

3-56 A 4-m-high and 6-m-wide wall consists of a long
15-cm X 25-cm cross section of horizontal bricks (k =
0.72 W/m-K) separated by 3-cm-thick plaster layers (k =
0.22 W/m-K). There are also 2-cm-thick plaster layers on each
side of the wall, and a 2-cm-thick rigid foam (k = 0.026
W/m-K) on the inner side of the wall. The indoor and the out-
door temperatures are 22°C and —4°C, and the convection heat
transfer coefficients on the inner and the outer sides are 7, =
10 W/m?-K and h, = 20 W/m?-K, respectively. Assuming one-
dimensional heat transfer and disregarding radiation, determine
the rate of heat transfer through the wall.

Foam
Plaster
ST
: 1.5cm
4
Brick 25 cm
: 1.5cm
Y —_—
SR
FIGURE P3-56
3-57 Reconsider Prob. 3-56. Using EES (or other)

=S software, plot the rate of heat transfer through the
wall as a function of the thickness of the rigid foam in the
range of 1 cm to 10 cm. Discuss the results.

3-58 A 12-m-long and 5-m-high wall is constructed of two
layers of 1-cm-thick sheetrock (k = 0.17 W/m-K) spaced
16 cm by wood studs (k = 0.11 W/m-K) whose cross section
is 16 cm X 5 cm. The studs are placed vertically 60 cm apart,
and the space between them is filled with fiberglass insulation
(k = 0.034 W/m-K). The house is maintained at 20°C and the
ambient temperature outside is —9°C. Taking the heat trans-
fer coefficients at the inner and outer surfaces of the house to
be 8.3 and 34 W/m?-K, respectively, determine (a) the

thermal resistance of the wall considering a representative
section of it and (b) the rate of heat transfer through the wall.

3-59 A 10-cm-thick wall is to be constructed with 2.5-m-
long wood studs (k = 0.11 W/m-K) that have a cross section of
10 cm X 10 cm. At some point the builder ran out of those
studs and started using pairs of 2.5-m-long wood studs that
have a cross section of 5 cm X 10 cm nailed to eachother in-
stead. The manganese steel nails (k = 50 W/m-K) are 10 cm
long and have a diameter of 0.4 cm. A total of 50 nails are used
to connect the two studs, which are mounted to the wall such
that the nails cross the wall. The temperature difference be-
tween the inner and outer surfaces of the wall is 8°C. Assum-
ing the thermal contact resistance between the two layers to be
negligible, determine the rate of heat transfer (a) through a
solid stud and (b) through a stud pair of equal length and width
nailed to each other. (c) Also determine the effective conduc-
tivity of the nailed stud pair.

3-60E A 10-in-thick, 30-ft-long, and 10-ft-high wall is to be
constructed using 9-in-long solid bricks (k = 0.40 Btu/h-ft-°F)
of cross section 7 in X 7 in, or identical size bricks with nine
square air holes (k = 0.015 Btu/h-ft-°F) that are 9 in long and
have a cross section of 1.5 in X 1.5 in. There is a 0.5-in-thick
plaster layer (k = 0.10 Btu/h-ft-°F) between two adjacent
bricks on all four sides and on both sides of the wall. The house
is maintained at 80°F and the ambient temperature outside is
35°F. Taking the heat transfer coefficients at the inner and outer
surfaces of the wall to be 1.5 and 6 Btu/h-ft>-°F, respectively,
determine the rate of heat transfer through the wall constructed
of (a) solid bricks and (b) bricks with air holes.

Air channels
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3-61 Consider a 5-m-high, 8-m-long, and 0.22-m-thick wall
whose representative cross section is as given in the figure. The
thermal conductivities of various materials used, in W/m-K, are
ky = kp = 2, kg = 8, ke = 20, kp, = 15, and k = 35. The left
and right surfaces of the wall are maintained at uniform tem-
peratures of 300°C and 100°C, respectively. Assuming heat



transfer through the wall to be one-dimensional, determine
(a) the rate of heat transfer through the wall; (b) the tempera-
ture at the point where the sections B, D, and E meet; and
(c¢) the temperature drop across the section F. Disregard any
contact resistances at the interfaces.

100°C
\

300°C
1q 1>
Al4cm . F
| B
4cm Vo
Cl 6cm
4 cm /"
lﬂ)‘ Scm | 10cm 6cm|/8m
1
FIGURE P3-61

3-62 Repeat Prob. 3—61 assuming that the thermal contact
resistance at the interfaces D-F and E-F is 0.00012 m?-°C/W.

3-63 Clothing made of several thin layers of fabric with
trapped air in between, often called ski clothing, is commonly
used in cold climates because it is light, fashionable, and a very
effective thermal insulator. So it is no surprise that such cloth-
ing has largely replaced thick and heavy old-fashioned coats.

Consider a jacket made of five layers of 0.15-mm-thick syn-
thetic fabric (k = 0.13 W/m-K) with 1.5-mm-thick air space
(k = 0.026 W/m-K) between the layers. Assuming the inner
surface temperature of the jacket to be 25°C and the surface
area to be 1.25 m?, determine the rate of heat loss through the
jacket when the temperature of the outdoors is 0°C and the heat
transfer coefficient at the outer surface is 25 W/m?-K.

What would your response be if the jacket is made of a sin-
gle layer of 0.75-mm-thick synthetic fabric? What should be
the thickness of a wool fabric (k = 0.035 W/m-K) if the person
is to achieve the same level of thermal comfort wearing a thick
wool coat instead of a five-layer ski jacket?

Multilayered
ski jacket

FIGURE P3-63

3-64 Repeat Prob. 3—63 assuming the layers of the jacket are
made of cotton fabric (k = 0.06 W/m-K).
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3-65 In an experiment to measure convection heat transfer
coefficients, a very thin metal foil of very low emissivity
(e.g., highly polished copper) is attached on the surface of a
slab of material with very low thermal conductivity. The other
surface of the metal foil is exposed to convection heat transfer
by flowing fluid over the foil surface. This setup diminishes
heat conduction through the slab and radiation on the metal foil
surface, while heat convection plays the prominent role. The
slab on which the metal foil is attached to has a thickness of
25 mm and a thermal conductivity of 0.023 W/m-K. In a con-
dition where the surrounding room temperature is 20°C, the
metal foil is heated electrically with a uniform heat flux of
5000 W/m?. If the bottom surface of the slab is 20°C and the
metal foil has an emissivity of 0.02, determine.

(a) The convection heat transfer coefficient if air is flowing
over the metal foil and the surface temperature of the
foil is 150°C.

(b) The convection heat transfer coefficient if water is flow-
ing over the metal foil and the surface temperature of the

foil is 30°C.
Metal foil
£=0.02
— > Tgurr = 20°C

% Fluid, 7., =20°C
D

— Getec = 5000 W/m?

Slab T

L=25mm k = 0.023 Wim K

T~ 1,=20°C
FIGURE P3-65

3-66 A 5-m-wide, 4-m-high, and 40-m-long kiln used to cure

concrete pipes is made of 20-cm-thick concrete walls and ceil-

ing (k = 0.9 W/m-K). The kiln is maintained at 40°C by in-

jecting hot steam into it. The two ends of the kiln, 4 m X 5 m

in size, are made of a 3-mm-thick sheet metal covered with

2-cm-thick Styrofoam (k = 0.033 W/m-K). The convection
Ty =—4°C

40 m

20 cm
<_

5m

FIGURE P3-66



204
STEADY HEAT CONDUCTION

heat transfer coefficients on the inner and the outer surfaces of
the kiln are 3000 W/m?-K and 25 W/m?-K, respectively. Disre-
garding any heat loss through the floor, determine the rate of
heat loss from the kiln when the ambient air is at —4°C.

3-67 Reconsider Prob. 3-66. Using EES (or other)

S software, investigate the effects of the thickness
of the wall and the convection heat transfer coefficient on the
outer surface of the rate of heat loss from the kiln. Let the
thickness vary from 10 cm to 30 cm and the convection heat
transfer coefficient from 5 W/m?-K to 50 W/m?-K. Plot the rate
of heat transfer as functions of wall thickness and the convec-
tion heat transfer coefficient, and discuss the results.

3-68E Consider a 10-in X 12-in epoxy glass laminate (k =
0.10 Btu/h-ft-°F) whose thickness is 0.05 in. In order to reduce
the thermal resistance across its thickness, cylindrical copper
fillings (k = 223 Btu/h-ft-°F) of 0.02 in diameter are to be
planted throughout the board, with a center-to-center distance
of 0.06 in. Determine the new value of the thermal resistance of
the epoxy board for heat conduction across its thickness as a
result of this modification. Answer: 0.000256 h-°F/Btu

]

O O

0.02 in
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Copper filling Epoxyﬁboard
FIGURE P3-68E
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Heat Conduction in Cylinders and Spheres

3-69C What is an infinitely long cylinder? When is it proper
to treat an actual cylinder as being infinitely long, and when is
it not?

3-70C Can the thermal resistance concept be used for a solid
cylinder or sphere in steady operation? Explain.

3-71C Consider a short cylinder whose top and bottom sur-
faces are insulated. The cylinder is initially at a uniform tem-
perature 7; and is subjected to convection from its side surface
to a medium at temperature 7., with a heat transfer coefficient
of h. Is the heat transfer in this short cylinder one- or two-
dimensional? Explain.

3-72  An 8-m-internal-diameter spherical tank made of
1.5-cm-thick stainless steel (k = 15 W/m-K) is used to store
iced water at 0°C. The tank is located in a room whose tem-
perature is 25°C. The walls of the room are also at 25°C. The
outer surface of the tank is black (emissivity € = 1), and heat
transfer between the outer surface of the tank and the sur-
roundings is by natural convection and radiation. The convec-
tion heat transfer coefficients at the inner and the outer
surfaces of the tank are 80 W/m?-K and 10 W/m?-K, respec-
tively. Determine (a) the rate of heat transfer to the iced water
in the tank and (b) the amount of ice at 0°C that melts during
a 24-h period. The heat of fusion of water at atmospheric pres-
sure is hy = 333.7 kl/kg.

FIGURE P3-72

3-73 Steam at 280°C flows in a stainless steel pipe (k =
15 W/m-K) whose inner and outer diameters are 5 cm and
5.5 cm, respectively. The pipe is covered with 3-cm-thick glass
wool insulation (k = 0.038 W/m-K). Heat is lost to the sur-
roundings at 5°C by natural convection and radiation, with a
combined natural convection and radiation heat transfer coeffi-
cient of 22 W/m?-K. Taking the heat transfer coefficient inside
the pipe to be 80 W/m?-K, determine the rate of heat loss from
the steam per unit length of the pipe. Also determine the tem-
perature drops across the pipe shell and the insulation.

3-74 Reconsider Prob. 3-73. Using EES (or other)

=S software, investigate the effect of the thickness of
the insulation on the rate of heat loss from the steam and the
temperature drop across the insulation layer. Let the insulation
thickness vary from 1 cm to 10 cm. Plot the rate of heat loss
and the temperature drop as a function of insulation thickness,
and discuss the results.

3-75 . A 50-m-long section of a steam pipe whose outer

<€’ diameter is 10 cm passes through an open space
at 15°C. The average temperature of the outer surface of the
pipe is measured to be 150°C. If the combined heat transfer co-
efficient on the outer surface of the pipe is 20 W/m?-K, deter-

mine (a) the rate of heat loss from the steam pipe; (b) the



annual cost of this energy lost if steam is generated in a natural
gas furnace that has an efficiency of 75 percent and the price of
natural gas is $0.52/therm (1 therm = 105,500 kJ); and (c) the
thickness of fiberglass insulation (k = 0.035 W/m-K) needed in
order to save 90 percent of the heat lost. Assume the pipe tem-
perature to remain constant at 150°C.

150°C

Fiberglass
insulation

FIGURE P3-75

3-76 Consider a 1.5-m-high electric hot-water heater that has
a diameter of 40 cm and maintains the hot water at 60°C. The
tank is located in a small room whose average temperature is
27°C, and the heat transfer coefficients on the inner and outer
surfaces of the heater are 50 and 12 W/m?-K, respectively. The
tank is placed in another 46-cm-diameter sheet metal tank of
negligible thickness, and the space between the two tanks is
filled with foam insulation (k = 0.03 W/m-K). The thermal re-
sistances of the water tank and the outer thin sheet metal shell

—_———

27°C
/-H T, = 605G

Foam
insulation

FIGURE P3-76
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are very small and can be neglected. The price of electricity is
$0.08/kWh, and the home owner pays $280 a year for water
heating. Determine the fraction of the hot-water energy cost of
this household that is due to the heat loss from the tank.

Hot-water tank insulation kits consisting of 3-cm-thick fiber-
glass insulation (k = 0.035 W/m-K) large enough to wrap the
entire tank are available in the market for about $30. If such an
insulation is installed on this water tank by the home owner
himself, how long will it take for this additional insulation to
pay for itself? Answers: 15.2 percent, 21 months

3-77 Reconsider Prob. 3—-76. Using EES (or other) soft-
S ware, plot the fraction of energy cost of hot water
due to the heat loss from the tank as a function of the hot-water
temperature in the range of 40°C to 90°C. Discuss the results.

3-78 Chilled water enters a thin-shelled 4-cm-diameter, 200-m-
long pipe at 7°C at a rate of 0.98 kg/s and leaves at 8°C. The
pipe is exposed to ambient air at 30°C with a heat transfer co-
efficient of 9 W/m?-K. If the pipe is to be insulated with glass
wool insulation (k = 0.05 W/m-K) in order to decrease the
temperature rise of water to 0.25°C, determine the required
thickness of the insulation.

3-79 Superheated steam at an average temperature 200°C is
transported through a steel pipe (k = 50 W/m-K, D, = 8.0 cm,
D; = 6.0 cm, and L = 20.0 m). The pipe is insulated with a
4-cm thick layer of gypsum plaster (k = 0.5 W/m-K). The in-
sulated pipe is placed horizontally inside a warehouse where
the average air temperature is 10°C. The steam and the air heat
transfer coefficients are estimated to be 800 and 200 W/m?-K,
respectively. Calculate (a) the daily rate of heat transfer from
the superheated steam, and (b) the temperature on the outside
surface of the gypsum plaster insulation.

3-80E Steam at 450°F is flowing through a steel pipe
(k = 8.7 Btu/h-ft-°F) whose inner and outer diameters are 3.5
in and 4.0 in, respectively, in an environment at 55°F. The pipe
is insulated with 2-in-thick fiberglass insulation (kK =
0.020 Btu/h-ft-°F). If the heat transfer coefficients on the inside
and the outside of the pipe are 30 and 5 Btu/h-ft>-°F, respec-
tively, determine the rate of heat loss from the steam per foot
length of the pipe. What is the error involved in neglecting the
thermal resistance of the steel pipe in calculations?

3-81 Hot water at an average temperature of 90°C is flow-
ing through a 15-m section of a cast iron pipe (k =
52 W/m-K) whose inner and outer diameters are 4 cm and
4.6 cm, respectively. The outer surface of the pipe, whose
emissivity is 0.7, is exposed to the cold air at 10°C in the
basement, with a heat transfer coefficient of 15 W/m?-K.
The heat transfer coefficient at the inner surface of the pipe is
120 W/m?-K. Taking the walls of the basement to be at 10°C
also, determine the rate of heat loss from the hot water. Also,
determine the average velocity of the water in the pipe if the
temperature of the water drops by 3°C as it passes through the
basement.
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Steel pipe

/X

Insulation

FIGURE P3-81

3-82 Repeat Prob. 3-81 for a pipe made of copper (k =
386 W/m-K) instead of cast iron.

3-83E Steam exiting the turbine of a steam power plant at
100°F is to be condensed in a large condenser by cooling water
flowing through copper pipes (k = 223 Btu/h-ft-°F) of inner di-
ameter 0.4 in and outer diameter 0.6 in at an average temperature
of 70°F. The heat of vaporization of water at 100°F is
1037 Btu/lbm. The heat transfer coefficients are 2400 Btu/h-ft>-°F
on the steam side and 35 Btu/h-ft>-°F on the water side. Deter-
mine the length of the tube required to condense steam at a rate
of 250 Ibm/h.  Answer: 2380 ft

Steam, 100°F
250 Ibm/h

Cooling
water
3 «——

Liquid water

FIGURE P3-83E

3-84E Repeat Prob. 3-83E, assuming that a 0.01-in-thick
layer of mineral deposit (k = 0.5 Btu/h-ft-°F) has formed on
the inner surface of the pipe.

3-85E Reconsider Prob. 3—83E. Using EES (or other)
=S software, investigate the effects of the thermal
conductivity of the pipe material and the outer diameter of the

pipe on the length of the tube required. Let the thermal con-
ductivity vary from 10 Btu/h-ft-°F to 400 Btu/h-ft-°F and the
outer diameter from 0.5 in to 1.0 in. Plot the length of the tube
as functions of pipe conductivity and the outer pipe diameter,
and discuss the results.

3-86 The boiling temperature of nitrogen at atmospheric
pressure at sea level (1 atm pressure) is —196°C. Therefore, ni-
trogen is commonly used in low-temperature scientific studies
since the temperature of liquid nitrogen in a tank open to the at-
mosphere will remain constant at —196°C until it is depleted.
Any heat transfer to the tank will result in the evaporation of
some liquid nitrogen, which has a heat of vaporization of
198 kJ/kg and a density of 810 kg/m? at 1 atm.

Consider a 3-m-diameter spherical tank that is initially filled
with liquid nitrogen at 1 atm and —196°C. The tank is exposed
to ambient air at 15°C, with a combined convection and radia-
tion heat transfer coefficient of 35 W/m?-K. The temperature of
the thin-shelled spherical tank is observed to be almost the
same as the temperature of the nitrogen inside. Determine the
rate of evaporation of the liquid nitrogen in the tank as a result
of the heat transfer from the ambient air if the tank is (a) not
insulated, (b) insulated with 5-cm-thick fiberglass insulation
(k = 0.035 W/m-K), and (c) insulated with 2-cm-thick
superinsulation which has an effective thermal conductivity of
0.00005 W/m-K.

N, vapor

T, = 15°C T

1 atm
Liquid N,
-196°C

Insulation

FIGURE P3-86

3-87 Repeat Prob. 3-86 for liquid oxygen, which has a
boiling temperature of —183°C, a heat of vaporization of
213 kJ/kg, and a density of 1140 kg/m? at 1 atm pressure.

3-88 A 2.2-mm-diameter and 14-m-long electric wire is
tightly wrapped with a 1-mm-thick plastic cover whose thermal
conductivity is k = 0.15 W/m-K. Electrical measurements indi-
cate that a current of 13 A passes through the wire and there is a



voltage drop of 8 V along the wire. If the insulated wire is ex-
posed to a medium at 7., = 30°C with a heat transfer coefficient
of h = 24 W/m?-K, determine the temperature at the interface
of the wire and the plastic cover in steady operation. Also de-
termine if doubling the thickness of the plastic cover will in-
crease or decrease this interface temperature.

Electrical

T, =30°C
wire

s Insulation

| 14m |

FIGURE P3-88

3-89 In a pharmaceutical plant, a copper pipe (k. =
400 W/m:-K)) with inner diameter of 20 mm and wall thickness
of 2.5 mm is used for carrying liquid oxygen to a storage tank.
The liquid oxygen flowing in the pipe has an average tempera-
ture of —200°C and a convection heat transfer coefficient of
120 W/m?K. The condition surrounding the pipe has an ambi-
ent air temperature of 20°C and a combined heat transfer coef-
ficient of 20 W/m?K. If the dew point is 10°C, determine the
thickness of the insulation (k; = 0.05 W/m-K) around the cop-
per pipe to avoid condensation on the outer surface. Assume
thermal contact resistance is negligible.

Liqg. O,, -200°C
h =120 W/m>K Pipe, k. = 400 W/m-K
Insulation
k;=0.05 W/m-K Surrounding air, 20°C
heombined = 20 W/m*K
Dew point = 10°C
D, =25 mm
< D, >
FIGURE P3-89

Critical Radius of Insulation

3-90C What is the critical radius of insulation? How is it
defined for a cylindrical layer?

3-91C Consider an insulated pipe exposed to the atmos-
phere. Will the critical radius of insulation be greater on calm
days or on windy days? Why?
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3-92C A pipe is insulated to reduce the heat loss from it.
However, measurements indicate that the rate of heat loss
has increased instead of decreasing. Can the measurements be
right?

3-93C Consider a pipe at a constant temperature whose ra-
dius is greater than the critical radius of insulation. Someone
claims that the rate of heat loss from the pipe has increased
when some insulation is added to the pipe. Is this claim
valid?

3-94C A pipe is insulated such that the outer radius of the in-
sulation is less than the critical radius. Now the insulation is
taken off. Will the rate of heat transfer from the pipe increase
or decrease for the same pipe surface temperature?

3-95E A 0.083-in-diameter electrical wire at 90°F is covered
by 0.02-in-thick plastic insulation (k = 0.075 Btu/h-ft-°F). The
wire is exposed to a medium at 50°F, with a combined convec-
tion and radiation heat transfer coefficient of 2.5 Btu/h-ft?-°F.
Determine if the plastic insulation on the wire will increase or
decrease heat transfer from the wire.  Answer: It helps

3-96E Repeat Prob. 3-95E, assuming a thermal contact re-
sistance of 0.001 h-ft?-°F/Btu at the interface of the wire and
the insulation.

3-97 A 4-mm-diameter spherical ball at 50°C is covered by
a I-mm-thick plastic insulation (k = 0.13 W/m-K). The ball is
exposed to a medium at 15°C, with a combined convection and
radiation heat transfer coefficient of 20 W/m?-K. Determine if
the plastic insulation on the ball will help or hurt heat transfer
from the ball.

Plastic
insulation

FIGURE P3-97

3-98 Reconsider Prob. 3-97. Using EES (or other) soft-

S ware, plot the rate of heat transfer from the ball as
a function of the plastic insulation thickness in the range of 0.5
mm to 20 mm. Discuss the results.

Heat Transfer from Finned Surfaces

3-99C Hot air is to be cooled as it is forced to flow through
the tubes exposed to atmospheric air. Fins are to be added in
order to enhance heat transfer. Would you recommend attach-
ing the fins inside or outside the tubes? Why? When would
you recommend attaching fins both inside and outside the
tubes?
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3-100C What is the reason for the widespread use of fins on
surfaces?

3-101C What is the difference between the fin effectiveness
and the fin efficiency?

3-102C The fins attached to a surface are determined to have
an effectiveness of 0.9. Do you think the rate of heat transfer
from the surface has increased or decreased as a result of the
addition of these fins?

3-103C Explain how the fins enhance heat transfer from a
surface. Also, explain how the addition of fins may actually de-
crease heat transfer from a surface.

3-104C How does the overall effectiveness of a finned sur-
face differ from the effectiveness of a single fin?

3-105C Hot water is to be cooled as it flows through the
tubes exposed to atmospheric air. Fins are to be attached in or-
der to enhance heat transfer. Would you recommend attaching
the fins inside or outside the tubes? Why?

3-106C Consider two finned surfaces that are identical ex-
cept that the fins on the first surface are formed by casting or
extrusion, whereas they are attached to the second surface af-
terwards by welding or tight fitting. For which case do you
think the fins will provide greater enhancement in heat trans-
fer? Explain.

3-107C The heat transfer surface area of a fin is equal to the
sum of all surfaces of the fin exposed to the surrounding
medium, including the surface area of the fin tip. Under what
conditions can we neglect heat transfer from the fin tip?

3-108C Does the (a) efficiency and (b) effectiveness of a fin
increase or decrease as the fin length is increased?

3-109C Two pin fins are identical, except that the diameter
of one of them is twice the diameter of the other. For which
fin is the (a) fin effectiveness and () fin efficiency higher?
Explain.

3-110C Two plate fins of constant rectangular cross section
are identical, except that the thickness of one of them is twice
the thickness of the other. For which fin is the () fin effective-
ness and (b) fin efficiency higher? Explain.

3-111C Two finned surfaces are identical, except that the
convection heat transfer coefficient of one of them is twice that
of the other. For which finned surface is the (a) fin effective-
ness and (b) fin efficiency higher? Explain.

3-112 Obtain a relation for the fin efficiency for a fin of
constant cross-sectional area A, perimeter p, length L, and
thermal conductivity k exposed to convection to a medium at
T, with a heat transfer coefficient 4. Assume the fins are suffi-
ciently long so that the temperature of the fin at the tip is
nearly T... Take the temperature of the fin at the base to be 7,
and neglect heat transfer from the fin tips. Simplify the rela-
tion for (a) a circular fin of diameter D and () rectangular fins
of thickness .

h, T,
Tb( k ID=4mm )
L=10cm

FIGURE P3-112

3-113 The case-to-ambient thermal resistance of a power
transistor that has a maximum power rating of 15 W is given to
be 25°C/W. If the case temperature of the transistor is not to
exceed 80°C, determine the power at which this transistor can
be operated safely in an environment at 35°C.

3-114 A 4-mm-diameter and 10-cm-long aluminum fin (k =
237 W/m-K) is attached to a surface. If the heat transfer coeffi-
cient is 12 W/m?-K, determine the percent error in the rate of
heat transfer from the fin when the infinitely long fin assump-
tion is used instead of the adiabatic fin tip assumption.

h, T,
Tb( k ID=4mm )
L=10cm

FIGURE P3-114

3-115 Consider a very long rectangular fin attached to a flat
surface such that the temperature at the end of the fin is essen-
tially that of the surrounding air, i.e. 20°C. Its width is 5.0 cm;
thickness is 1.0 mm; thermal conductivity is 200 W/m-K; and
base temperature is 40°C. The heat transfer coefficient is
20 W/m?-K. Estimate the fin temperature at a distance of 5.0
cm from the base and the rate of heat loss from the entire fin.

3-116 A DC motor delivers mechanical power to a rotating
stainless steel shaft (k = 15.1 W/m-K) with a length of 25 cm and
a diameter of 25 mm. In a surrounding with ambient air tempera-
ture of 20°C and convection heat transfer coefficient of
25 W/m?K, the surface area of the motor housing that is exposed

0, T, Air, 20°C
Ay =0.075 m? h=25W/m*K
0 . T, =22°C
0, ‘
( y
[)
0
=~ = Stainless steel shaft
k=151 W/mK
- DC motor D=25mm, L=25cm
Welee =300 W

FIGURE P3-116



to the ambient air is 0.075 m?. The motor uses 300 W of electri-
cal power and delivers 55% of it as mechanical power to rotate
the stainless steel shaft. If the tip of the stainless steel shaft has a
temperature of 22°C, determine the surface temperature of the
motor housing. Assume the base temperature of the shaft is equal
to the surface temperature of the motor housing.  Answer: 87.7°C.

3-117 Two 4-m-long and 0.4-cm-thick cast iron (k =
52 W/m-K) steam pipes of outer diameter 10 cm are connected
to each other through two 1-cm-thick flanges of outer diameter
18 cm. The steam flows inside the pipe at an average tempera-
ture of 200°C with a heat transfer coefficient of 180 W/m?-K.
The outer surface of the pipe is exposed to an ambient at 12°C,
with a heat transfer coefficient of 25 W/m?K. (a) Disregarding
the flanges, determine the average outer surface temperature of
the pipe. (b) Using this temperature for the base of the flange and
treating the flanges as the fins, determine the fin efficiency and
the rate of heat transfer from the flanges. (¢) What length of pipe
is the flange section equivalent to for heat transfer purposes?

«<— 10 cm —>|

>
O\_/O Flem
=

< 18 cm >

Steam
200°C

FIGURE P3-117

3-118 A 40-W power transistor is to be cooled by attaching
it to one of the commercially available heat sinks shown in

T,

air

=20°C

90°C

| |

FIGURE P3-118
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Table 3-6. Select a heat sink that will allow the case temperature
of the transistor not to exceed 90°C in the ambient air at 20°C.

3-119 A 25-W power transistor is to be cooled by attaching
it to one of the commercially available heat sinks shown in
Table 3—-6. Select a heat sink that will allow the case temperature
of the transistor not to exceed 55°C in the ambient air at 18°C.

3-120 A turbine blade made of a metal alloy (k =
17 W/m-K) has a length of 5.3 cm, a perimeter of 11 cm, and a
cross-sectional area of 5.13 ¢cm?. The turbine blade is exposed
to hot gas from the combustion chamber at 973°C with a con-
vection heat transfer coefficient of 538 W/m?-K. The base of
the turbine blade maintains a constant temperature of 450°C
and the tip is adiabatic. Determine the heat transfer rate to the
turbine blade and temperature at the tip.

=

T

Hot gas, 973°C > >
_ 2 —_—>
h =538 W/m~K > >

N\— Turbine blade
k=17 W/m-K
p=1lcm,L=53cm
A.=5.13 cm?

T, = 450°C
FIGURE P3-120

3-121 Pipes with inner and outer diameters of 50 mm and
60 mm, respectively, are used for transporting superheated va-
por in a manufacturing plant. The pipes with thermal conduc-
tivity of 16 W/m-K are connected together by flanges with
combined thickness of 20 mm and outer diameter of 90 mm.
Air condition surrounding the pipes has a temperature of 25°C
and a convection heat transfer coefficient of 10 W/m2K. If the
inner surface temperature of the pipe is maintained at a con-
stant temperature of 150°C, determine the temperature at the
base of the flange and the rate of heat loss through the flange.

Answers: 148°C, 18W

Air, 25°C
h =10 W/m%K

Dy =90 mm | D; =50 mm

Pipe, k=16 W/m-K

- ke t=20mm

FIGURE P3-121
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3-122 A plane wall with surface temperature of 350°C is at-
tached with straight rectangular fins (k = 235 W/m-K). The
fins are exposed to an ambient air condition of 25°C and the
convection heat transfer coefficient is 154 W/m?K. Each fin
has a length of 50 mm, a base of 5 mm thick and a width of
100 mm. Determine the efficiency, heat transfer rate, and effec-
tiveness of each fin, using (a) Table 3-3 and (b) Figure 3—43.

=

T~

Air, 25°C
h =154 W/m2K

k=235 W/m-K

l«——L=50 mm4>)/
<

X

FIGURE P3-122

3-123 Steam in a heating system flows through tubes whose
outer diameter is 5 cm and whose walls are maintained at a
temperature of 130°C. Circular aluminum alloy 2024-T6 fins
(k = 186 W/m-K) of outer diameter 6 cm and constant thick-
ness 1 mm are attached to the tube. The space between the fins
is 3 mm, and thus there are 250 fins per meter length of the
tube. Heat is transferred to the surrounding air at 7., = 25°C,
with a heat transfer coefficient of 40 W/m?-K. Determine the
increase in heat transfer from the tube per meter of its length as
aresult of adding fins. Answer: 1788 W

2.5cm
3cm
T, =25°C
130°C

1 mm

3 mm

k= f—

FIGURE P3-123

3-124E  Consider a stainless steel spoon (k = 8.7 Btu/h-ft-°F)
partially immersed in boiling water at 200°F in a kitchen at
75°F. The handle of the spoon has a cross section of 0.08 in X
0.5 in, and extends 7 in in the air from the free surface of the
water. If the heat transfer coefficient at the exposed surfaces of
the spoon handle is 3 Btu/h-ft?>-°F, determine the temperature

difference across the exposed surface of the spoon handle.
Answer: 124.6°F

State your assumptions.

Boiling
water
200°F

FIGURE P3-124E

3-125E Repeat Prob. 3-124E for a silver spoon (k =
247 Btu/h-ft-°F).

3-126E Reconsider Prob. 3-124E. Using EES (or

other) software, investigate the effects of the
thermal conductivity of the spoon material and the length of its
extension in the air on the temperature difference across the
exposed surface of the spoon handle. Let the thermal conduc-
tivity vary from 5 Btu/h-ft-°F to 225 Btu/h-ft-°F and the length
from 5 in to 12 in. Plot the temperature difference as the func-
tions of thermal conductivity and length, and discuss
the results.

3-127 A 0.4-cm-thick, 12-cm-high, and 18-cm-long circuit
board houses 80 closely spaced logic chips on one side, each
dissipating 0.04 W. The board is impregnated with copper fill-
ings and has an effective thermal conductivity of 30 W/m-K.
All the heat generated in the chips is conducted across the cir-
cuit board and is dissipated from the back side of the board to
a medium at 40°C, with a heat transfer coefficient of
52 W/m?-K. (a) Determine the temperatures on the two sides of
the circuit board. (b) Now a 0.2-cm-thick, 12-cm-high, and
18-cm-long aluminum plate (k = 237 W/m-K) with 864 2-cm-
long aluminum pin fins of diameter 0.25 cm is attached to the
back side of the circuit board with a 0.02-cm-thick epoxy ad-
hesive (k = 1.8 W/m-K). Determine the new temperatures on
the two sides of the circuit board.

3-128 Repeat Prob. 3—127 using a copper plate with copper
fins (k = 386 W/m-K) instead of aluminum ones.

3-129 A hot surface at 100°C is to be cooled by attaching
3-cm-long, 0.25-cm-diameter aluminum pin fins (k =
237 W/m-K) to it, with a center-to-center distance of 0.6 cm. The
temperature of the surrounding medium is 30°C, and the heat
transfer coefficient on the surfaces is 35 W/m?-K. Determine the
rate of heat transfer from the surface for a 1-m X 1-m section of
the plate. Also determine the overall effectiveness of the fins.



~“3cm

0.6 cm

) 0.25 cm

FIGURE P3-129

3-130 Repeat Prob. 3-129 using copper fins (kK =
386 W/m-K) instead of aluminum ones.

3-131 Reconsider Prob. 3—129. Using EES (or other) soft-
ware, investigate the effect of the center-to-center distance of
the fins on the rate of heat transfer from the surface and the
overall effectiveness of the fins. Let the center-to-center dis-
tance vary from 0.4 cm to 2.0 cm. Plot the rate of heat transfer
and the overall effectiveness as a function of the center-to-
center distance, and discuss the results.

3-132 Circular cooling fins of diameter D = 1 mm and
length L = 30 mm, made of copper (k = 380 W/m-K), are used
to enhance heat transfer from a surface that is maintained at
temperature 7, = 132°C. Each rod has one end attached to this
surface (x = 0), while the opposite end (x = L) is joined to a
second surface, which is maintained at 7, = 0°C. The air flow-
ing between the surfaces and the rods is also at 7., = 0°C, and
the convection coefficient is 7 = 100 W/m*-K.

(a) Express the function 6(x) = T(x) — T,. along a fin, and
calculate the temperature at x = L/2.

FIGURE P3-132
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(b) Determine the rate of heat transferred from the hot sur-
face through each fin and the fin effectiveness. Is the use
of fins justified? Why?

(c¢) What is the total rate of heat transfer from a 10-cm by
10-cm section of the wall, which has 625 uniformly dis-
tributed fins? Assume the same convection coefficient
for the fin and for the unfinned wall surface.

Heat Transfer in Common Configurations

3-133C  What is a conduction shape factor? How is it related
to the thermal resistance?

3-134C What is the value of conduction shape factors in
engineering?

3-135 Hot- and cold-water pipes 12 m long run parallel to
each other in a thick concrete layer. The diameters of both
pipes are 6 cm, and the distance between the centerlines of
the pipes is 40 cm. The surface temperatures of the hot and
cold pipes are 60°C and 15°C, respectively. Taking the thermal
conductivity of the concrete to be k = 0.75 W/m-K, determine
the rate of heat transfer between the pipes. Answer: 555 W

3-136 Reconsider Prob. 3-135. Using EES (or other)

=S software, plot the rate of heat transfer between
the pipes as a function of the distance between the centerlines
of the pipes in the range of 10 cm to 1.0 m. Discuss the results.

3-137E A row of 3-ft-long and 1-in-diameter used uranium
fuel rods that are still radioactive are buried in the ground par-
allel to each other with a center-to-center distance of 8 in at a
depth of 15 ft from the ground surface at a location where the
thermal conductivity of the soil is 0.6 Btu/h-ft-°F. If the surface
temperature of the rods and the ground are 350°F and 60°F,
respectively, determine the rate of heat transfer from the fuel
rods to the atmosphere through the soil.

r60°F

115 ft -y

FIGURE P3-137E

3-138 A 12-m-long and 8-cm-diameter hot-water pipe of a
district heating system is buried in the soil 80 cm below the
ground surface. The outer surface temperature of the pipe is
60°C. Taking the surface temperature of the earth to be 2°C and
the thermal conductivity of the soil at that location to be
0.9 W/m-K, determine the rate of heat loss from the pipe.
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2°C

FIGURE P3-138

3-139 Reconsider Prob. 138. Using EES (or other)

== software, plot the rate of heat loss from the pipe
as a function of the burial depth in the range of 20 cm to 2.0 m.
Discuss the results.

3-140 Hot water at an average temperature of 53°C and an
average velocity of 0.4 m/s is flowing through a 5-m section of
a thin-walled hot-water pipe that has an outer diameter of
2.5 cm. The pipe passes through the center of a 14-cm-thick
wall filled with fiberglass insulation (k = 0.035 W/m-K). If the
surfaces of the wall are at 18°C, determine (a) the rate of heat
transfer from the pipe to the air in the rooms and (b) the tem-
perature drop of the hot water as it flows through this 5-m-long
section of the wall.  Answers: 19.6 W, 0.024°C

- :f\ Hot water
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FIGURE P3-140

3-141 Hot water at an average temperature of 80°C and an
average velocity of 1.5 m/s is flowing through a 25-m section
of a pipe that has an outer diameter of 5 cm. The pipe extends
2 m in the ambient air above the ground, dips into the ground
(k = 1.5 W/m-K) vertically for 3 m, and continues horizontally
at this depth for 20 m more before it enters the next building.
The first section of the pipe is exposed to the ambient air at
5°C, with a heat transfer coefficient of 22 W/m?2-K. If the sur-
face of the ground is covered with snow at —3°C, determine

(a) the total rate of heat loss from the hot water and (b) the tem-
perature drop of the hot water as it flows through this 25-m-
long section of the pipe.

Hot water pipe

FIGURE P3-141
3-142 Consider a house with a flat roof whose outer dimen-
sions are 12 m X 12 m. The outer walls of the house are 6 m
high. The walls and the roof of the house are made of 20-cm-
thick concrete (k = 0.75 W/m-K). The temperatures of the
inner and outer surfaces of the house are 15°C and 3°C,
respectively. Accounting for the effects of the edges of adjoin-
ing surfaces, determine the rate of heat loss from the house
through its walls and the roof. What is the error involved in ig-
noring the effects of the edges and corners and treating the roof

as a 12 m X 12 m surface and the walls as 6 m X 12 m surfaces
for simplicity?

3-143 Consider a 25-m-long thick-walled concrete duct (k =
0.75 W/m-K) of square cross section. The outer dimensions of
the duct are 20 cm X 20 cm, and the thickness of the duct wall
is 2 cm. If the inner and outer surfaces of the duct are at 100°C
and 30°C, respectively, determine the rate of heat transfer
through the walls of the duct.  Answer: 47.1 kW

FIGURE P3-143

3-144 A 3-m-diameter spherical tank containing some ra-
dioactive material is buried in the ground (k = 1.4 W/m-K).
The distance between the top surface of the tank and the
ground surface is 4 m. If the surface temperatures of the tank
and the ground are 140°C and 15°C, respectively, determine
the rate of heat transfer from the tank.



3-145 Reconsider Prob. 3—-144. Using EES (or other)

S software, plot the rate of heat transfer from the
tank as a function of the tank diameter in the range of 0.5 m to
5.0 m. Discuss the results.

3-146 Hot water at an average temperature of 90°C passes
through a row of eight parallel pipes that are 4 m long and have
an outer diameter of 3 cm, located vertically in the middle of a
concrete wall (k = 0.75 W/m-K) that is 4 m high, 8 m long,
and 15 cm thick. If the surfaces of the concrete walls are ex-
posed to a medium at 32°C, with a heat transfer coefficient of
12 W/m?-K, determine the rate of heat loss from the hot water
and the surface temperature of the wall.

Special Topics:
Heat Transfer through the Walls and Roofs

3-147C What is the R-value of a wall? How does it differ
from the unit thermal resistance of the wall? How is it related
to the U-factor?

3-148C What is effective emissivity for a plane-parallel air
space? How is it determined? How is radiation heat transfer
through the air space determined when the effective emissivity
is known?

3-149C The unit thermal resistances (R-values) of both
40-mm and 90-mm vertical air spaces are given in Table 3-9
to be 0.22 m?-C/W, which implies that more than doubling
the thickness of air space in a wall has no effect on heat
transfer through the wall. Do you think this is a typing error?
Explain.

3-150C What is a radiant barrier? What kind of materials are
suitable for use as radiant barriers? Is it worthwhile to use ra-
diant barriers in the attics of homes?

3-151C Consider a house whose attic space is ventilated
effectively so that the air temperature in the attic is the same as
the ambient air temperature at all times. Will the roof still have
any effect on heat transfer through the ceiling? Explain.

3-152 Determine the summer R-value and the U-factor of a
wood frame wall that is built around 38-mm X 140-mm wood
studs with a center-to-center distance of 400 mm. The 140-
mm-wide cavity between the studs is filled with mineral fiber
batt insulation. The inside is finished with 13-mm gypsum
wallboard and the outside with 13-mm wood fiberboard and
13-mm X 200-mm wood bevel lapped siding. The insulated
cavity constitutes 80 percent of the heat transmission area,
while the studs, headers, plates, and sills constitute 20 percent.
Answers: 3.213 m2-K/W, 0.311 W/m2-K

3-153 The 13-mm-thick wood fiberboard sheathing of the
wood stud wall in Prob. 3-152 is replaced by a 25-mm-thick
rigid foam insulation. Determine the percent increase in the
R-value of the wall as a result.
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3-154 The overall heat transfer coefficient (the U-value) of a
wall under winter design conditions is U = 2.25 W/m?-K. Now
a layer of 100-mm face brick is added to the outside, leaving a
20-mm air space between the wall and the bricks. Determine
the new U-value of the wall. Also, determine the rate of heat
transfer through a 3-m-high, 7-m-long section of the wall after
modification when the indoor and outdoor temperatures are
22°C and —25°C, respectively.

N
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wall
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FIGURE P3-154

3-155 Consider a flat ceiling that is built around 38-mm X
90-mm wood studs with a center-to-center distance of 400 mm.
The lower part of the ceiling is finished with 13-mm gypsum
wallboard, while the upper part consists of a wood subfloor
(R = 0.166 m>-°C/W), a 13-mm plywood, a layer of felt (R =
0.011 m?-°C/W), and linoleum (R = 0.009 m?:°C/W). Both
sides of the ceiling are exposed to still air. The air space consti-
tutes 82 percent of the heat transmission area, while the studs
and headers constitute 18 percent. Determine the winter
R-value and the U-factor of the ceiling assuming the 90-mm-
wide air space between the studs (a) does not have any reflec-
tive surface, (b) has a reflective surface with ¢ = 0.05 on one
side, and (c) has reflective surfaces with € = 0.05 on both sides.
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Assume a mean temperature of 10°C and a temperature differ-
ence of 5.6°C for the air space.

FIGURE P3-155

3-156 Determine the winter R-value and the U-factor of a
masonry cavity wall that consists of 100-mm common bricks,
a 90-mm air space, 100-mm concrete blocks made of light-
weight aggregate, 20-mm air space, and 13-mm gypsum wall-
board separated from the concrete block by 20-mm-thick (1-in X
3-in nominal) vertical furring whose center-to-center distance
is 400 mm. Neither side of the two air spaces is coated with any
reflective films. When determining the R-value of the air
spaces, the temperature difference across them can be taken to
be 16.7°C with a mean air temperature of 10°C. The air space
constitutes 84 percent of the heat transmission area, while the
vertical furring and similar structures constitute 16 percent.
Answers: 1.02 m2-°C/W, 0.978 W/m2-K

FIGURE P3-156

3-157 Repeat Prob. 3—156 assuming one side of both air
spaces is coated with a reflective film of & = 0.05.

3-158 Determine the winter R-value and the U-factor of a
masonry wall that consists of the following layers: 100-mm

face bricks, 100-mm common bricks, 25-mm urethane rigid
foam insulation, and 13-mm gypsum wallboard.
Answers: 1.404 m2-°C/W, 0.712 W/m2-K

3-159 The overall heat transfer coefficient (the U-value) of a
wall under winter design conditions is U = 1.40 W/m?-K. De-
termine the U-value of the wall under summer design conditions.

3-160E Determine the winter R-value and the U-factor of a
masonry cavity wall that is built around 4-in-thick concrete
blocks made of lightweight aggregate. The outside is finished
with 4-in face brick with }-in cement mortar between the bricks
and concrete blocks. The inside finish consists of 1-in

ypsum wallboard separated from the concrete block by
z-in-thick (1-in by 3-in nominal) vertical furring whose center-
to-center distance is 16 in. Neither side of the 3-in-thick air
space between the concrete block and the gypsum board is
coated with any reflective film. When determining the
R-value of the air space, the temperature difference across it can
be taken to be 30°F with a mean air temperature of 50°F. The air
space constitutes 80 percent of the heat transmission area, while
the vertical furring and similar structures constitute 20 percent.

FIGURE P3-160E

3-161 Determine the summer and winter R-values, in
m?-°C/W, of a masonry wall that consists of 100-mm face
bricks, 13-mm of cement mortar, 100-mm lightweight concrete
block, 40-mm air space, and 20-mm plasterboard.

Answers: 0.809 and 0.795 m?2-°C/W

3-162E The overall heat transfer coefficient of a wall is de-
termined to be U = 0.075 Btu/h-ft3-F under the conditions of
still air inside and winds of 7.5 mph outside. What will the
U-factor be when the wind velocity outside is doubled?
Answer: 0.0755 Btu/h-ft2-°F

3-163 Two homes are identical, except that the walls of one
house consist of 200-mm lightweight concrete blocks, 20-mm
air space, and 20-mm plasterboard, while the walls of the other
house involve the standard R-2.4 m?-°C/W frame wall con-
struction. Which house do you think is more energy efficient?

3-164 Determine the R-value of a ceiling that consists of a
layer of 19-mm acoustical tiles whose top surface is covered



with a highly reflective aluminum foil for winter conditions.
Assume still air below and above the tiles.
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FIGURE P3-164

Review Problems

3-165 A cylindrical nuclear fuel rod of 15 mm in diameter is
encased in a concentric hollow ceramic cylinder with inner di-
ameter of 35 mm and outer diameter of 110 mm. This created
an air gap between the fuel rod and the hollow ceramic cylin-
der with a convection heat transfer coefficient of 10 W/m?-K.
The hollow ceramic cylinder has a thermal conductivity of
0.07 W/m-K and its outer surface maintains a constant tempera-
ture of 30 °C. If the fuel rod generates heat at a rate of 1 MW/m?,
determine the temperature at the surface of the fuel rod.
Answer: 1026°C

Fuel rod T,
1 MW/m? Air gap, h = 10 W/m>K
Ceramic °
k=0.07 W/m-K I3=30°C
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FIGURE P3-165

3-166 Steam in a heating system flows through tubes whose
outer diameter is 3 cm and whose walls are maintained at a tem-
perature of 120°C. Circular aluminum alloy fins (k =
180 W/m-K) of outer diameter 6 cm and constant thickness r =
2 mm are attached to the tube, as shown in Fig. P3—166. The
space between the fins is 3 mm, and thus there are 200 fins per
meter length of the tube. Heat is transferred to the surrounding
air at 25°C, with a combined heat transfer coefficient of
60 W/m?-K. Determine the increase in heat transfer from the
tube per meter of its length as a result of adding fins.
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3-167E Steam is produced in the copper tubes (k =
223 Btu/h-ft-°F) of a heat exchanger at a temperature of 280°F
by another fluid condensing on the outside surfaces of the tubes
at 350°F. The inner and outer diameters of the tube are 1 in and
1.3 in, respectively. When the heat exchanger was new, the rate
of heat transfer per foot length of the tube was 2 X 10* Btu/h.
Determine the rate of heat transfer per foot length of the tube
when a 0.01-in-thick layer of limestone (k = 1.7 Btu/h-ft-°F)
has formed on the inner surface of the tube after extended use.

3-168E Repeat Prob. 3—167E, assuming that a 0.01-in-thick
limestone layer has formed on both the inner and outer surfaces
of the tube.

3-169 Hot water is flowing at an average velocity of 1.5 m/s
through a cast iron pipe (k = 52 W/m-K) whose inner and
outer diameters are 3 cm and 3.5 cm, respectively. The pipe
passes through a 15-m-long section of a basement whose
temperature is 15°C. If the temperature of the water drops
from 70°C to 67°C as it passes through the basement and the
heat transfer coefficient on the inner surface of the pipe is
400 W/m?-K, determine the combined convection and radia-
tion heat transfer coefficient at the outer surface of the
pipe.  Answer: 272.5 W/m?-K

3-170 Newly formed concrete pipes are usually cured first
overnight by steam in a curing kiln maintained at a temperature
of 45°C before the pipes are cured for several days outside. The
heat and moisture to the kiln is provided by steam flowing in a
pipe whose outer diameter is 12 cm. During a plant inspection,
it was noticed that the pipe passes through a 8-m section that is
completely exposed to the ambient air before it reaches the
kiln. The temperature measurements indicate that the average
temperature of the outer surface of the steam pipe is 90°C when

Tair =8°C
Furnace Kiln
f 90°C
K

—> Steam 12 cm {

A \

/ \- Steam pipe L

| §m .

FIGURE P3-170
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the ambient temperature is 8°C. The combined convection and
radiation heat transfer coefficient at the outer surface of the pipe
is estimated to be 35 W/m?-K. Determine the amount of heat
lost from the steam during a 10-h curing process that night.

Steam is supplied by a gas-fired steam generator that has an
efficiency of 85 percent, and the plant pays $1.20/therm of nat-
ural gas (1 therm = 105,500 kJ). If the pipe is insulated and
90 percent of the heat loss is saved as a result, determine the
amount of money this facility will save a year as a result of in-
sulating the steam pipes. Assume that the concrete pipes are
cured 110 nights a year. State your assumptions.

3-171 Consider an 18-cm X 18-cm multilayer circuit board
dissipating 27 W of heat. The board consists of four layers of
0.2-mm-thick copper (k = 386 W/m-K) and three layers of 1.5-
mm-thick epoxy glass (k = 0.26 W/m-K) sandwiched together,
as shown in the figure. The circuit board is attached to a heat
sink from both ends, and the temperature of the board at those
ends is 35°C. Heat is considered to be uniformly generated in the
epoxy layers of the board at a rate of 0.5 W per 1-cm X 18-cm
epoxy laminate strip (or 1.5 W per 1-cm X 18-cm strip of the
board). Considering only a portion of the board because of sym-
metry, determine the magnitude and location of the maximum
temperature that occurs in the board. Assume heat transfer from
the top and bottom faces of the board to be negligible.
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3-172 The plumbing system of a house involves a 0.5-m sec-
tion of a plastic pipe (k = 0.16 W/m-K) of inner diameter 2 cm
and outer diameter 2.4 cm exposed to the ambient air. During a
cold and windy night, the ambient air temperature remains at
about —5°C for a period of 14 h. The combined convection and
radiation heat transfer coefficient on the outer surface of the

Exposed
water pipe

FIGURE P3-172

pipe is estimated to be 40 W/m2-K, and the heat of fusion of
water is 333.7 kJ/kg. Assuming the pipe to contain stationary
water initially at 0°C, determine if the water in that section of
the pipe will completely freeze that night.

3-173 Repeat Prob. 3—172 for the case of a heat transfer co-
efficient of 18 W/m?-K on the outer surface as a result of
putting a fence around the pipe that blocks the wind.

3-174E The surface temperature of a 3-in-diameter baked
potato is observed to drop from 300°F to 200°F in 5 min in an en-
vironment at 70°F. Determine the average heat transfer coefficient
between the potato and its surroundings. Using this heat transfer
coefficient and the same surface temperature, determine how long
it will take for the potato to experience the same temperature drop
if it is wrapped completely in a 0.12-in-thick towel (k =
0.035 Btu/h-ft-°F). You may use the properties of water for potato.

3-175E  Repeat Prob. 3—174E assuming there is a 0.02-in-thick
air space (k = 0.015 Btu/h-ft-°F) between the potato and the towel.

3-176 A 6-m-wide, 2.8-m-high wall is constructed of one
layer of common brick (k = 0.72 W/m-K) of thickness 20 cm,
one inside layer of light-weight plaster (k = 0.36 W/m-K) of
thickness 1 cm, and one outside layer of cement based cover-
ing (k = 1.40 W/m-K) of thickness 2 cm. The inner surface of
the wall is maintained at 23°C while the outer surface is ex-
posed to outdoors at 8°C with a combined convection and radi-
ation heat transfer coefficient of 17 W/m?-K. Determine the
rate of heat transfer through the wall and temperature drops
across the plaster, brick, covering, and surface-ambient air.

3-177 Reconsider Prob. 3—176. It is desired to insulate the
wall in order to decrease the heat loss by 90 percent. For the
same inner surface temperature, determine the thickness of in-
sulation and the outer surface temperature if the wall is insu-
lated with (a) polyurethane foam (k = 0.025 W/m-K) and
(b) glass fiber (k = 0.036 W/m-K).

3-178 A 0.2-cm-thick, 10-cm-high, and 15-cm-long circuit
board houses electronic components on one side that dissipate
Electronic
components Fin
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FIGURE P3-178



a total of 15 W of heat uniformly. The board is impregnated
with conducting metal fillings and has an effective thermal
conductivity of 12 W/m-K. All the heat generated in the com-
ponents is conducted across the circuit board and is dissipated
from the back side of the board to a medium at 37°C, with a
heat transfer coefficient of 45 W/m?-K. (a) Determine the sur-
face temperatures on the two sides of the circuit board.
(b) Now a 0.1-cm-thick, 10-cm-high, and 15-cm-long alu-
minum plate (k = 237 W/m-K) with 20 0.2-cm-thick, 2-cm-
long, and 15-cm-wide aluminum fins of rectangular profile are
attached to the back side of the circuit board with a 0.03-cm-
thick epoxy adhesive (k = 1.8 W/m-K). Determine the new
temperatures on the two sides of the circuit board.

3-179 Repeat Prob. 3—178 using a copper plate with copper
fins (k = 386 W/m-K) instead of aluminum ones.

3-180 A row of 10 parallel pipes that are 5 m long and have
an outer diameter of 6 cm are used to transport steam at 145°C
through the concrete floor (k = 0.75 W/m-K) of a 10-m X 5-m
room that is maintained at 24°C. The combined convection and
radiation heat transfer coefficient at the floor is 12 W/m?-K. If
the surface temperature of the concrete floor is not to exceed
38°C, determine how deep the steam pipes should be buried
below the surface of the concrete floor.
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24°C
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( 38°C
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3-181 Consider two identical people each generating 60 W
of metabolic heat steadily while doing sedentary work, and
dissipating it by convection and perspiration. The first person
is wearing clothes made of I-mm-thick leather (k =
0.159 W/m-K) that covers half of the body while the second
one is wearing clothes made of 1-mm-thick synthetic fabric
(k = 0.13 W/m-K) that covers the body completely. The ambi-
ent air is at 30°C, the heat transfer coefficient at the outer sur-
face is 15 W/m?-K, and the inner surface temperature of the
clothes can be taken to be 32°C. Treating the body of each per-
son as a 25-cm-diameter, 1.7-m-long cylinder, determine the
fractions of heat lost from each person by perspiration.

3-182 A 4-m-high and 6-m-long wall is constructed of two
large 0.8-cm-thick steel plates (k = 15 W/m-K) separated by
1-cm-thick and 22-cm wide steel bars placed 99 cm apart. The
remaining space between the steel plates is filled with fiber-
glass insulation (kK = 0.035 W/m-K). If the temperature differ-
ence between the inner and the outer surfaces of the walls is
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22°C, determine the rate of heat transfer through the wall. Can
we ignore the steel bars between the plates in heat transfer
analysis since they occupy only 1 percent of the heat transfer
surface area?

Steel plates
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3-183 Cold conditioned air at 12°C is flowing inside a
1.5-cm-thick square aluminum (k = 237 W/m-K) duct of
inner cross section 22 cm X 22 cm at a mass flow rate of
0.8 kg/s. The duct is exposed to air at 33°C with a combined
convection-radiation heat transfer coefficient of 13 W/m?-K.
The convection heat transfer coefficient at the inner surface is
75 W/m?-K. If the air temperature in the duct should not in-
crease by more than 1°C determine the maximum length of the
duct.

3-184 When analyzing heat transfer through windows, it is
important to consider the frame as well as the glass area. Con-
sider a 2-m-wide, 1.5-m-high wood-framed window with
85 percent of the area covered by 3-mm-thick single-pane glass
(k= 0.7 W/m-K). The frame is 5 cm thick, and is made of pine
wood (k = 0.12 W/m-K). The heat transfer coefficient is
7 W/m?-K inside and 13 W/m?-K outside. The room is main-
tained at 24°C, and the outdoor temperature is 40°C. Deter-
mine the percent error involved in heat transfer when the
window is assumed to consist of glass only.

3-185 Steam at 260°C is flowing inside a steel pipe (k =
61 W/m-K) whose inner and outer diameters are 10 cm and
12 cm, respectively, in an environment at 20°C. The heat
transfer coefficients inside and outside the pipe are
120 W/m?-K and 14 W/m?-K, respectively. Determine (a) the
thickness of the insulation (k = 0.038 W/m-K) needed to
reduce the heat loss by 95 percent and (b) the thickness of the
insulation needed to reduce the exposed surface temperature
of insulated pipe to 40°C for safety reasons.

3-186 When the transportation of natural gas in a pipeline is
not feasible for economic or other reasons, it is first liquefied at
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about —160°C, and then transported in specially insulated
tanks placed in marine ships. Consider a 4-m-diameter spheri-
cal tank that is filled with liquefied natural gas (LNG) at
—160°C. The tank is exposed to ambient air at 24°C with a
heat transfer coefficient of 22 W/m?-K. The tank is thin-
shelled and its temperature can be taken to be the same as the
LNG temperature. The tank is insulated with 5-cm-thick super
insulation that has an effective thermal conductivity of
0.00008 W/m-K. Taking the density and the specific heat of
LNG to be 425 kg/m? and 3.475 kJ/kg-°C, respectively, esti-
mate how long it will take for the LNG temperature to rise to
—150°C.

3-187 A 15-cm X 20-cm hot surface at 85°C is to be cooled
by attaching 4-cm-long aluminum (k = 237 W/m-K) fins of
2-mm X 2-mm square cross section. The temperature of sur-
rounding medium is 25°C and the heat transfer coefficient on
the surfaces can be taken to be 20 W/m?-K. If it is desired to
triple the rate of heat transfer from the bare hot surface, deter-
mine the number of fins that needs to be attached.

3-188 @ Reconsider Prob. 3—-187. Using EES (or other)

S software, plot the number of fins as a function of
the increase in the heat loss by fins relative to no fin case (i.e.,
overall effectiveness of the fins) in the range of 1.5 to 5.
Discuss the results. Is it realistic to assume the heat transfer
coefficient to remain constant?

3-189 An agitated vessel is used for heating 500 kg/min of
an aqueous solution at 15°C by saturated steam condensing in
the jacket outside the vessel. The vessel can hold 6200 kg of
the aqueous solution. It is fabricated from 15-mm-thick sheet
of 1.0 percent carbon steel (k = 43 W/m-K), and it provides a
heat transfer area of 12.0 m2. The heat transfer coefficient due
to agitation is 5.5 kW/m?-K, while the steam condensation
at 115°C in the jacket gives a heat transfer coefficient of
10.0 kW/m?-K. All properties of the aqueous solution are com-
parable to those of pure water. Calculate the temperature of the
outlet stream in steady operation.

3-190 A 0.6-m-diameter, 1.9-m-long cylindrical tank con-
taining liquefied natural gas (LNG) at —160°C is placed at the
center of a 1.9-m-long 1.4-m X 1.4-m square solid bar made of
an insulating material with £ = 0.0002 W/m-K. If the outer
surface temperature of the bar is 12°C, determine the rate of
heat transfer to the tank. Also, determine the LNG temperature
after one month. Take the density and the specific heat of LNG
to be 425 kg/m? and 3.475 kJ/kg-°C, respectively.

3-191 A typical section of a building wall is shown in
Fig. P3-191. This section extends in and out of the page and is
repeated in the vertical direction. The wall support members
are made of steel (k = 50 W/m-K). The support members are
8 cm (f,3) X 0.5 cm (Lp). The remainder of the inner wall space
is filled with insulation (k = 0.03 W/m-K) and measures 8 cm
(t53) X 60 cm (Lp). The inner wall is made of gypsum board
(k = 0.5 W/m-K) that is 1 cm thick (#;,) and the outer wall is

made of brick (k = 1.0 W/m-K) that is 10 cm thick (#3,). What
is the temperature on the interior brick surface, 3, when
T, =20°Cand T, = 35°C?
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3-192 A total of 10 rectangular aluminum fins (kK =
203 W/m-K) are placed on the outside flat surface of an elec-
tronic device. Each fin is 100 mm wide, 20 mm high and 4 mm
thick. The fins are located parallel to each other at a center-to-
center distance of 8 mm. The temperature at the outside surface
of the electronic device is 72°C. The air is at 20°C, and the heat
transfer coefficient is 80 W/m?-K. Determine (a) the rate of
heat loss from the electronic device to the surrounding air and
(b) the fin effectiveness.

3-193 One wall of a refrigerated warehouse is 10.0-m-high
and 5.0-m-wide. The wall is made of three layers: 1.0-cm-thick
aluminum (k = 200 W/m-K), 8.0-cm-thick fibreglass (k =
0.038 W/m-K), and 3.0-cm thick gypsum board (k =
0.48 W/m-K). The warehouse inside and outside temperatures
are —10°C and 20°C, respectively, and the average value of
both inside and outside heat transfer coefficients is 40 W/m?>-K.
(a) Calculate the rate of heat transfer across the warehouse
wall in steady operation.
(b) Suppose that 400 metal bolts (k = 43 W/m-K), each
2.0 cm in diameter and 12.0 cm long, are used to fasten
(i.e., hold together) the three wall layers. Calculate the
rate of heat transfer for the “bolted” wall.
(c) What is the percent change in the rate of heat transfer
across the wall due to metal bolts?

3-194 A 2.2-m-diameter spherical steel tank filled with iced
water at 0°C is buried underground at a location where the ther-
mal conductivity of the soil is K = 0.55 W/m-K. The distance
between the tank center and the ground surface is 2.4 m. For
ground surface temperature of 18°C, determine the rate of heat
transfer to the iced water in the tank. What would your answer
be if the soil temperature were 18°C and the ground surface
were insulated?



3-195 A 12-cm-long bar with a square cross-section, as
shown in Fig. P3-195, consists of a 1-cm-thick copper layer
(k = 380 W/m-K) and a 1-cm-thick epoxy composite layer
(k = 0.4 W/m-K). Calculate the rate of heat transfer under a
thermal driving force of 50°C, when the direction of steady one-
dimensional heat transfer is (a) from front to back (i.e., along its
length), (b) from left to right, and (c¢) from top to bottom.
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3-196 A spherical vessel, 3.0 m in diameter (and negligible
wall thickness), is used for storing a fluid at a temperature of
0°C. The vessel is covered with a 5.0-cm-thick layer of an in-
sulation (k = 0.20 W/m-K). The surrounding air is at 22°C.
The inside and outside heat transfer coefficients are 40 and
10 W/m?-K, respectively. Calculate (a) all thermal resistances,
in K/W, (b) the steady rate of heat transfer, and (c¢) the temper-
ature difference across the insulation layer.

3-197 A plane wall with surface temperature of 300°C is
attached with straight aluminum triangular fins (k =
236 W/m-K). The fins are exposed to an ambient air condi-
tion of 25°C and the convection heat transfer coefficient is
25 W/m?-K. Each fin has a length of 55 mm, a base of 4 mm
thick and a width of 110 mm. Using Table 3—4, determine the
efficiency, heat transfer rate, and effectiveness of each fin.

k=236 W/m-K

Air, 25°C
h=25W/m*K

w =110 mm

t:4mmI
L =55mm

FIGURE P3-197

3-198 A plane wall surface at 200°C is to be cooled with alu-
minum pin fins of parabolic profile with blunt tips. Each fin
has a length of 25 mm and a base diameter of 4 mm. The fins
are exposed to an ambient air condition of 25°C and the heat
transfer coefficient is 45 W/m?-K. If the thermal conductivity
of the fins is 230 W/m-K, determine the heat transfer rate from
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a single fin and the increase in the rate of heat transfer per m?
surface area as a result of attaching fins. Assume there are
100 fins per m? surface area.

3-199 Circular fins of uniform cross section, with diameter
of 10 mm and length of 50 mm, are attached to a wall with sur-
face temperature of 350°C. The fins are made of material with
thermal conductivity of 240 W/m-K, and they are exposed to an
ambient air condition of 25°C and the convection heat transfer
coefficient is 250 W/m?-K. Determine the heat transfer rate and
plot the temperature variation of a single fin for the following
boundary conditions:

(a) Infinitely long fin

(b) Adiabatic fin tip

(c) Fin with tip temperature of 250°C

(d) Convection from the fin tip
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FIGURE P3-199

3-200 In a combined heat and power (CHP) generation
process, by-product heat is used for domestic or industrial heat-
ing purposes. Hot steam is carried from a CHP generation plant
by a tube with diameter of 127 mm centered at a square cross-
section solid bar made of concrete with thermal conductivity of
1.7 W/m-K. The surface temperature of the tube is constant at
120°C, while the square concrete bar is exposed to air with
temperature of —5°C and convection heat transfer coefficient of
20 W/m?-K. If the temperature difference between the outer
surface of the square concrete bar and the ambient air is to be
maintained at 5°C, determine the width of the square concrete
bar and the rate of heat loss per meter length.

Answers: 1.32 m, 530 W/m

Air, -5°C
h =20 W/m%K

Concrete bar

T, = 120°C k=17 WmK

FIGURE P3-200
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Fundamentals of Engineering (FE) Exam Problems

3-201 Heat is lost at a rate of 275 W per m? area of a 15-cm-
thick wall with a thermal conductivity of K = 1.1 W/m-K. The
temperature drop across the wall is

(a) 37.5°C  (b)27.5°C  (c¢) 16.0°C  (d) 8.0°C
(e) 4.0°C
3-202 Consider a wall that consists of two layers, A and B,

with the following values: k, = 1.2 W/m'K, L, = 8 cm, kz =
0.2W/m-K, Ly = 5 cm. If the temperature drop across the wall
is 18°C, the rate of heat transfer through the wall per unit area
of the wall is
(a) 56.8 W/m?
(d) 201 W/m?

(b) 72.1 W/m?
(e) 270 W/m?

(¢) 114 W/m?

3-203 A plane furnace surface at 150°C covered with 1-cm-
thick insulation is exposed to air at 30°C, and the combined heat
transfer coefficient is 25 W/m?-K. The thermal conductivity of
insulation is 0.04 W/m-K. The rate of heat loss from the surface
per unit surface area is
(@)35W (b)414 W
(d) 480 W (e) 128 W

(c) 300 W

3-204 Heat is generated steadily in a 3-cm-diameter spheri-
cal ball. The ball is exposed to ambient air at 26°C with a heat
transfer coefficient of 7.5 W/m?2-K. The ball is to be covered
with a material of thermal conductivity 0.15 W/m-K. The
thickness of the covering material that will maximize heat gen-
eration within the ball while maintaining ball surface tempera-
ture constant is

(a) 0.5 cm (b) 1.0 cm (¢) 1.5cm
(d) 2.0 cm (e)2.5cm
3-205 Consider a 1.5-m-high and 2-m-wide triple pane win-

dow. The thickness of each glass layer (k = 0.80 W/m-K) is
0.5 cm, and the thickness of each air space (k = 0.025 W/m-K)
is 1.2 cm. If the inner and outer surface temperatures of the
window are 10°C and 0°C, respectively, the rate of heat loss
through the window is
(a)34W (b) 102 W
d) 61.7TW (e) 86.8 W

(c)30.7W

3-206 Consider a furnace wall made of sheet metal at an av-
erage temperature of 800°C exposed to air at 40°C. The com-
bined heat transfer coefficient is 200 W/m?-K inside the
furnace, and 80 W/m?-K outside. If the thermal resistance of
the furnace wall is negligible, the rate of heat loss from the fur-
nace per unit surface area is

(@) 48.0 kW/m? (b) 213 kW/m?

(d) 151 kW/m? (e) 43.4 kW/m?

(c) 91.2 kW/m>

3-207 Consider a jacket made of 5 layers of 0.1-mm-thick
cotton fabric (k = 0.060 W/m-K) with a total of 4 layers of
1-mm-thick air space (k = 0.026 W/m-K) in between. Assum-
ing the inner surface temperature of the jacket is 25°C and the

surface area normal to the direction of heat transfer is 1.1 m?,
determine the rate of heat loss through the jacket when the tem-
perature of the outdoors is 0°C and the heat transfer coefficient
on the outer surface is 18 W/m?-K.
(a)6 W (b) 115W
(d) 287 W (e) 170 W

() 126 W

3-208 Consider two metal plates pressed against each other.
Other things being equal, which of the measures below will
cause the thermal contact resistance to increase?

(a) Cleaning the surfaces to make them shinier.

(b) Pressing the plates against each other with a greater force.

(c) Filling the gab with a conducting fluid.

(d) Using softer metals.

(e) Coating the contact surfaces with a thin layer of soft

metal such as tin.

3-209 A 10-m-long 8-cm-outer-radius cylindrical steam pipe
is covered with 3-cm thick cylindrical insulation with a thermal
conductivity of 0.05 W/m-K. If the rate of heat loss from the
pipe is 1000 W, the temperature drop across the insulation is
(a) 58°C (b) 101°C (c) 143°C
(d) 282°C (e) 600°C

3-210 Steam at 200°C flows in a cast iron pipe (k = 80 W/m-K)
whose inner and outer diameters are D; = 0.20 m and D, =
0.22 m, respectively. The pipe is covered with 2-cm-thick glass
wool insulation (k = 0.05 W/m-K). The heat transfer coeffi-
cient at the inner surface is 75 W/m?-K. If the temperature at
the interface of the iron pipe and the insulation is 194°C, the
temperature at the outer surface of the insulation is

(a)32°C (b) 45 °C (c)51°C
(d) 75 °C (e) 100 °C

3-211 A 5-m-diameter spherical tank is filled with liquid
oxygen (p = 1141 kg/m?3, ¢, = 1.71 kJ/kg-°C) at —184°C. It is
observed that the temperature of oxygen increases to —183°C
in a 144-hour period. The average rate of heat transfer to the
tank is
(a) 124 W
(d) 348 W

(b) 185 W
(e) 421 W

(c)246 W

3-212 A 2.5 m-high, 4-m-wide, and 20-cm-thick wall of a
house has a thermal resistance of 0.025°C/W. The thermal con-
ductivity of the wall is
(a) 0.8 Wm-K (b)) 1.2 W/m-K
(d) 52W/m-K (e) 8.0 Wm-K

(c) 3.4 W/m-K

3-213 Consider two walls, A and B, with the same surface ar-
eas and the same temperature drops across their thicknesses.
The ratio of thermal conductivities is k,/kz; = 4 and the ratio of
the wall thicknesses is L,/Ly; = 2. The ratio of heat transfer
rates through the walls 0,/Qy is

@05 B1 (©2 (@4 (8



3-214 A hot plane surface at 100°C is exposed to air at 25°C
with a combined heat transfer coefficient of 20 W/m?-K. The
heat loss from the surface is to be reduced by half by covering
it with sufficient insulation with a thermal conductivity of
0.10 W/m-K. Assuming the heat transfer coefficient to remain
constant, the required thickness of insulation is

(a) 0.1 cm (b) 0.5 cm (c)1.0cm
(d) 2.0cm (e) 5cm
3-215 Consider a 4.5-m-long, 3.0-m-high, and 0.22-m-thick

wall made of concrete (k = 1.1 W/m-K). The design tempera-
tures of the indoor and outdoor air are 24°C and 3°C, respec-
tively, and the heat transfer coefficients on the inner and outer
surfaces are 10 and 20 W/m?-K. If a polyurethane foam insula-
tion (k = 0.03 W/m-K) is to be placed on the inner surface of
the wall to increase the inner surface temperature of the wall to
22°C, the required thickness of the insulation is

(a) 3.3cm (b)3.0cm (c)2.7cm

(d) 2.4 cm (e) 2.1 cm

3-216 Steam at 200°C flows in a cast iron pipe (k =
80 W/m-K) whose inner and outer diameters are D; = 0.20 m
and D, = 0.22 m. The pipe is exposed to room air at 35°C. The
heat transfer coefficients at the inner and outer surfaces of the
pipe are 90 and 20 W/m?-K, respectively. The pipe is to be cov-
ered with glass wool insulation (k = 0.05 W/m-K) to decrease
the heat loss from the stream by 90 percent. The required thick-
ness of the insulation is

(a) 1.2 cm (b)2.0cm

(d) 3.4cm (e)4.0 cm

(c)2.8cm

3-217 A 50-cm-diameter spherical tank is filled with iced
water at 0°C. The tank is thin-shelled and its temperature can
be taken to be the same as the ice temperature. The tank is ex-
posed to ambient air at 20°C with a heat transfer coefficient
of 12 W/m?-K. The tank is to be covered with glass wool in-
sulation (k = 0.05 W/m-K) to decrease the heat gain to the
iced water by 90 percent. The required thickness of the insu-
lation is

(a) 4.6 cm

(d) 25.0cm

3-218 A room at 20°C air temperature is loosing heat to the
outdoor air at 0°C at a rate of 1000 W through a 2.5-m-high and
4-m-long wall. Now the wall is insulated with 2-cm thick insu-
lation with a conductivity of 0.02 W/m-K. Determine the rate of
heat loss from the room through this wall after insulation. As-
sume the heat transfer coefficients on the inner and outer sur-
face of the wall, the room air temperature, and the outdoor air
temperature to remain unchanged. Also, disregard radiation.

(a) 20W (b) 561 W (c) 388 W

(d) 167TW (e) 200 W

3-219 A l-cm-diameter, 30-cm-long fin made of aluminum
(k = 237 W/m-K) is attached to a surface at 80°C. The surface
is exposed to ambient air at 22°C with a heat transfer coeffi-

(b) 6.7 cm
(e) 29.6 cm

(c) 8.3 cm
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cient of 18 W/m?-K. If the fin can be assumed to be very long,
the rate of heat transfer from the fin is

() 20W b)32W (c)44W
(d) 55W (e) 6.0 W
3-220 A l-cm-diameter, 30-cm-long fin made of aluminum

(k = 237 W/m-K) is attached to a surface at 80°C. The surface
is exposed to ambient air at 22°C with a heat transfer coeffi-
cient of 11 W/m?-K. If the fin can be assumed to be very long,
its efficiency is

(a) 0.60 (b) 0.67 (c) 0.72
@ 0.77 (e) 0.88
3-221 A hot surface at 80°C in air at 20°C is to be cooled by

attaching 10-cm-long and 1-cm-diameter cylindrical fins. The
combined heat transfer coefficient is 30 W/m?-K, and heat
transfer from the fin tip is negligible. If the fin efficiency is
0.75, the rate of heat loss from 100 fins is

(a) 325W (b) 707 W (c) 566 W

(d) 424 W (e) 7154 W

3-222 A cylindrical pin fin of diameter 1 cm and length 5 cm
with negligible heat loss from the tip has an effectiveness of 15.
If the fin base temperature is 280°C, the environment tempera-
ture is 20°C, and the heat transfer coefficient is 65 W/m?-K, the
rate of heat loss from this fin is

(a) 20W (b) 48 W (c) 156 W
(d) 398 W (e) 418 W
3-223 A cylindrical pin fin of diameter 0.6 cm and length of

3 cm with negligible heat loss from the tip has an efficiency of
0.7. The effectiveness of this fin is

(a) 0.3 () 0.7 (c)2 38 (e) 14

3-224 A 3-cm-long, 2-mm X 2-mm rectangular cross-
section aluminum fin (k = 237 W/m-K) is attached to a sur-
face. If the fin efficiency is 65 percent, the effectiveness of this
single fin is

(a) 39 (b) 30

3-225 Aluminum square pin fins (k = 237 W/m-K) of 3-cm-
long, 2 mm X 2 mm cross-section with a total number of
150 are attached to an 8-cm-long, 6-cm-wide surface. If the fin
efficiency is 78 percent, the overall fin effectiveness for the sur-
face is
(a)3.4

24 (@18 (o7

(b)4.2 (c)5.5 (d) 6.7 (e) 8.4
3-226 Two finned surfaces with long fins are identical, ex-
cept that the convection heat transfer coefficient for the first
finned surface is twice that of the second one. What statement
below is accurate for the efficiency and effectiveness of the
first finned surface relative to the second one?

(a) Higher efficiency and higher effectiveness

(b) Higher efficiency but lower effectiveness

(c) Lower efficiency but higher effectiveness

(d) Lower efficiency and lower effectiveness

(e) Equal efficiency and equal effectiveness
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3-227 A 20-cm-diameter hot sphere at 120°C is buried in the
ground with a thermal conductivity of 1.2 W/m-K. The dis-
tance between the center of the sphere and the ground surface
is 0.8 m and the ground surface temperature is 15°C. The rate
of heat loss from the sphere is
(a) 169 W (b)20W
(d)312W (e) 1.8W

(c)217TW

3-228 A 25-cm-diameter, 2.4-m-long vertical cylinder con-
taining ice at 0°C is buried right under the ground. The cylin-
der is thin-shelled and is made of a high thermal conductivity
material. The surface temperature and the thermal conductivity
of the ground are 18°C and 0.85 W/m-K respectively. The rate
of heat transfer to the cylinder is
(@)372W (b) 632 W
(d) 480 W (e) 1210 W

(c) 158 W

3-229 Hot water (c, = 4.179 kJ/kg-K) flows through a
80-m-long PVC (k = 0.092 W/m-K) pipe whose inner diame-
ter is 2 cm and outer diameter is 2.5 cm at a rate of 1 kg/s, en-
tering at 40°C. If the entire interior surface of this pipe is
maintained at 35°C and the entire exterior surface at 20°C, the
outlet temperature of water is
(a) 35°C (b) 36°C
(d) 38°C (e) 39°C

(c) 37°C

3-230 The walls of a food storage facility are made of a
2-cm-thick layer of wood (k = 0.1 W/m-K) in contact with a
5-cm-thick layer of polyurethane foam (k = 0.03 W/m-K).
If the temperature of the surface of the wood is —10°C and
the temperature of the surface of the polyurethane foam is
20°C, the temperature of the surface where the two layers are
in contact is
(a) —7°C
(d) 8°C
3-231 Heat transfer rate through the wall of a circular tube

with convection acting on the outer surface is given per unit of
its length by

(b) —2°C
(e) 11°C

(c)3°C

. 2nL(T—T,)

9= 77N 1
In(r,/r;

n(rjr) 1

k r.h

where i refers to the innertube surface and o the outer
tube surface. Increasing r, will reduce the heat transfer as
long as

(@r,<k/h  (b)r,=kih
(c) r,>k/n d) r,> 2k/h
(e) Increasing r, will always reduce the heat transfer.

3-232 A typical section of a building wall is shown in
Fig. P3-232. This section extends in and out of the page and is

repeated in the vertical direction. The correct thermal resis-
tance circuit for this wall is

(@) Ryza
Rip Ry
0o 1 2 3 4 5
T, Ts —_.— T
Rysp
) Ryza
Ry1 Rpp Ryy Rys
Ty Ts
Rysp Ly
(© Ry Ryzy
Ry
Ty Ts
Ry Rysp vis
(d) R12 R23A
THL e
To Ts FIGURE P3-232
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(e) None of them

3-233 The 700 m? ceiling of a building has a thermal resis-
tance of 0.52 m?-K/W. The rate at which heat is lost through
this ceiling on a cold winter day when the ambient tempera-
ture is —10°C and the interior is at 20°C is

(a) 23.1 kW (b) 40.4 kW (c) 55.6 kW

(d) 68.1 kW  (e) 88.6 kW

3-234 A 1-m-inner-diameter liquid-oxygen storage tank at a
hospital keeps the liquid oxygen at 90 K. The tank consists of
a 0.5-cm-thick aluminum (kK = 170 W/m-K) shell whose exte-
rior is covered with a 10-cm-thick layer of insulation
(k = 0.02 W/m-K). The insulation is exposed to the ambient air
at 20°C and the heat transfer coefficient on the exterior side of
the insulation is 5 W/m?-K. The rate at which the liquid oxygen
gains heat is

(a) 141 W

(d) 201 W

(b) 176 W
(e) 221 W

(c) 181 W

3-235 A 1-m-inner-diameter liquid-oxygen storage tank at a
hospital keeps the liquid oxygen at 90 K. The tank consists of
a 0.5-cm-thick aluminum (k = 170 W/m-K) shell whose exte-
rior is covered with a 10-cm-thick layer of insulation (k =
0.02 W/m-K). The insulation is exposed to the ambient air at
20°C and the heat transfer coefficient on the exterior side of the
insulation is 5 W/m?-K. The temperature of the exterior surface
of the insulation is

(a) 13°C

(d) —3°C

(b) 9°C
(e) —12°C

(c) 2°C



3-236 The fin efficiency is defined as the ratio of the actual
heat transfer from the fin to
(a) The heat transfer from the same fin with an adiabatic
tip
(b) The heat transfer from an equivalent fin which is infi-
nitely long
(c) The heat transfer from the same fin if the temperature
along the entire length of the fin is the same as the base
temperature
(d) The heat transfer through the base area of the same fin
(e) None of the above

3-237 Computer memory chips are mounted on a finned
metallic mount to protect them from overheating. A 152 MB
memory chip dissipates 5 W of heat to air at 25°C. If the tem-
perature of this chip is to not exceed 60°C, the overall heat
transfer coefficient—area product of the finned metal mount
must be at least

(a) 0.14 W/°C  (b) 0.20 W/°C

(d) 0.48 W/°C (e) 0.76 W/°C

(c) 0.32 W/°C

3-238 In the United States, building insulation is specified
by the R-value (thermal resistance in h-ft>-°F/Btu units).
A home owner decides to save on the cost of heating
the home by adding additional insulation in the attic. If
the total R-value is increased from 15 to 25, the home owner
can expect the heat loss through the ceiling to be reduced
by

(a) 25% (D) 40% (c) 50%

(d) 60% (e) 15%

3-239 Coffee houses frequently serve coffee in a paper cup
that has a corrugated paper jacket surrounding the cup like that
shown here. This corrugated jacket:
(a) Serves to keep the coffee hot.
(b) Increases the coffee-to-surrounding thermal resistance.
(c) Lowers the temperature where the hand clasps the cup.
(d) All of the above.
(e) None of the above.

FIGURE P3-239

3-240 A triangular shaped fin on a motorcycle engine is
0.5-cm thick at its base and 3-cm long (normal distance
between the base and the tip of the triangle), and is made of
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aluminum (k = 150 W/m-K). This fin is exposed to air with a
convective heat transfer coefficient of 30 W/m?-K acting on
its surfaces. The efficiency of the fin is 75 percent. If the fin
base temperature is 130°C and the air temperature is 25°C,
the heat transfer from this fin per unit width is

(a) 32 W/m (b) 57 W/m (c) 102 W/m

(d) 124 W/m  (e) 142 W/m

3-241 A plane brick wall (k = 0.7 W/m-K) is 10 cm thick.
The thermal resistance of this wall per unit of wall area is

(@) 0.143 m>-K/W (b) 0.250 m>-K/W

(¢) 0.327 m*K/W (d) 0.448 m>-K/W

(e) 0.524 m>-K/W

Design and Essay Problems

3-242 The temperature in deep space is close to absolute
zero, which presents thermal challenges for the astronauts who
do space walks. Propose a design for the clothing of the astro-
nauts that will be most suitable for the thermal environment in
space. Defend the selections in your design.

3-243 In the design of electronic components, it is very de-
sirable to attach the electronic circuitry to a substrate material
that is a very good thermal conductor but also a very effective
electrical insulator. If the high cost is not a major concern, what
material would you propose for the substrate?

3-244 Using cylindrical samples of the same material, devise
an experiment to determine the thermal contact resistance.
Cylindrical samples are available at any length, and the thermal
conductivity of the material is known.

3-245 Find out about the wall construction of the cabins of
large commercial airplanes, the range of ambient conditions
under which they operate, typical heat transfer coefficients on
the inner and outer surfaces of the wall, and the heat genera-
tion rates inside. Determine the size of the heating and air-
conditioning system that will be able to maintain the cabin
at 20°C at all times for an airplane capable of carrying
400 people.

3-246 Repeat Prob. 3—245 for a submarine with a crew of 60
people.

3-247 A house with 200-m? floor space is to be heated with
geothermal water flowing through pipes laid in the ground un-
der the floor. The walls of the house are 4 m high, and there are
10 single-paned windows in the house that are 1.2 m wide and
1.8 m high. The house has R-19 (in h-ft>-°F/Btu) insulation in
the walls and R-30 on the ceiling. The floor temperature is not
to exceed 40°C. Hot geothermal water is available at 90°C, and
the inner and outer diameter of the pipes to be used are
2.4 cm and 3.0 cm. Design such a heating system for this house
in your area.
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3-248 Using a timer (or watch) and a thermometer, conduct
this experiment to determine the rate of heat gain of your
refrigerator. First, make sure that the door of the refrigerator
is not opened for at least a few hours to make sure that steady
operating conditions are established. Start the timer when the
refrigerator stops running and measure the time A¢, it stays
off before it kicks in. Then measure the time A, it stays on.
Noting that the heat removed during Az, is equal to the heat
gain of the refrigerator during At, + Az, and using the power

consumed by the refrigerator when it is running, determine
the average rate of heat gain for your refrigerator, in watts.
Take the COP (coefficient of performance) of your refrigera-
tor to be 1.3 if it is not available.

Now, clean the condenser coils of the refrigerator and re-
move any obstacles on the way of airflow through the coils. By
replacing these measurements, determine the improvement in
the COP of the refrigerator.





