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Preface

This manual is prepared as an aide to the instructors in correcting homework assignments, but
it can also be used as a source of additional example problems for use in the classroom. With
this in mind, all solutions are prepared in full detail in a systematic manner, using a word
processor with an equation editor. The solutions are structured into the following sections to
make it easy to locate information and to follow the solution procedure, as appropriate:

Solution - The problem is posed, and the quantities to be found are stated.
Assumptions - The significant assumptions in solving the problem are stated.
Properties-  The material properties needed to solve the problem are listed.
Analysis - The problem is solved in a systematic manner, showing all steps.

Discussion -  Comments are made on the results, as appropriate.

A sketch is included with most solutions to help the students visualize the physical problem,
and also to enable the instructor to glance through several types of problems quickly, and to
make selections easily.

Problems designated with the CD icon in the text are also solved with
the EES software, and electronic solutions ‘%€ complete with parametric studies
are available on the CD that accompanies the text. Comprehensive problems designated with
the computer-EES icon [pick one of the four given] are solved using the EES software, and
their solutions are placed at the Instructor Manual section of the Online Learning Center
(OLC) at www.mhhe.com/cengel. Access to solutions is limited to instructors only who
adopted the text, and instructors may obtain their passwords for the OLC by contacting their
McGraw-Hill Sales Representative at http://www.mhhe.com/catalogs/rep/.

Every effort is made to produce an error-free Solutions Manual. However, in a text of
this magnitude, it is inevitable to have some, and we will appreciate hearing about them. We
hope the text and this Manual serve their purpose in aiding with the instruction of Heat
Transfer, and making the Heat Transfer experience of both the instructors and students a
pleasant and fruitful one.

We acknowledge, with appreciation, the contributions of numerous users of the first
edition of the book who took the time to report the errors that they discovered. All of their
suggestions have been incorporated. Special thanks are due to Dr. Mehmet Kanoglu who
checked the accuracy of most solutions in this Manual.

Yunus A. Cengel

July 2002


http://www.mhhe.com/cengel�
http://www.mhhe.com/catalogs/rep/�

Chapter 1 Basics of Heat Transfer

Chapter 1
BASICS OF HEAT TRANSFER

Thermodynamics and Heat Transfer

1-1C Thermodynamics deals with the amount of heat transfer as a system undergoes a process from one
equilibrium state to another. Heat transfer, on the other hand, deals with the rate of heat transfer as well as
the temperature distribution within the system at a specified time.

1-2C (a) The driving force for heat transfer is the temperature difference. (b) The driving force for electric
current flow is the electric potential difference (voltage). (a) The driving force for fluid flow is the pressure
difference.

1-3C The caloric theory is based on the assumption that heat is a fluid-like substance called the "caloric"
which is a massless, colorless, odorless substance. It was abandoned in the middle of the nineteenth
century after it was shown that there is no such thing as the caloric.

1-4C The rating problems deal with the determination of the heat transfer rate for an existing system at a
specified temperature difference. The sizing problems deal with the determination of the size of a system in
order to transfer heat at a specified rate for a specified temperature difference.

1-5C The experimental approach (testing and taking measurements) has the advantage of dealing with the
actual physical system, and getting a physical value within the limits of experimental error. However, this
approach is expensive, time consuming, and often impractical. The analytical approach (analysis or
calculations) has the advantage that it is fast and inexpensive, but the results obtained are subject to the
accuracy of the assumptions and idealizations made in the analysis.

1-6C Modeling makes it possible to predict the course of an event before it actually occurs, or to study
various aspects of an event mathematically without actually running expensive and time-consuming
experiments. When preparing a mathematical model, all the variables that affect the phenomena are
identified, reasonable assumptions and approximations are made, and the interdependence of these
variables are studied. The relevant physical laws and principles are invoked, and the problem is formulated
mathematically. Finally, the problem is solved using an appropriate approach, and the results are
interpreted.

1-7C The right choice between a crude and complex model is usually the simplest model which yields
adequate results. Preparing very accurate but complex models is not necessarily a better choice since such
models are not much use to an analyst if they are very difficult and time consuming to solve. At the
minimum, the model should reflect the essential features of the physical problem it represents.
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Chapter 1 Basics of Heat Transfer

Heat and Other Forms of Energy

1-8C The rate of heat transfer per unit surface area is called heat flux (. It is related to the rate of heat

transfer by Q = I gdA .
A

1-9C Energy can be transferred by heat, work, and mass. An energy transfer is heat transfer when its
driving force is temperature difference.

1-10C Thermal energy is the sensible and latent forms of internal energy, and it is referred to as heat in
daily life.

1-11C For the constant pressure case. This is because the heat transfer to an ideal gas is mC,AT at constant
pressure and mC,AT at constant volume, and C, is always greater than C,.

1-12 A cylindrical resistor on a circuit board dissipates 0.6 W of power. The amount of heat dissipated in
24 h, the heat flux, and the fraction of heat dissipated from the top and bottom surfaces are to be
determined.

Assumptions Heat is transferred uniformly from all surfaces.

Analysis (a) The amount of heat this resistor dissipates during a 24-hour period is
Q=0QAt=(0.6 W)(24 h)=14.4 Wh=51.84 kJ (since I Wh=3600 Ws = 3.6 kJ) Q

Resistor

+ (0.4 cm)(1.5cm) = 0.251+1.885 = 2.136 cm 0.6 W

(b) The heat flux on the surface of the resistor is

D? DL =2 7(0.4 cm)?

A =2

de = Q. &Wz =0.2809 W/cm?2
A, 2.136cm
(c) Assuming the heat transfer coefficient to be uniform, heat transfer is proportional to the
surface area. Then the fraction of heat dissipated from the top and bottom surfaces of the
resistor becomes

Qtop—base _ Atop—base _ 0251

Qootal Al 2136

Discussion Heat transfer from the top and bottom surfaces is small relative to that transferred from the side
surface.

=0.118 or (11.8%)
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1-13E A logic chip in a computer dissipates 3 W of power. The amount heat dissipated in 8 h and the heat
flux on the surface of the chip are to be determined.

Assumptions Heat transfer from the surface is uniform.
Analysis (a) The amount of heat the chip dissipates during an 8-hour period is

Q = QAt = (3 W)(8 h) =24 Wh =0.024 KWh Logic chip Q —3W

(b) The heat flux on the surface of the chip is 7
. L
G =2 =3V _375Wiin?
A;  0.08in

|_|

1-14 The filament of a 150 W incandescent lamp is 5 cm long and has a diameter of 0.5 mm. The heat flux
on the surface of the filament, the heat flux on the surface of the glass bulb, and the annual electricity cost
of the bulb are to be determined.

Assumptions Heat transfer from the surface of the filament and the bulb of the lamp is uniform .

Analysis (a) The heat transfer surface area and the heat flux on the surface of the filament are

A, = DL = 7(0.05 cm)(5 cm) = 0.785 cm? 0
o) 150 W ) 6 2 Lamp

=< """ _-191W/em? =1.91x10°% W/m
O = A T 0785 0m? 150 W

(b) The heat flux on the surface of glass bulb is
A, =D? = z(8 cm)? =201.1cm?

4o =2 - sz =0.75 W/em” = 7500 W/m?

A;  201.1cm

(¢) The amount and cost of electrical energy consumed during a one-year period is
Electricity Consumption = QAt = (0.15 kW)(365x8 h/ yr) = 438 kWh/yr

Annual Cost = (438 kWh/ yr)($0.08 / kWh) = $35.04 / yr

1-15 A 1200 W iron is left on the ironing board with its base exposed to the air. The amount of heat the
iron dissipates in 2 h, the heat flux on the surface of the iron base, and the cost of the electricity are to be
determined.

Assumptions Heat transfer from the surface is uniform.

Analysis (a) The amount of heat the iron dissipates during a 2-h period is lzl(r)(())nw
Q =QAt = (12 kW)(2 h) = 2.4 KWh .
(b) The hgat flux on the surface of the iron base is ::
Qpase = (0.9)(1200 W) = 1080 W s
_ Qbase _ 1080 W —>

q = 72,000 W /m?

Apese 0015 m?
(c) The cost of electricity consumed during this period is
Cost of electricity = (2.4 kWh) x ($0.07 / kWh) = $0.17
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1-16 A 15 cm x 20 cm circuit board houses 120 closely spaced 0.12 W logic chips. The amount of heat
dissipated in 10 h and the heat flux on the surface of the circuit board are to be determined.

Assumptions 1 Heat transfer from the back surface of the board is negligible. 2 Heat transfer from the front
surface is uniform.

Analysis (a) The amount of heat this circuit board dissipates during a 10-h period is
Q=(120)(0.12W) =144 W Chips,
0.12W

Q = QAt = (0.0144 kW)(10h) = 0.144 kWh Q

(b) The heat flux on the surface of the circuit board is
A, =(0.15m)(0.2m) = 0.03m?

Q 144w 15cm

A 00 — =480 W/m?
s .03 m

S

—>
20 cm
1-17 An aluminum ball is to be heated from 80°C to 200°C. The amount of heat that needs to be
transferred to the aluminum ball is to be determined.

Assumptions The properties of the aluminum ball are constant.

Properties The average density and specific heat of aluminum are

. _ 3 _ o
given to be p = 2,700 kg/m” and C, =0.90 kJ/kg.°C. Metal

Analysis The amount of energy added to the ball is simply the change in its ball
internal energy, and is determined from

Epoe = AU =mC(T, = T)
where

m=pV = % pD3 = %(2700 ke / m*)(0.15 m)® = 4.77 ke E
Substituting,

Epone = (477 kg)(0.90 kJ / kg.2 C)(200-80)° C = 515 kJ

Therefore, 515 kJ of energy (heat or work such as electrical energy) needs to be
transferred to the aluminum ball to heat it to 200°C.

1-18 The body temperature of a man rises from 37°C to 39°C during strenuous exercise. The resulting
increase in the thermal energy content of the body is to be determined.

Assumptions The body temperature changes uniformly.

Properties The average specific heat of the human body is given to be 3.6
kl/kg.°C.

Analysis The change in the sensible internal energy content of the body as a
result of the body temperature rising 2°C during strenuous exercise is
AU = mCAT = (70 kg)(3.6 kJ/kg.°C)(2°C) =504 kJ
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1-19 An electrically heated house maintained at 22°C experiences infiltration losses at a rate of 0.7 ACH.
The amount of energy loss from the house due to infiltration per day and its cost are to be determined.

Assumptions 1 Air as an ideal gas with a constant specific heats at room temperature. 2 The volume
occupied by the furniture and other belongings is negligible. 3 The house is maintained at a constant
temperature and pressure at all times. 4 The infiltrating air exfiltrates at the indoors temperature of 22°C.

Properties The specific heat of air at room temperature is C, = 1.007 kl/kg.°C (Table A-15).

Analysis The volume of the air in the house is
V = (floor space)(height) = (200 m?)(3 m) = 600 m?

Noting that the infiltration rate is 0.7 ACH (air changes per hour) and /\

thus the air in the house is completely replaced by the outdoor air
0.7x24 = 16.8 times per day, the mass flow rate of air through the / \
house due to infiltration is 22°C
. 0.7 ACH
= Povair — l:)0 (ACHXVhouse) 1 5 AIR g5
' RT, RT, 5°C

_ (89.6kPa)(16.8x600m” / day)
(0.287 kPa.m?/kg.K)(5+273.15K)

=11,314 kg/day

Noting that outdoor air enters at 5°C and leaves at 22°C, the energy loss of this house per day is

Qinfllt = n:]aircp (Tindoors - Toutdoors )
= (11,314 ke/day)(1.007 kJ/kg.°C)(22 — 5)°C = 193,681 kJ/day = 53.8 KWh/day

At a unit cost of $0.082/kWh, the cost of this electrical energy lost by infiltration is
Enegy Cost = (Energy used)(Unit cost of energy) = (53.8 kWh/day)($0.082/kWh) = $4.41/day
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1-20 A house is heated from 10°C to 22°C by an electric heater, and some air escapes through the cracks as
the heated air in the house expands at constant pressure. The amount of heat transfer to the air and its cost
are to be determined.

Assumptions 1 Air as an ideal gas with a constant specific heats at room temperature. 2 The volume
occupied by the furniture and other belongings is negligible. 3 The pressure in the house remains constant
at all times. 4 Heat loss from the house to the outdoors is negligible during heating. 5 The air leaks out at
22°C.

Properties The specific heat of air at room temperature is C, = 1.007 /\
kJ/kg.°C (Table A-15).

Analysis The volume and mass of the air in the house are / 2000 \
V = (floor space)(height) = (200 m2)(3 m) = 600 m3 Looc /
3 ——> ——>
M L (101.3 kPa)(600 m?) _ 7479 ke AIR
RT (0287 kPa.m?/ kg.K)(10+273.15 K)

Noting that the pressure in the house remains constant during heating, the amount of heat that must be
transferred to the air in the house as it is heated from 10 to 22°C is determined to be

Q=mC, (T, ~T,) = (747.9 kg)(1.007 kJ/kg.°C)(22 ~ 10)°C = 9038 kJ

Noting that 1 kWh = 3600 kJ, the cost of this electrical energy at a unit cost of $0.075/kWh is
Enegy Cost = (Energy used)(Unit cost of energy) = (9038 /3600 kWh)($0.075/kWh) = $0.19

Therefore, it will cost the homeowner about 19 cents to raise the temperature in his house from 10 to 22°C.

1-21E A water heater is initially filled with water at 45°F. The amount of energy that needs to be
transferred to the water to raise its temperature to 140°F is to be determined.

Assumptions 1 Water is an incompressible substance with constant specific heats at room temperature. 2
No water flows in or out of the tank during heating.

Properties The density and specific heat of water are given to be 62 Ibm/ft’ and 1.0 Btu/Ibm.°F.
Analysis The mass of water in the tank is

3
) 49731bm
7.48 gal

m = pV = (62 Ibm/ft> )(60 gal)(

Then, the amount of heat that must be transferred to the water in the
tank as it is heated from 45 t0140°F is determined to be
Q=mC(T, —T,) =(497.3 1bm)(1.0 Btw/Ibm.°F)(140—45)°F = 47,250 Btu

The First Law of Thermodynamics

1-22C Warmer. Because energy is added to the room air in the form of electrical work.

1-23C Warmer. If we take the room that contains the refrigerator as our system, we will see that electrical
work is supplied to this room to run the refrigerator, which is eventually dissipated to the room as waste
heat.
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1-24C Mass flow rate m is the amount of mass flowing through a cross-section per unit time whereas the
volume flow rate V is the amount of volume flowing through a cross-section per unit time. They are
related to each other by m= pV where p is density.

1-25 Two identical cars have a head-on collusion on a road, and come to a complete rest after the crash.
The average temperature rise of the remains of the cars immediately after the crash is to be determined.

Assumptions 1 No heat is transferred from the cars. 2 All the kinetic energy of cars is converted to thermal
energy.

Properties The average specific heat of the cars is given to be 0.45 kJ/kg.°C.

Analysis We take both cars as the system. This is a closed system since it involves a fixed amount of mass
(no mass transfer). Under the stated assumptions, the energy balance on the system can be expressed as

Ein - Eout = AEsystem
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
0= AUcars + AKEcars

0= (MCAT) . +[m(0-V?)/2]

That is, the decrease in the kinetic energy of the cars must be equal to the increase in their internal energy.
Solving for the velocity and substituting the given quantities, the temperature rise of the cars becomes

2 2 2
_mv?/2 _V?/2 _(90,000/3600 mis) /2( 1k/kg ):0_690(;

cars

AT

mC C 0.45kJ/kg.°C 1000 m?2/s2

1-26 A classroom is to be air-conditioned using window air-conditioning units. The cooling load is due to
people, lights, and heat transfer through the walls and the windows. The number of 5-kW window air
conditioning units required is to be determined.

Assumptions There are no heat dissipating equipment (such as computers, TVs, or ranges) in the room.
Analysis The total cooling load of the room is determined from

Qcooling = Qlights + Qpeople + Qheat gain

where
Qlights =10x100 W =1kW Room '
. 15,000 kJ/h > 40 people = Quoul
Qpeople =40x360kJ/h =14,400 kJ/h = 4kW 10 bulbs

Qheatgain =15,000 kJ/h =4.17 kW

Substituting, ~ Qquefing = 1+4+4.17 =9.17 kW

Thus the number of air-conditioning units required is
9.17 kW

—————=1.83—— 2 units
5 kW/unit
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1-27E The air in a rigid tank is heated until its pressure doubles. The volume of the tank and the amount of
heat transfer are to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ape = Ake = 0. 3 Constant specific heats at room temperature can be used for air. This assumption results

in negligible error in heating and air-conditioning applications.

Properties The gas constant of air is R = 0.3704 psia.ft’/lbm.R = 0.06855 Btu/lbm.R (Table A-1).

Analysis (a) We take the air in the tank as our system. This is a closed system since no mass enters or
leaves. The volume of the tank can be determined from the ideal gas relation,

v = RT, (201bm)(0.3704psia - ft>/Ibm - R)(80+ 460R)

= : — 80.0ft®
P, 50psia
(b) Under the stated assumptions and observations, the energy balance becomes
Ein - Eout = AEsystem
— —_—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Qin =AU ——Qy =m(u, —u) =mC, (T, = T))

The final temperature of air is
P

V_RV -y ooi(s40r)=1080R
T T R
The specific heat of air at the average temperature of T,,. = (540+1080)/2= 810 R = 350°F is
Cyave = Cpave —R =0.2433 - 0.06855 = 0.175 Btu/lbm.R. Substituting,
Q = (20 Ibm)( 0.175 Btu/lbm.R)(1080 - 540) R = 1890 Btu

Air
20 Ibm
50 psia

80°F

1-8



Chapter 1 Basics of Heat Transfer

1-28 The hydrogen gas in a rigid tank is cooled until its temperature drops to 300 K. The final pressure in
the tank and the amount of heat transfer are to be determined.

Assumptions 1 Hydrogen is an ideal gas since it is at a high temperature and low pressure relative to its
critical point values of -240°C and 1.30 MPa. 2 The kinetic and potential energy changes are negligible,

Ake = Ape = 0.
Properties The gas constant of hydrogen is R = 4.124 kPa.m’/kg.K (Table A-1).

Analysis (a) We take the hydrogen in the tank as our system. This is a closed system since no mass enters
or leaves. The final pressure of hydrogen can be determined from the ideal gas relation,

PV PV T K
Rl DL AN P, = 2 P = &(250 kPa) =178.6 kPa
T, T, T, 420K
(b) The energy balance for this system can be expressed as
Ein - Eout = AEsystem
D —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
—Qout =AU
Qout =—AU =-m(u, —u;) =mC, (T, - T,) H,
h 250 kPa
where 420 K
PV 250 kPa)(1.0 m*
me Y _ ( 33)( m’) —0.1443 kg “~
RT, (4.124 kPa-m>/kg-K)(420 K) Q

Using the C, (=C, — R) = 14.516 — 4.124 = 10.392 kJ/kg.K value at the average temperature of 360 K and
substituting, the heat transfer is determined to be

Quout = (0.1443 kg)(10.392 kJ/kg-K)(420 - 300)K = 180.0 kJ
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1-29 A resistance heater is to raise the air temperature in the room from 7 to 25°C within 20 min. The
required power rating of the resistance heater is to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0. 3 Constant specific heats at room temperature can be used for air. This assumption results
in negligible error in heating and air-conditioning applications. 4 Heat losses from the room are negligible.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). Also, C, = 1.007 kJ/kg-K for air
at room temperature (Table A-15).

Analysis We observe that the pressure in the room remains constant during this process. Therefore, some
air will leak out as the air expands. However, we can take the air to be a closed system by considering the
air in the room to have undergone a constant pressure expansion process. The energy balance for this
steady-flow system can be expressed as

E,—E AE

in — Mout system
%,—/
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
We,in _Wb = AU
Wein = AH = m(h, —h,) = mC, (T, -T))
or,
W, At = MCp ave(T, = T)) yd AxSx6
The mass of air is 7°C
-
V =4x5x6=120m3 AIR
PV (100 kPa)(120 m3) We
=1 _ 3kg —<—

RT,  (0.287 kPa-m?*/kg-K)(280K)
Using C, value at room temperature, the power rating of the heater becomes

Wq i = (149.3 kg)(1.007 ki/kg-" C)(25—7)° C/(15% 60 s) = 3.01 KW
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1-30 A room is heated by the radiator, and the warm air is distributed by a fan. Heat is lost from the room.
The time it takes for the air temperature to rise to 20°C is to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0. 3 Constant specific heats at room temperature can be used for air, C, = 1.007 and C, =

0.720 kJ/kg K. This assumption results in negligible error in heating and air-conditioning applications. 4
The local atmospheric pressure is 100 kPa.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). Also, C, = 1.007 kJ/kg K for air
at room temperature (Table A-15).

Analysis We take the air in the room as the system. This is a closed system since no mass crosses the
system boundary during the process. We observe that the pressure in the room remains constant during this
process. Therefore, some air will leak out as the air expands. However we can take the air to be a closed
system by considering the air in the room to have undergone a constant pressure process. The energy
balance for this system can be expressed as

Ehn—Eot = AE stem
Net energy transfer  Change in iternal, Kinetic,
by heat, work, and mass potential, etc. energies
Qin +Wejin =Wo = Qoue = AU 5,000 kJ/h
(Qin +Wejn ~ Qou )AL = AH =m(h, —h) =mCy (T, - T)) /
The mass of air is ROOM
V =4x5%x7 =140 m3
_RV _ (100 kPa)(140 m3) _imaks mx Smox 7m
RT, (0.287 kPa-m3/kg-K)(283 K) e
Using the C,, value at room temperature, 10,000 kJ/h
[(10 000 — 5000)/3600 kJ/s+0.1 kJ/s]At =(172.4 kg)(1.007 kakg °( )(i —10)°C
It yields <o
At=1163s
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1-31 A student living in a room turns his 150-W fan on in the morning. The temperature in the room when
she comes back 10 h later is to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0. 3 Constant specific heats at room temperature can be used for air. This assumption results
in negligible error in heating and air-conditioning applications. 4 All the doors and windows are tightly
closed, and heat transfer through the walls and the windows is disregarded.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). Also, C, = 1.007 kJ/kg'K for air
at room temperature (Table A-15) and C, =C, — R =0.720 kJ/kg-K.

Analysis We take the room as the system. This is a closed system since the doors and the windows are said
to be tightly closed, and thus no mass crosses the system boundary during the process. The energy balance
for this system can be expressed as

E,—-E AE

in — Mout system
%,—/
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies (insulated)
W, ;, = AU ROOM

We,in =m(u, —u)) =mC, (T, -T))
The mass of air is
V =4x6x6=144 m3
RV (100 kPa)(144 m3)
TRT, (0.287 kPa-m3 / kg-K)(288 K)

dmx6mx6m

=1742 kg

The electrical work done by the fan is
W, = W,At = (0.15kJ /s)(10 x 3600 s) = 5400 kJ

Substituting and using C, value at room temperature,
5400 kJ = (174.2 kg)(0.720 kJ/kg.°C)(T, - 15)°C
T,=58.1°C
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1-32E A paddle wheel in an oxygen tank is rotated until the pressure inside rises to 20 psia while some
heat is lost to the surroundings. The paddle wheel work done is to be determined.

Assumptions 1 Oxygen is an ideal gas since it is at a high temperature and low pressure relative to its
critical point values of -181°F and 736 psia. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0. 3 The energy stored in the paddle wheel is negligible. 4 This is a rigid tank and thus its
volume remains constant.

Properties The gas constant of oxygen is R = 0.3353 psia.ft’/Ibm.R = 0.06206 Btu/[bm.R (Table A-1E).

Analysis We take the oxygen in the tank as our system. This is a closed system since no mass enters or
leaves. The energy balance for this system can be expressed as

Ein - Eout - AEsystem
R —_—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

pr,in - Qout =AU

pr,in = Qout +M(U; =) = Qg +MC, (T, = Ty) 0,
The final temperature and the number of moles of oxygen are 14;)5’1:51‘1
. 20 Btu
e
V_RV By o 20p8 Ry m 35w -
T, T, ] 14.7 psia
; 3
_RV _ (14.7 psia)(10 ft3) 0812 Ibm

RT,  (0.3353 psia- ft3 / Ibmol - R)(540 R)

The specific heat ofoxygen at the average temperature of T,,. = (735+540)/2= 638 R = 178°F is
Cyave = C, —R=0.2216-0.06206 = 0.160 Btu/lbm.R. Substituting,
Wowin = (20 Btu) + (0.812 1bm)(0160 Btu/lbm.R)(735 - 540) Btu/Ibmol = 45.3 Btu

Discussion Note that a “cooling” fan actually causes the internal temperature of a confined space to rise. In
fact, a 100-W fan supplies a room as much energy as a 100-W resistance heater.

1-33 It is observed that the air temperature in a room heated by electric baseboard heaters remains constant
even though the heater operates continuously when the heat losses from the room amount to 7000 kJ/h. The
power rating of the heater is to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0. 3 We the temperature of the room remains constant during this process.

Analysis We take the room as the system. The energy balance in this case reduces to

Ein - Eout = AEsystem
S —
Net energy transfer  Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
We,in - Qout =AU =0
We,in = Qout
since AU = mC,AT = 0 for isothermal processes of ideal gases. Thus,
. : kW
Wi = =7000kJ/h| ————— |=1.94 KW
ein = Qo [3600kJ/h]

AIR
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1-34 A hot copper block is dropped into water in an insulated tank. The final equilibrium temperature of the
tank is to be determined.

Assumptions 1 Both the water and the copper block are incompressible substances with constant specific
heats at room temperature. 2 The system is stationary and thus the kinetic and potential energy changes are
zero, AKE = APE =0 and AE = AU . 3 The system is well-insulated and thus there is no heat transfer.

Properties The specific heats of water and the copper block at room temperature are C, waer = 4.18
klJ/kg-°C and C,, ¢, = 0.386 kl/kg-°C (Tables A-3 and A-9).

Analysis We observe that the volume of a rigid tank is constant We take the entire contents of the tank,
water + copper block, as the system. This is a closed system since no mass crosses the system boundary
during the process. The energy balance on the system can be expressed as

E,—E = AE

in — “out system
W—J
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
0=AU
or, AUcy + AU yarer =0

[mC(T, —T))lgy +[MC(T, —T) yaer =0

water

Using specific heat values for copper and liquid water at room temperature ari
(50 kg)(0.386 kJ/kg - °C)(T, —70)°C + (80 kg)(4.18 kJ/kg - °C)(T, —25)°C =0

T,=27.5°C

1-35 An iron block at 100°C is brought into contact with an aluminum block at 200°C in an insulated
enclosure. The final equilibrium temperature of the combined system is to be determined.

Assumptions 1 Both the iron and aluminum block are incompressible substances with constant specific
heats. 2 The system is stationary and thus the kinetic and potential energy changes are zero,
AKE = APE =0 and AE = AU . 3 The system is well-insulated and thus there is no heat transfer.
Properties The specific heat of iron is given in Table A-3 to be 0.45 kJ/kg.°C, which is the value at room
temperature. The specific heat of aluminum at 450 K (which is somewhat below 200°C = 473 K) is 0.973
kl/kg.°C.
Analysis We take the entire contents of the enclosure iron + aluminum blocks, as the system. This is a
closed system since no mass crosses the system boundary during the process. The energy balance on the
system can be expressed as

E,-E = AE

v L
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

0=AU
+AUA1 :0
+[mC(T2 -T )]Al =0

in — “out system

AU iron
or, [mc(T, -T,)]
Substituting,
(20 kg)(0.450 kJ / kg=C)(T, —100)°C + (20 kg)(0.973 kJ / kg=C)(T, — 200)-C = 0
T,=168 °C

1-36 An unknown mass of iron is dropped into water in an insulated tank while being stirred by a 200-W
paddle wheel. Thermal equilibrium is established after 25 min. The mass of the iron is to be determined.

iron

Assumptions 1 Both the water and the iron block are incompressible substances with constant specific
heats at room temperature. 2 The system is stationary and thus the kinetic and potential energy changes are
zero, AKE = APE =0 and AE = AU . 3 The system is well-insulated and thus there is no heat transfer.
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Properties The specific heats of water and the iron block at room temperature are C,, waer = 4.18 kl/kg-°C
and C,, jron = 0.45 kl/kg-°C (Tables A-3 and A-9). The density of water is given to be 1000 kg/m’.

Analysis We take the entire contents of the tank, water + iron block, as the system. This is a closed system
since no mass crosses the system boundary during the process. The energy balance on the system can be
expressed as

Ein - Eout = AEsystem
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies WATER
pr,in = AU
or, pr,in = AUiron +AU water
Wow
pr,in = [mC(TZ _Tl )]iron + [mC(T2 _Tl )]water "

where
My e = AV = (1000 kg/ m?)(0.08 m*) = 80 kg
W, =W, At = (0.2 kJ /s)(25x 60's) = 300 kJ

Using specific heat values for iron and liquid water and substituting,
(300kJ) =m,,, (0.45 kJ/kg - °C)(27 —90)°C + (80 kg)(4.18 kJ/kg-°C)(27 -20)°C =0

1ron
Miron = 72.1 Kg
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1-37E A copper block and an iron block are dropped into a tank of water. Some heat is lost from the tank to
the surroundings during the process. The final equilibrium temperature in the tank is to be determined.
Assumptions 1 The water, iron, and copper blocks are incompressible substances with constant specific
heats at room temperature. 2 The system is stationary and thus the kinetic and potential energy changes are
zero, AKE = APE =0 and AE =AU .
Properties The specific heats of water, copper, and the iron at room temperature are C, waer = 1.0
Btu/lbm-°F, C,, copper = 0.092 Btu/lbm-°F, and C,, o, = 0.107 Btw/Ibm-°F (Tables A-3E and A-9E).
Analysis We take the entire contents of the tank, water + iron + copper blocks, as the system. This
is a closed system since no mass crosses the system boundary during the process. The energy balance on the
system can be expressed as

Ei,—E = AE

in out system
%,—/
Net energy transfer Change in internal, kinetic, WATER
by heat, work, and mass potential, etc. energies

_Qout =AU =AU copper +AU iron + AUwater .

or - Qout = [mC(TZ _Tl )]copper + [mC(TZ _Tl )]iron + [mC(TZ _Tl )]water -

Using specific heat values at room temperature for simplicity and
substituting,

—600Btu = (901bm)(0.092Btu/Ibm - °F)(T, —160)°F + (501bm)(0.107Btw/lbm - °F)(T, — 200)°F
+(1801bm)(1.0Btw/Ibm - °F)(T, — 70)°F

T,=743°F

‘ 600 kJ
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1-38 A room is heated by an electrical resistance heater placed in a short duct in the room in 15 min while
the room is losing heat to the outside, and a 200-W fan circulates the air steadily through the heater duct.
The power rating of the electric heater and the temperature rise of air in the duct are to be determined..

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0. 3 Constant specific heats at room temperature can be used for air. This assumption results
in negligible error in heating and air-conditioning applications. 3 Heat loss from the duct is negligible. 4
The house is air-tight and thus no air is leaking in or out of the room.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). Also, C, = 1.007 kJ/kg'K for air
at room temperature (Table A-15) and C, = C, — R =0.720 kJ/kg-K.

Analysis (a) We first take the air in the room as the system. This is a constant volume closed system since
no mass crosses the system boundary. The energy balance for the room can be expressed as

Ei,—E = AE

in out system
S —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Wein +Weanin — Qoue = AU
(Wi +Wegpin = Qoue )AL = M(U, —y) =mC, (T, = Ty)
The total mass of air in the room is
V =5x6x8m’ =240m’
PV (98kpa)(z40m3 )

m= =
RT,  (0.287kPa - m*/kg - K J288K)

200 kJ/min

= 284.6kg

Then the power rating of the electric heater is determined to be
Wc,in = Qout _Wfan,in + va (TZ _Tl )/At
=(200/60kJ/s)—(0.2kJ/s )+ (284.6kg )(0.720 ki/kg - °C)(25 —15PC/(15x 60s) = 5.41 KW

(b) The temperature rise that the air experiences each time it passes through the heater is determined by
applying the energy balance to the duct,

Ein =E
We,in +Wfan,in + rhhl = Qout
We,in +Wfan,in =mAh = meAT

out

0 mh, (since Ake = Ape = 0)

Thus,

AT = Wein +Wianin _ (5.41+0.2)kl/s 670
mcC, (50/60kg/s(1.007 k/kg-K)
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1-39 The resistance heating element of an electrically heated house is placed in a duct. The air is moved by
a fan, and heat is lost through the walls of the duct. The power rating of the electric resistance heater is to
be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0. 3 Constant specific heats at room temperature can be used for air. This assumption results
in negligible error in heating and air-conditioning applications.

Properties The specific heat of air at room temperature is C, = 1.007 kJ/kg-°C (Table A-15).

Analysis We take the heating duct as the system. This is a control volume since mass crosses the system
boundary during the process. We observe that this is a steady-flow process since there is no change with
time at any point and thus Amqy =0 and AE.y =0. Also, there is only one inlet and one exit and thus

m, =m, =m. The energy balance for this steady-flow system can be expressed in the rate form as

: - . 20 (steady) _ - _FE
Ein - Eout AEsystem =0 - Ein - Eout
|y —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

We,in +Wfan,in + mhl = Qout

We,in = Qout _Wfan,in + me(TZ _Tl)

+mh, (since Ake = Ape = 0)

Substituting, the power rating of the heating element is determined to be
W, i, = (0.25kW)—(0.3kW)+(0.6 kg/s {1.007kJ/kg - °C)(5°C)
=2.97 kW
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1-40 Air is moved through the resistance heaters in a 1200-W hair dryer by a fan. The volume flow rate of
air at the inlet and the velocity of the air at the exit are to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0. 3 Constant specific heats at room temperature can be used for air. 4 The power consumed
by the fan and the heat losses through the walls of the hair dryer are negligible.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). Also, C, =1.007 kJ/kg-K for air
at room temperature (Table A-15).

Analysis (a) We take the hair dryer as the system. This is a control volume since mass crosses the system
boundary during the process. We observe that this is a steady-flow process since there is no change with
time at any point and thus Amg, =0 and AE.y =0, and there is only one inlet and one exit and thus

m, =m, =m. The energy balance for this steady-flow system can be expressed in the rate form as

. . . 0 (stead . .
Ein - Eout = AEsystcm (steady) =0 - Ein = Eout
— [N —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
We,in +Wfan,in7|0 +mh, = Q-out7|0 +mh, (since Ake = Ape = 0) e
. «—
Wein = me(TZ -T) T,=47°C P, =100 kPa
' Ay =60 cm’ T, =22°C
Thus,
W, 1.2kJ/
M=—"" = ° = 0.04767 ke/s
C,(T,-T,) (1.007 ki/kg-°C)47-22FC
W, = 1200 W
Then,
RT, (0.287kPa-m’/kg-K |295K
v =" _ a:m g K | ) 0.8467m* ke
P (100kPa)

V, =i, =(0.04767 kg/s)(0.8467m3/kg): 0.0404m>/s
(b) The exit velocity of air is determined from the conservation of mass equation,

RT, (0287 kPa-m*/kg-K)(320 K)

v, = =0.9184 m’/kg
P, (100 kPa)
mv 0.04767 kg/s)(0.9187 m>/k
h=— AV, v, =M RIOINET L) _ 7 30 s
Vv, A, 60x10"" m
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1-41 The ducts of an air heating system pass through an unheated area, resulting in a temperature drop of
the air in the duct. The rate of heat loss from the air to the cold environment is to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0. 3 Constant specific heats at room temperature can be used for air. This assumption results

in negligible error in heating and air-conditioning applications.
Properties The specific heat of air at room temperature is C, = 1.007 klJ/kg-°C (Table A-15).

Analysis We take the heating duct as the system. This is a control volume since mass crosses the system
boundary during the process. We observe that this is a steady-flow process since there is no change with
time at any point and thus Amqy =0 and AE.y =0. Also, there is only one inlet and one exit and thus

m, =m, =m. The energy balance for this steady-flow system can be expressed in the rate form as

. . _ - 20 (steady) _ - _F
Ein - Eout - AEsystem =0 - Ein - Eout
R
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass . potential, etc. energies 120 kg /min AIR
mh;, = Quy: +Mh, (since Ake = Ape = 0) \\
Qout = me(Tl - T2) Q

Substituting,
Qou =MC ,AT = (120kg/min }1.007kJ/kg - °C)3°C) = 363 kJ/min
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1-42E Air gains heat as it flows through the duct of an air-conditioning system. The velocity of the air at
the duct inlet and the temperature of the air at the exit are to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -222°F and 548 psia. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0. 3 Constant specific heats at room temperature can be used for air, C, = 0.2404 and C, =
0.1719 Btw/Ibm-R. This assumption results in negligible error in heating and air-conditioning applications.

Properties The gas constant of air is R = 0.3704 psia.ft’/Ibm.R (Table A-1). Also, C, = 0.2404 Btu/Ibm'R
for air at room temperature (Table A-15E).

Analysis We take the air-conditioning duct as the system. This is a control volume since mass crosses the
system boundary during the process. We observe that this is a steady-flow process since there is no change
with time at any point and thus Am, =0 and AE.y =0, there is only one inlet and one exit and thus

m, =m, =m, and heat is lost from the system. The energy balance for this steady-flow system can be

expressed in the rate form as
- - _ - 20 (steady) _ - =
Ein - Eout - AEsystem =0 - Ein - Eout

—
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Qm +mh, =rmh, (since Ake = Ape = 0)
: 3 /mi AIR =10i
Gy =MC, (T, ~T)) 450 ft’/min X ID 10 in
(a) The inlet velocity of air through the duct is determined from
. . 3 .
vy= o A0 _ eoc fmin
At (512 fr)

(b) The mass flow rate of air becomes

: 3
, R (0.3704psia -t /l'bm-RXSIOR):lzﬁﬁg tom
P, (15p51a)

. -
= BTN _ 3 71 min = 0.595Tbms
Vi 12.6ft/Ibm

2 Btu/s

Then the exit temperature of air is determined to be

Qin —50°F 4 2 Btu/s

mc, (0.5951bm/s {0.2404Btu/Ibm - °F)

=64.0°F
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1-43 Water is heated in an insulated tube by an electric resistance heater. The mass flow rate of water
through the heater is to be determined.

Assumptions 1 Water is an incompressible substance with a constant specific heat. 2 The kinetic and
potential energy changes are negligible, Ake = Ape = 0. 3 Heat loss from the insulated tube is negligible.

Properties The specific heat of water at room temperature is C, = 4.18 kJ/kg-°C (Table A-9).

Analysis We take the tube as the system. This is a control volume since mass crosses the system boundary
during the process. We observe that this is a steady-flow process since there is no change with time at any
point and thus Am, =0 and AEy =0, there is only one inlet and one exit and thus m; =m, =m, and

the tube is insulated. The energy balance for this steady-flow system can be expressed in the rate form as

. . _ - 20 (steady) _ - _FE
Ein - Eout - AEsystem =0 — Ein - Eout
_—
Rate of net energy transfer  Rate of change in internal, kinetic, T
by heat, work, and mass potential, etc. energies
. . . . WATER
W, ;, +mh; =mh, (since Ake = Ape = 0) 15°C ——>  70°C
W, i, = rth(T2 -T)
W, (7 kJ/s) 7kW

=0.0304 kg/s

o M Cm, —T,) T @18 kikg-°C)70-15FC
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Heat Transfer Mechanisms

1-44C The thermal conductivity of a material is the rate of heat transfer through a unit
thickness of the material per unit area and per unit temperature difference. The thermal
conductivity of a material is a measure of how fast heat will be conducted in that
material.

1-45C The mechanisms of heat transfer are conduction, convection and radiation.
Conduction is the transfer of energy from the more energetic particles of a substance to
the adjacent less energetic ones as a result of interactions between the particles.
Convection is the mode of energy transfer between a solid surface and the adjacent liquid
or gas which is in motion, and it involves combined effects of conduction and fluid
motion. Radiation is energy emitted by matter in the form of electromagnetic waves (or
photons) as a result of the changes in the electronic configurations of the atoms or
molecules.

1-46C In solids, conduction is due to the combination of the vibrations of the molecules
in a lattice and the energy transport by free electrons. In gases and liquids, it is due to the
collisions of the molecules during their random motion.

1-47C The parameters that effect the rate of heat conduction through a windowless wall
are the geometry and surface area of wall, its thickness, the material of the wall, and the
temperature difference across the wall.

1-48C Conduction is expressed by Fourier's law of conduction as Qg = —kAg—I where

dT/dx is the temperature gradient, K is the thermal conductivity, and A is the area which is
normal to the direction of heat transfer.
Convection is expressed by Newton's law of cooling as Q. =hA (T, -T,,) where

h is the convection heat transfer coefficient, As is the surface area through which
convection heat transfer takes place, T, is the surface temperature and T, is the

temperature of the fluid sufficiently far from the surface.
Radiation is expressed by Stefan-Boltzman law as Q,,4 = oA (T* -T,,,*) where ¢
is the emissivity of surface, As is the surface area, T, is the surface temperature, T, is

average surrounding surface temperature and o =567x10"* W/m*.K* is the Stefan-
Boltzman constant.

1-49C Convection involves fluid motion, conduction does not. In a solid we can have
only conduction.

1-50C No. It is purely by radiation.
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1-51C In forced convection the fluid is forced to move by external means such as a fan,
pump, or the wind. The fluid motion in natural convection is due to buoyancy effects
only.

1-52C Emissivity is the ratio of the radiation emitted by a surface to the radiation
emitted by a blackbody at the same temperature. Absorptivity is the fraction of radiation
incident on a surface that is absorbed by the surface. The Kirchhoff's law of radiation
states that the emissivity and the absorptivity of a surface are equal at the same
temperature and wavelength.

1-53C A blackbody is an idealized body which emits the maximum amount of radiation
at a given temperature and which absorbs all the radiation incident on it. Real bodies
emit and absorb less radiation than a blackbody at the same temperature.

1-54C No. Such a definition will imply that doubling the thickness will double the heat
transfer rate. The equivalent but “more correct” unit of thermal conductivity is
W.m/m”.°C that indicates product of heat transfer rate and thickness per unit surface area
per unit temperature difference.

1-55C In a typical house, heat loss through the wall with glass window will be larger
since the glass is much thinner than a wall, and its thermal conductivity is higher than the
average conductivity of a wall.

1-56C Diamond is a better heat conductor.

1-57C The rate of heat transfer through both walls can be expressed as

. T,-T
Qwood = I(woodA ! :

T,-T
=(0.16 W/m.°C)A——2 = 1.6 AT, -T,)
wood 0.1m

Tl _T2

. T, -T
Qurick = Kpric A =(0.72 W/m.°C)A——2 =2 88A(T, -T,)
0.25m

brick
where thermal conductivities are obtained from table A-5. Therefore, heat transfer
through the brick wall will be larger despite its higher thickness.

1-58C The thermal conductivity of gases is proportional to the square root of absolute
temperature. The thermal conductivity of most liquids, however, decreases with
increasing temperature, with water being a notable exception.

1-59C Superinsulations are obtained by using layers of highly reflective sheets separated
by glass fibers in an evacuated space. Radiation heat transfer between two surfaces is
inversely proportional to the number of sheets used and thus heat loss by radiation will be
very low by using this highly reflective sheets. At the same time, evacuating the space
between the layers forms a vacuum under 0.000001 atm pressure which minimize
conduction or convection through the air space between the layers.
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1-60C Most ordinary insulations are obtained by mixing fibers, powders, or flakes of
insulating materials with air. Heat transfer through such insulations is by conduction
through the solid material, and conduction or convection through the air space as well as
radiation. Such systems are characterized by apparent thermal conductivity instead of the
ordinary thermal conductivity in order to incorporate these convection and radiation
effects.

1-61C The thermal conductivity of an alloy of two metals will most likely be less than
the thermal conductivities of both metals.

1-62 The inner and outer surfaces of a brick wall are maintained at specified
temperatures. The rate of heat transfer through the wall is to be determined.

Assumptions 1 Steady operating conditions exist since the surface temperatures of the
wall remain constant at the specified values. 2 Thermal properties of the wall are
constant.

Properties The thermal conductivity of the wall is given to be k = 0.69 W

Analysis Under steady conditions, the rate of heat transfer through the wallis)

(20-5)°C >
0.3m

=1035W
03 m
20°C — | sec

Qcond = kA% = (069W/m . OC)(SX 61’1’12)

1-63 The inner and outer surfaces of a window glass are maintained at specified
temperatures. The amount of heat transfer through the glass in 5 h is to be determined.
Assumptions 1 Steady operating conditions exist since the surface temperatures of the
glass remain constant at the specified values. 2 Thermal properties of the glass are
constant.

Properties The thermal conductivity of the glass is given to be k = 0.78 W/m-°C.

Analysis Under steady conditions, the rate of heat transfer through the glass by
conduction is

Qcond :kA£:(0-78 W/m-°C)(2x2 mz)M=4368W _

L 0.005m Glas

Then the amount of heat transfer over a period of 5 h becomes

Q = Quong At = (4.368 kI/s)(5x 3600 s) = 78,620 kJ

If the thickness of the glass doubled to 1 cm, then the
amount of heat transfer will go down by half to 39,310 kJ.
& y 10° J \\ 3°C

B

05
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1-64

"GIVEN"

"L=0.005 [m], parameter to be varied"

A=2%2 "[mA2]"
T_1=10"[C]"
T_2=3"[C]"

k=0.78 "[W/m-C]"
time=5*3600 "[s]"

"ANALYSIS"

Q_dot_cond=k*A*(T_1-T_2)/L
Q_cond=Q_dot_cond*time*Convert(J, kJ)

L [m] Qcond [kJ]
0.001 393120
0.002 196560
0.003 131040
0.004 98280
0.005 78624
0.006 65520
0.007 56160
0.008 49140
0.009 43680
0.01 39312
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Qcond [kJ]

400000

350000

300000

250000

200000

150000

100000

50000
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0.002

0.004
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1-65 Heat is transferred steadily to boiling water in the pan through its bottom. The inner
surface of the bottom of the pan is given. The temperature of the outer surface is to be
determined.

Assumptions 1 Steady operating conditions exist since the surface temperatures of the
pan remain constant at the specified values. 2 Thermal properties of the aluminum pan
are constant.

Properties The thermal conductivity of the aluminum is given to be k=237 W/m-°C.
Analysis The heat transfer area is

A= 7zr2=7(0.1 m)>=0.0314 m?
Under steady conditions, the rate of heat transfer through the bottom of the

pan by conduction is

Q:kAﬂzkAﬂ
L L

Substituting, / 105°
T, —105°C
0.004m

800W = (237W/m - °C)(0.0314m?)

800
. . 0.4
which gives

T, = 105.43°C

1-66E The inner and outer surface temperatures of the wall of an electrically heated
home during a winter night are measured. The rate of heat loss through the wall that
night and its cost are to be determined.

Assumptions 1 Steady operating conditions exist since the surface temperatures of the
wall remain constant at the specified values during the entire night. 2 Thermal properties
of the wall are constant.

Properties The thermal conductivity of the brick wall is given to be k = 0.42 Btu/h.{t.°F.

Analysis (a) Noting that the heat transfer through the wall is by conduction and the
surface area of the wall is A =20 ftx 10 ft =200 ft*, the steady rate of heat transfer through
the wall can be determined from

Tl — T2

Q= kAT = (042 Btu/h.ft.°F)(200 ft*)

%: 3108 Btu/h

or 0.911 kW since 1 kW = 3412 Btu/h.
(b) The amount of heat lost during an 8 hour period and its cost are | B2
Q = QAt = (0911 kW)(8 h) = 7.288 kWh 0 >

Cost = (Amount of energy)(Unit cost of energy)

= (7.288 kWh)($0.07 / kWh) J< 1ft \
- $0.51 62°F 25°F

Therefore, the cost of the heat loss through the wall to the home owner that night is
$0.51.
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1-67 The thermal conductivity of a material is to be determined by ensuring one-
dimensional heat conduction, and by measuring temperatures when steady operating
conditions are reached.
Assumptions 1 Steady operating conditions exist since the temperature readings do not
change with time. 2 Heat losses through the lateral surfaces of the apparatus are
negligible since those surfaces are well-insulated, and thus the entire heat generated by
the heater is conducted through the samples. 3 The apparatus possesses thermal
symmetry.
Analysis The electrical power consumed by the heater and converted to heat is

W, =VI = (110 V)(0.6 A) = 66 W

0]
The rate of heat flow through each sample is
Q= We = oW =33 W ~—
2 3cm
Then the thermal conductivity of the sample becomes { )
2 2
A= ”'Z - ”(0'0: M _ 0001257 m? Sem
. —
o=kall - OIWOBMW _45yy/moc I
L AAT (0001257 m?)(10°C)

1-68 The thermal conductivity of a material is to be determined by ensuring one-
dimensional heat conduction, and by measuring temperatures when steady operating
conditions are reached.

Assumptions 1 Steady operating conditions exist since the temperature readings do not
change with time. 2 Heat losses through the lateral surfaces of the apparatus are
negligible since those surfaces are well-insulated, and thus the entire heat generated by
the heater is conducted through the samples. 3 The apnaratus _nossesses thermal

symmetry. Q Q

Analysis For each sample we have \\ ,/
Q=35/2=175W
A= (0.1 m)(0.1 m) =001 m? LIl L

AT =82-74=8°C
Then the thermal conductivity of the material becomes A 7
K= QL _ (175 W)(0.005 m)
AAT (001 m*)(8°C)

szA% =1.09W/m.°C
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1-69 The thermal conductivity of a material is to be determined by ensuring one-
dimensional heat conduction, and by measuring temperatures when steady operating
conditions are reached.

Assumptions 1 Steady operating conditions exist since the temperature readings do not
change with time. 2 Heat losses through the lateral surfaces of the apparatus are
negligible since those surfaces are well-insulated, and thus the entire heat generated by
the heater is conducted through the samples. 3 The apparatus possesses thermal
symmetry.

Analysis For each sample we have o)
0=28/2=14W A
A= (0.1 m)(0.1 m) =001 m*
AT =82-74=8°C
Then the thermal conductivity of the material becomes
Ko oL _ (14 W)(0.005 m)
AAT  (0.01 m*)(8°C)

/Q

/
-0875W/m°Cc A

: AT
= kA_
Q L

1-70 The thermal conductivity of a refrigerator door is to be determined by measuring the
surface temperatures and heat flux when steady operating conditions are reached.

Assumptions 1 Steady operating conditions exist when measurements are taken. 2 Heat
transfer through the door is one dimensional since the thickness of the door is small
relative to other dimensions. e Door

Analysis The thermal conductivity of the door material is determined direct

v
o.

from Fourier’s relation to be

. 2
_ 4k _@SW/mHO00B3m) _ 09375 wim.ec

AT (15-7)°C J \\
o 7OC

18

q:k%——m

~——L=3
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1-71 The rate of radiation heat transfer between a person and the surrounding surfaces at
specified temperatur es is to be determined in summer and in winter.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer by convection is not
considered. 3 The person is completely surrounded by the interior surfaces of the room. 4

The surrounding surfaces are at a uniform temperature.
Properties The emissivity of a person is given to be € = 0.95

Analysis Noting that the person is completely enclosed by the surrounding surfaces, the
net rates of radiation heat transfer from the body to the surrounding walls, ceiling, and the

floor in both cases are:
(a) Summer: Ty = 23+273=296

Qua = &0A(T¢ ~Toir)
=(0.95)(5.67x10"* W/m? K*)(1.6m?)[(32+273)* = (296 K)* K *
=84.2W
(b) Winter: Tgy=12+273=285K
Qua = €A (T T
=(0.95)(5.67x10"® W/m? K*)(1.6m?)[(32+273)* —(285K)*K*
=177.2W

TSLII‘T

0.4

Discussion Note that the radiation heat transfer from the person
winter.
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1-72

"GIVEN"

T_infinity=20+273 "[K]"

"T_surr_winter=12+273 [K], parameter to be varied"
T_surr_summer=23+273 "[K]"

A=1.6 "[m"2]"

epsilon=0.95

T_s=32+273 "[K]"

"ANALYSIS"

sigma=5.67E-8 "[W/m"2-K"4], Stefan-Boltzman constant"”

ll(a)ll
Q_dot_rad_summer=epsilon*sigma*A*(T_s"4-T_surr_summer”~4)
ll(b)ll

Q_dot_rad_winter=epsilon*sigma*A*(T_s"4-T_surr_winter™4)

Tsurr, winter [K] Qrad, winter [W]
281 208.5
282 200.8
283 193
284 185.1
285 177.2
286 169.2
287 161.1
288 152.9
289 144.6
290 136.2
291 127.8
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210 . T T T - T - |

200-
190-
180-
170-
160-
150-

140

Qrad,winter [W]

130

120- L 1 L 1 L 1 L 1 L
281 283 285 287 289 291

surr,winter [K]

1-73 A person is standing in a room at a specified temperature. The rate of heat transfer
between a person and the surrounding air by convection is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer by radiation is not
considered. 3 The environment is at a uniform temperature.

Analysis The heat transfer surface area of the person is
As = 7DL= 1(0.3 m)(1.70 m) = 1.60 m?

Under steady conditions, the rate of heat transfer by convectio}
Qeony = hALAT = (15W/m?-° C)(1.60m? )(34 — 20)° C = 336W
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1-74 Hot air is blown over a flat surface at a specified temperature. The rate of heat
transfer from the air to the plate is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer by radiation is not
considered. 3 The convection heat transfer coefficient is constant and uniform over the
surface.

Analysis Under steady conditions, the rate of heat transfer by convection is
Qeony = NAAT = (55W/m?-° C)(2x4m?)(80—30)° C = 22,000W

80°C
Air

W

30°C
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1-75

"GIVEN"

T_infinity=80 "[C]"

A=2*4 "[m"2]"

T_s=30 "[C]"

"h=55 [W/m"2-C], parameter to be varied"

"ANALYSIS"
Q_dot_conv=h*A*(T_infinity-T_s)

h [W/m®.C] Qconv [W]
20 8000
30 12000
40 16000
50 20000
60 24000
70 28000
80 32000
90 36000
100 40000
40000 T T T T T T T T T T T T T T
35000k 4
30000F+ .
25000F+ i
= 20000} -
> L
s
S 15000+ —
.O |
10000} .
5000 L 1 L 1 L 1 L 1 L 1 L 1 L 1
20 30 40 50 60 70 80 90 100

h [W/m?-C]
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1-76 The heat generated in the circuitry on the surface of a 3-W silicon chip is conducted
to the ceramic substrate. The temperature difference across the chip in steady operation is
to be determined.

Assumptions 1 Steady operating conditions exist. 2 Thermal properties of the chip are
constant.

Properties The thermal conductivity of the silicon chip is given to be k=130 W/m-°C.
Analysis The temperature difference between the front and back surfaces of the chip is

A = (0.006 m)(0.006 m) = 0.000036 m>
_QL (3 W)(0.0005 m)

=0.32°C
KA (130 W/m.°C)(0.000036 m?)

Q:kA%—MT

Q

Ceramic /
Chip

substrate
6 x 6 x 0.5 mm
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1-77 An electric resistance heating element is immersed in water initially at 20°C. The
time it will take for this heater to raise the water temperature to 80°C as well as the
convection heat transfer coefficients at the beginning and at the end of the heating
process are to be determined.

Assumptions 1 Steady operating conditions exist and thus the rate of heat loss from the
wire equals the rate of heat generation in the wire as a result of resistance heating. 2
Thermal properties of water are constant. 3 Heat losses from the water in the tank are
negligible.

Properties The specific heat of water at room temperature is C = 4.18 kJ/kg-°C (Table
A-2).

Analysis When steady operating conditions are reached, we have Q = E . ryieq =800 W.

This is also equal to the rate of heat gain by water. Noting that this is the only mechanism
of energy transfer, the time it takes to raise the water temperature from 20°C to 80°C is
determined to be
Qjn =mC(T, -T))
QinAt=mC(T, -T,)
_ mC(T, ~T,) _ (60 kg)(4180 J/kg.°C)(80 —20)°C
0, 800 J/s

At =18,810s=5.225h

The surface area of the wire is
A, = (2D)L = 7(0.005 m)(0.5 m) = 0.00785m?

The Newton's law of cooling for convection heat transfer is expressed as
Q=hA,(T, -T,). Disregarding any heat transfer by radiation and thus assuming all the

heat loss from the wire to occur by convection, the convection heat transfer coefficients
at the beginning and at the end of the process are determined to be

1= Q = 8020 W =1020 W/m?.°C
As(Ts—T.)  (0.00785m*)(120 —20)°C
Q 800 W

h, = 2550 W/m?.°C

TAT,-T,,)  (0.00785m2)(120—80)°C
Discussion Note that a larger heat transfer coefficient is needed to dissipate heat through
a smaller temperature difference for a specified heat transfer rate.

1-78 A hot water pipe at 80°C is losing heat to the surrounding air at 5°C by natural
convection with a heat transfer coefficient of 25 W/ m?.°C. The rate of heat loss from the
pipe by convection is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer by radiation is not
considered. 3 The convection heat transfer coefficient is constant and uniform over the
surface.

Analysis The heat transfer surface area is 80°C
As = 7DL = 7(0.05 m)(10 m) = 1.571 m?
Under steady conditions, the rate of heat transfer by convec&is iD em 8
L=10m Rt
Air, 5°C
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Qeony = PALAT = (25W/m?-°C)(1.571m*)(80 - 5)° C = 2945W
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1-79 A hollow spherical iron container is filled with iced water at 0°C. The rate of heat
loss from the sphere and the rate at which ice melts in the container are to be determined.

Assumptions 1 Steady operating conditions exist since the surface temperatures of the
wall remain constant at the specified values. 2 Heat transfer through the shell is one-
dimensional. 3 Thermal properties of the iron shell are constant. 4 The inner surface of
the shell is at the same temperature as the iced water, 0°C.

Properties The thermal conductivity of iron is k = 80.2 W/m-°C (Table A-3). The heat of
fusion of water is given to be 333.7 kJ/kg.
Analysis This spherical shell can be approximated as a plate of thickness 0.4 cm and area

A= 2D?= (0.2 m)> = 0.126 m?

Then the rate of heat transfer through the shell by conduction is ¢
Qeond = L (80.2W/m-°C)(0.126m> )m =12,632W 0.4
L 0.004m -

Considering that it takes 333.7 kJ of energy to melt 1 kg of
ice at 0°C, the rate at which ice melts in the container can
be determined from

_Q _12632KI/s _(hag s

m =
" hy  333.7kl/kg

Discussion We should point out that this result is slightly in error for approximating a
curved wall as a plain wall. The error in this case is very small because of the large
diameter to thickness ratio. For better accuracy, we could use the inner surface area (D =
19.2 cm) or the mean surface area (D = 19.6 cm) in the calculations.
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1-80

"GIVEN"

D=0.2 "[m]"

"L=0.4 [cm], parameter to be varied"
T _1=0"[C]"

T _2=5"[C]"

"PROPERTIES"
h_if=333.7 "[kJ/kg]"
k=k_(ron’, 25) "[W/m-C]"

"ANALYSIS"

A=pi*D"2
Q_dot_cond=k*A*(T_2-T_1)/(L*Convert(cm, m))
m_dot_ice=(Q_dot_cond*Convert(W, kW))/h_if

Chapter 1 Basics of Heat Transfer

L [cm] Mice [KQ/s]
0.2 0.07574
0.4 0.03787
0.6 0.02525
0.8 0.01894

1 0.01515
1.2 0.01262
1.4 0.01082
1.6 0.009468
1.8 0.008416
2 0.007574
008 T T T T T T T T T T T
0.07
0.06
0.05

© 0.04

G’ -

X’

— 0.03
)

L I
«c 0.02
0.01

02 04 06 08 1 1.2
L [cm]
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1-81E The inner and outer glasses of a double pane window with a 0.5-in air space are at
specified temperatures. The rate of heat transfer through the window is to be determined
Assumptions 1 Steady operating conditions exist since the surface temperatures of the
glass remain constant at the specified values. 2 Heat transfer through the window is one-
dimensional. 3 Thermal properties of the air are constant.

Properties The thermal conductivity of air at the average temperature of (60+42)/2 =
51°Fis k=0.01411 Btu/h.ft.°F (Table A-15).

Analysis The area of the window and the rate of heat loss through it are /(ilass \
A=(6ft)x (6 ft)=36m* Y

: T, -T —42)°
Q= kA% =(0.01411 Btu/h.ft.°F)(36 ftz)M =439 Btu/h

0.25/12 ft Air

 Z
QO.

ANOR / \_ 42°F
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1-82 Two surfaces of a flat plate are maintained at specified temperatures, and the rate of
heat transfer through the plate is measured. The thermal conductivity of the plate material
is to be determined.

Assumptions 1 Steady operating conditions exist since the surface temperatures of the
plate remain constant at the specified values. 2 Heat transfer through the plate is one-
dimensional. 3 Thermal properties of the plate are constant.

Analysis The thermal conductivity is determined directly from the ]
steady one-dimensional heat conduction relation to be Plat
. T-T ' §
L L(T,-T,) (0.02m)(80-0)°C >
R0°C 0°

1-83 Four power transistors are mounted on a thin vertical aluminum plate that is cooled
by a fan. The temperature of the aluminum plate is to be determined.
Assumptions 1 Steady operating conditions exist. 2 The entire plate is nearly isothermal.
3 Thermal properties of the wall are constant. 4 The exposed surface area of the transistor
can be taken to be equal to its base area. 5 Heat transfer by radiation is disregarded. 6 The
convection heat transfer coefficient is constant and uniform over the surface.
Analysis The total rate of heat dissipation from the aluminum plate and the total heat
transfer area are

Q=4xI5W=60W

A, =(0.22m)(0.22 m) = 0.0484 m?
Disregarding any radiation effects, the temperature of the aluminum plate is determined
to be
Q 60 W

hA, (25 W/m2.°C)(0.0484 m?)

Q=hA(T,-T )—>T, =T, +

IR AR

15
ﬂﬂ_@fﬂ Tls
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1-84 A styrofoam ice chest is initially filled with 40 kg of ice at 0°C. The time it takes
for the ice in the chest to melt completely is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The inner and outer surface
temperatures of the ice chest remain constant at 0°C and 8°C, respectively, at all times. 3
Thermal properties of the chest are constant. 4 Heat transfer from the base of the ice chest
is negligible.

Properties The thermal conductivity of the styrofoam is given to be k = 0.033 W/m-°C.
The heat of fusion of ice at 0°C is 333.7 kJ/kg.

Analysis Disregarding any heat loss through the bottom of the ice chest and using the
average thicknesses, the total heat transfer area becomes

A = (40— 3)(40—3) +4 x (40— 3)(30—3) = 5365 cm* = 0.5365 m’

The rate of heat transfer to the ice chest becomes

O=kall _ (0.033 W/ m.°C)(0.5365 mz)M =472 W Ice
L 003 m chest,
The total amount of heat needed to melt the ice completely is L l
Q =mhy = (40 kg)(333.7 kI / kg) = 13,348 kJ Q

Then transferring this much heat to the cooler to melt the ice completely will tak4 3
Q _13348,000]

At ==
Q 472U

=2,828,000s =785.6 h = 32.7 days

1-85 A transistor mounted on a circuit board is cooled by air flowing over it. The
transistor case temperature is not to exceed 70°C when the air temperature is 55°C. The
amount of power this transistor can dissipate safely is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer by radiation is
disregarded. 3 The convection heat transfer coefficient is constant and uniform over the
surface. 4 Heat transfer from the base of the transistor is negligible.

Analysis Disregarding the base area, the total heat transfer area of the transistor is
A, = DL+ D% /4 = (0.6 cm)(0.4cm) + (0.6 cm)? /4 =1.037cm? =1.037x10~* m?

Then the rate of heat transfer from the power transistor at specified conditions is
Q=hA (T, -T,)=(30 W/m?.°C)(1.037x10™* m?)(70-55)°C = 0.047 W

Therefore, the amount of power this transistor can Air,
dissipate safely is 0.047 W. l l l l l 550C
= Power
: transist

e
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1-86
"GIVEN"

L=0.004 "[m]"
D=0.006 "[m]"
h=30 "[W/m"2-C]"
T_infinity=55 "[C]"

Chapter 1 Basics of Heat Transfer

"T_case_max=70 [C], parameter to be varied"

"ANALYSIS"
A=pi*D*L+pi*D"2/4
Q_dot=h*A*(T_case_max-T_infinity)

Tcase, max [C] Q [W]
60 0.01555
62.5 0.02333
65 0.0311
67.5 0.03888
70 0.04665
72.5 0.05443
75 0.0622
717.5 0.06998
80 0.07775
82.5 0.08553
85 0.09331
87.5 0.1011
90 0.1089
0.12 ; . : . . . T - T
0.1
0.08
g 0.06
o 0.04
0.02
0 L 1 L 1 L 1 1 L 1 L
60 65 70 75 80 85 90
[C]

case,max
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1-87E A 200-ft long section of a steam pipe passes through an open space at a specified
temperature. The rate of heat loss from the steam pipe and the annual cost of this energy
lost are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer by radiation is
disregarded. 3 The convection heat transfer coefficient is constant and uniform over the
surface.

Analysis (a) The rate of heat loss from the steam pipe is 280°F
A, = 7DL = (4 /12 ft)(200 ft) = 209.4 ft*
. ? B $D =4 1in 3
Qpipe = NA (T, ~Tyip ) = (6 Brwh.ft> °F)(209.4 ft>)(280 - 50)°F
= 289,000 Btu/h L=200 O

(b) The amount of heat loss per year is
Q = OAt = (289,000 Btu/ h)(365x24 h/ yr) = 2532 x10° Btu/yr
The amount of gas consumption per year in the furnace that has an efficiency of 86% is

2.532x10° Btu/yr(  1therm
0.86 100,000 Btu

Annual Energy Loss = j = 29,438 therms/yr

Then the annual cost of the energy lost becomes
Energy cost = (Annual energy loss)(Unit cost of energy)
= (29,438 therms/ yr)($0.58 / therm) = $17,074 / yr

1-88 A 4-m diameter spherical tank filled with liquid nitrogen at 1 atm and -196°C is
exposed to convection with ambient air. The rate of evaporation of liquid nitrogen in the
tank as a result of the heat transfer from the ambient air is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer by radiation is
disregarded. 3 The convection heat transfer coefficient is constant and uniform over the
surface. 4 The temperature of the thin-shelled spherical tank is nearly equal to the
temperature of the nitrogen inside.

Properties The heat of vaporization and density of liquid nitrogen at 1 atm are given to be
198 kJ/kg and 810 kg/m”, respectively.

Analysis The rate of heat transfer to the nitrogen tank is Vapor
A, =D? = 7(4m)? =50.27 m> Air

O =hA (T, - T, ) = (25 W/m?.°C)(50.27 m?)[20 - (~196)]°C 20°
= 271,430 W

Then the rate of evaporation of liquid nitrogen in the tank is deter Q 11
Q  271.430kJ/s

)=thy, ——>m=—=""""""7 _1 37kg/s
Q=mhyy hg  198kJ/kg :
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1-89 A 4-m diameter spherical tank filled with liquid oxygen at 1 atm and -183°C is
exposed to convection with ambient air. The rate of evaporation of liquid oxygen in the
tank as a result of the heat transfer from the ambient air is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer by radiation is
disregarded. 3 The convection heat transfer coefficient is constant and uniform over the
surface. 4 The temperature of the thin-shelled spherical tank is nearly equal to the
temperature of the oxygen inside.

Properties The heat of vaporization and density of liquid oxygen at 1 atm are given to be
213 kl/kg and 1140 kg/m’, respectively.

Analysis The rate of heat transfer to the oxygen tank is Vapor
A, =D? = 7(4m)? =50.27m? Air
O =hA (T, -T,, ) = (25 W/m2.°C)(50.27 m?)[20 — (~183)]°C 20°
=255,120 W

Then the rate of evaporation of liquid oxygen in the tank is deterr Q t
Q  255120kJ/s

:mh — s sM=—=""—"""_"_"=120kg/s
Q=mhy, hg  213kI/kg :

1-47



1-90
"GIVEN"

D=4 "[m]"

T s=-196 "[C]"

"T_air=20 [C], parameter to be varied"
h=25 "[W/m"2-C]"

"PROPERTIES"
h_fg=198 "[kJ/kg]"

"ANALYSIS"
A=pi*D"2

Q_dot=h*A*(T_air-T_s)

m_dot_evap=(Q_dot*Convert(J/s, kd/s))/h_fg

Tair [C] Mevap [KQ/S]
0 1.244
2.5 1.26
5 1.276
7.5 1.292
10 1.307
12.5 1.323
15 1.339
17.5 1.355
20 1.371
22.5 1.387
25 1.403
27.5 1.418
30 1.434
32.5 1.45
35 1.466
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1-91 A person with a specified surface temperature is subjected to radiation heat transfer
in a room at specified wall temperatures. The rate of radiation heat loss from the person is
to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer by convection is
disregarded. 3 The emissivity of the person is constant and uniform over the exposed
surface.

Properties The average emissivity of the person is given to be 0.7.

Analysis Noting that the person is completely enclosed by the surrounding surfaces, the
net rates of radiation heat transfer from the body to the surrounding walls, ceiling, and the
floor in both cases are

(@) Tour = 300 K

Qrad =¢& UAS (Ts4 _Tsélllrr)
=(0.7)(5.67x107° W/m? X*)(1.7m?)[(32 + 273)* — (300 K)*]K*
=37.4W

(b) Teur =280 K

Quug = 6A(T ~Tgyrr)
=(0.7)(5.67x107 W/m?* K*)(1.7m*)[(32+273)* —(280K)* K *
=169 W

Discussion Note that the radiation heat transfer goes up by mo

Qrad
32°C

as the temperature of the surrounding surfaces drops from 300 K to 280 K.
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1-92 A circuit board houses 80 closely spaced logic chips on one side, each dissipating
0.06 W. All the heat generated in the chips is conducted across the circuit board. The
temperature difference between the two sides of the circuit board is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Thermal properties of the board are
constant. 3 All the heat generated in the chips is conducted across the circuit board.

Properties The effective thermal conductivity of the board is given to be k=16 W/m-°C.

Analysis The total rate of heat dissipated by the chips is ]
Q=80%(0.06 W)=48W H

Then the temperature difference between the front and back surfaces of the ﬁ;lrd is Chins
A= (012 m)(0.18 m) = 0.0216 m?

: AT QL (4.8 W)(0.003 m) Q
kAL AT =— = =0.042°C ]/
< L kA (16 W/m.°C)(0.0216 m?)

Discussion Note that the circuit board is nearly isothermal.

1-93 A sealed electronic box dissipating a total of 100 W of power is placed in a vacuum
chamber. If this box is to be cooled by radiation alone and the outer surface temperature
of the box is not to exceed 55°C, the temperature the surrounding surfaces must be kept is
to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer by convection is
disregarded. 3 The emissivity of the box is constant and uniform over the exposed
surface. 4 Heat transfer from the bottom surface of the box to the stand is negligible.
Properties The emissivity of the outer surface of the box is given to be 0.95.

Analysis Disregarding the base area, the total heat transfer area of the electronic box is

A, =(0.4m)(0.4m)+4x(0.2m)(0.4m) =0.48 m> 7
The radiation heat transfer from the box can be expressed as /
Qrad = €0A; (Ts4 _Tsurr4 ) 10%\3]5
e=0.
— -8 2 4 2 4 4
100 W = (0.95)(5.67x10"* W/m? K*)(0.48 m?)[(55+273K)* ~ Ty, *] T —s500

which gives Ty = 296.3 K = 23.3°C. Therefore, the temperature of the

surrounding surfaces must be less than 23.3°C.
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1-94 Using the conversion factors between W and Btu/h, m and ft, and K and R, the
Stefan-Boltzmann constant o=567x10% W/m2.K* is to be expressed in the English unit,
Btu/h.ft?2.R*.
Analysis The conversion factors for W, m, and K are given in conversion tables to be

IW = 341214Btu/h

I m = 3.2808 ft
IK =18R
Substituting gives the Stefan-Boltzmann constant in the desired units,

3.41214 Btu/h

- - =0.171Btu/h.ft*>.R*
(32808 f)* (1.8 R)

=567 W/m?.K*=567x

1-95 Using the conversion factors between W and Btu/h, m and ft, and °C and °F, the
convection coefficient in SI units is to be expressed in Btu/h.ft*.°F.
Analysis The conversion factors for W and m are straightforward, and are given in
conversion tables to be

1W = 341214 Btu/h

I m = 3.2808 ft

The proper conversion factor between °C into °F in this case is
1°C=1.8°F
since the °C in the unit W/m>.°C represents per °C change in temperature, and 1°C

change in temperature corresponds to a change of 1.8°F. Substituting, we get

| W/m2oC—_>H214Bu/h o0 p R oF

(32808 ft)2(1.8 °F)

which is the desired conversion factor. Therefore, the given convection heat transfer
coefficient in English units is

h =20 W/m?2.°C = 20 x 0.1761 Btw/h.ft>.°F = 3.52 Btu/h.ft> .°F

Simultaneous Heat Transfer Mechanisms
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1-96C All three modes of heat transfer can not occur simultaneously in a medium. A
medium may involve two of them simultaneously.

1-97C (a) Conduction and convection: No. (b) Conduction and radiation: Yes. Example:
A hot surface on the ceiling. (¢) Convection and radiation: Yes. Example: Heat transfer
from the human body.

1-98C The human body loses heat by convection, radiation, and evaporation in both
summer and winter. In summer, we can keep cool by dressing lightly, staying in cooler
environments, turning a fan on, avoiding humid places and direct exposure to the sun. In
winter, we can keep warm by dressing heavily, staying in a warmer environment, and
avoiding drafts.

1-99C The fan increases the air motion around the body and thus the convection heat
transfer coefficient, which increases the rate of heat transfer from the body by convection
and evaporation. In rooms with high ceilings, ceiling fans are used in winter to force the
warm air at the top downward to increase the air temperature at the body level. This is
usually done by forcing the air up which hits the ceiling and moves downward in a gently
manner to avoid drafts.

1-100 The total rate of heat transfer from a person by both convection and radiation to
the surrounding air and surfaces at specified temperatures is to be determined.
Assumptions 1 Steady operating conditions exist. 2 The person is completely surrounded
by the interior surfaces of the room. 3 The surrounding surfaces are at the same
temperature as the air in the room. 4 Heat conduction to the floor through the feet is
negligible. 5 The convection coefficient is constant and uniform over the entire surface of
the person.
Properties The emissivity of a person is given to be € = 0.9.
Analysis The person is completely enclosed by the surrounding surfaces, and he or she
will lose heat to the surrounding air by convection, and to the surrounding surfaces by
radiation. The total rate of heat loss from the person is determined from
Q.. = oA (T =T ) =(0.90)(5.67x107° W/m? K*)(1.7m?)[(32+273)* —(23+273)*1K*
=84.8W
Quone = hAAT = (5W/m? -K)(1.7m?)(32 - 23)°C = 76.5W

and
Ot = Qeony + Qpag = 84.8+765=161.3 W

Discussion Note that heat transfer from the person by
evaporation, which is of comparable magnitude, is not
considered in this problem.
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1-101 Two large plates at specified temperatures are held parallel to each other. The rate
of heat transfer between the plates is to be determined for the cases of still air, regular
insulation, and super insulation between the plates.

Assumptions 1 Steady operating conditions exist since the plate temperatures remain
constant. 2 Heat transfer is one-dimensional since the plates are large. 3 The surfaces are
black and thus € = 1. 4 There are no convection currents in the air space between the
plates.

Properties The thermal conductivities are k = 0.00015 W/m-°C for super insulation, k =
0.01979 W/m-°C at -50°C (Table A-15) for air, and k = 0.036 W/m-°C for fiberglass
insulation (Table A-16).

Analysis (a) Disregarding any natural convection currents,

the rates of conduction and radiation heat transfer T T»
: T, -T _ ~ _
Ouona = KA 2 = (0.01979 Wim2 2C)(1m?) E2DOK _ 394
L 0.02m
Qrad :‘9OAS(T14 _T24) 0

Z15.67x107F Wim2 K ) (Im)[(290 K)* - (150 K)*]= 372 W —
Quotal = Qeond + Qrag =139+372 =511 W
(b) When the air space between the plates is evacuated,
there will be radiation heat transfer only. Therefore,
Qtotal = Qrad =372W 2cm
(c) In this case there will be conduction heat transfer
through the fiberglass insulation only,

Quan = Qg = KA = (0036 W/ m” C)(1 m?)

A
A 4

(290 150) K
0.02 m

(d) In the case of superinsulation, the rate of heat transfer will be

Qutal = Qeond = kAT _ (0.00015 W/ m.°C)(1 mz)M

L 0.02 m

Discussion Note that superinsulators are very effective in reducing heat transfer between
to surfaces.

=252 W

=1.05W
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1-102 The convection heat transfer coefficient for heat transfer from an electrically
heated wire to air is to be determined by measuring temperatures when steady operating
conditions are reached and the electric power consumed.

Assumptions 1 Steady operating conditions exist since the temperature readings do not
change with time. 2 Radiation heat transfer is negligible.

Analysis In steady operation, the rate of heat loss from the wire equals the rate of heat
generation in the wire as a result of resistance heating. That is,

Q = Egeneratea =VI =(110 V)3 A) =330 W 240°C
The surface area of the wire is ? $D ~02 em 8
A, = (7D)L = 7(0.002 m)(1.4 m) = 0.00880 m>  —14
The Newton's law of cooling for convection heat transfer is expressed as Air, 20°C
Q=hA(T,-T,)

Disregarding any heat transfer by radiation , the convection heat transfer coefficient is
determined to be
Q 330 W

B = 3 =170.5W/m2.°C
ATy =T.) (0.00880 m*)(240-20)°C

Discussion If the temperature of the surrounding surfaces is equal to the air temperature
in the room, the value obtained above actually represents the combined convection and
radiation heat transfer coefficient.
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1-103
"GIVEN"
L=1.4 "[m]"
D=0.002 "[m]"

T_infinity=20 "[C]"
"T_s=240 [C], parameter to be varied"

V=110 "[Volt]"
=3 "[Ampere]"

"ANALYSIS"
Q_dot=V*|
A=pi*D*L

Q_dot=h*AX(T_s-T_infinity)

Chapter 1 Basics of Heat Transfer

T, [C] h [W/m®.C]
100 468.9
120 375.2
140 312.6
160 268
180 234.5
200 208.4
220 187.6
240 170.5
260 156.3
280 1443
300 134

500 ;

450

400

350
Q 300
(qV]
g 250-
=
= 200

150

100 L

100 140

T, [C]
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1-104E A spherical ball whose surface is maintained at a temperature of 170°F is
suspended in the middle of a room at 70°F. The total rate of heat transfer from the ball is
to be determined.

Assumptions 1 Steady operating conditions exist since the ball surface and the
surrounding air and surfaces remain at constant temperatures. 2 The thermal properties of
the ball and the convection heat transfer coefficient are constant and uniform.

Properties The emissivity of the ball surface is given to be € = 0.8.

Air
Analysis The heat transfer surface area is 70°F
As = nD? = m(2/12 ft)> = 0.08727 2 170°
Under steady conditions, the rates of convection and radiation heat transf Q

Q.one = hAAT = (12Btw/h.ft-° F)(0.08727ft*)(170 - 70)° F = 104.7 Btu/h

Qrad = 6‘@% (Ts4 _To4)
=0.8(0.087271t?)(0.1714x10 8 Btu/h.ft? - R*)[(170 + 460R)* — (70 + 460R)* ]
=9.4Btu/h

Therefore, Quotal = Qeony + Qrag = 104.7+9.4 =114.1Btu/h

Discussion Note that heat loss by convection is several times that of heat loss by
radiation. The radiation heat loss can further be reduced by coating the ball with a low-
emissivity material.
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1-105 A 1000-W iron is left on the iron board with its base exposed to the air at 20°C.
The temperature of the base of the iron is to be determined in steady operation.

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of the iron
base and the convection heat transfer coefficient are constant and uniform. 3 The
temperature of the surrounding surfaces is the same as the temperature of the surrounding
air.

Properties The emissivity of the base surface is given to be € = 0.6.

Analysis At steady conditions, the 1000 W energy supplied to the iron will be dissipated
to the surroundings by convection and radiation heat transfer. Therefore,

Qtotal = Qconv + Qrad =1000 W

where
Quone = AT = (35 W/m? -K)(0.02 m?)(T, =293 K) = 0.7(T, —293 K) W
and
Q.. = c0A (TS =T =0.6(0.02m*)(5.67x10 S W/m?* - K *)[ T —(293K)*]
=0.06804x10"* [T —(293K)* 1 W
Substituting, Iron
s \ 1000 W
1000 W = 0.7(T, =293 K) +0.06804x10~* [T — (293 K)*] —
Solving by trial and error gives —
T, =947 K =674°C .

Discussion We note that the iron will dissipate all
the energy it receives by convection and radiation
when its surface temperature reaches 947 K.

1-106 A spacecraft in space absorbs solar radiation while losing heat to deep space by
thermal radiation. The surface temperature of the spacecraft is to be determined when
steady conditions are reached..

Assumptions 1 Steady operating conditions exist since the surface temperatures of the
wall remain constant at the specified values. 2 Thermal properties of the wall are
constant.

Properties The outer surface of a spacecraft has an emissivity of 0.8 and an absorptivity
of 0.3.

Analysis When the heat loss from the outer surface of the spacecraft by radiation equals
the solar radiation absorbed, the surface temperature can be determined from Q

Qsolarabsorbed = Qrad
\ 4 4
aQsolar = SGAS (TS - Tspace ) —

2 -8 2 1 d\prd 4 950
0.3x Ay x(950W/m~)=0.8x A, x(5.67x107" W/m~* -K*)[T," —(0K)"] "
Canceling the surface area A and solving for T gives o=
T,=2815K 03
Qrad
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1-107 A spherical tank located outdoors is used to store iced water at 0°C. The rate of
heat transfer to the iced water in the tank and the amount of ice at 0°C that melts during a
24-h period are to be determined.

Assumptions 1 Steady operating conditions exist since the surface temperatures of the
wall remain constant at the specified values. 2 Thermal properties of the tank and the
convection heat transfer coefficient is constant and uniform. 3 The average surrounding
surface temperature for radiation exchange is 15°C. 4 The thermal resistance of the tank
is negligible, and the entire steel tank is at 0°C.

Properties The heat of fusion of water at atmospheric pressure is h; =333.7 kJ/kg. The
emissivity of the outer surface of the tank is 0.6.
Analysis (a) The outer surface area of the spherical tank is
A, =D = z(3.02m)* =28.65m>
Then the rates of heat transfer to the tank by convection and radiation become
Qeonv = NA(T,, =T¢) = (30 W/m? .°C)(28.65 m?*)(25 - 0)°C = 21,488 W
Qg = A (Tar =T =(0.6)(28.65m?)(5.67x10™° W/m?* K*)[(288K)* —(273K)*1=1292 W
Quotal = Qeony + Quag = 21,488 +1292 = 22,780 W

(b) The amount of heat transfer during a 24-hour period is , .. 0°C
Q = QAt = (22.78 kJ/s)(24x 3600s) = 1,968,000 kJ 250 |
. . . . cm
Then the amount of ice that melts during this period becomes ) |«
Q=mh, — >m=-3 _LIBOOOKT _goqq

Q
Discussion The amount of ice that melts can be reduced to a small fraction by insulating
the tank.

hy  333.7kl/kg
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1-108 The roof of a house with a gas furnace consists of a 15-cm thick concrete that is
losing heat to the outdoors by radiation and convection. The rate of heat transfer through
the roof and the money lost through the roof that night during a 14 hour period are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The emissivity and thermal
conductivity of the roof are constant.

Properties The thermal conductivity of the concrete is given to be k = 2 W/m-°C. The
emissivity of the outer surface of the roof is given to be 0.9.

Analysis In steady operation, heat transfer from the outer surface of the roof to the
surroundings by convection and radiation must be equal to the heat transfer through the
roof by conduction. That is,

Q = Qroof, cond = Qroof to surroundings, conv+rad

The inner surface temperature of the roof is given to be T;, = 15°C. Letting T, denote
the outer surface temperatures of the roof, the energy balance above can be expressed as

. Toin — T .
Q= kAS’mfs’out = hO A(Ts,out —Tourr) + gAa(Ts,out - Tsurr4) Tsky =255 Q
\ 2 1SOC_Tsout [ // ]
O=(2 W/m.°C)(300 m?)—— ot
015m /

=(15W/m?>.°C)(300 m*)(T,,,, —10)°C

Jout

+(0.9)(300 m?)(5.67x 10 W/m?.K* )[(TS +273K)* - (255 K)4]

,out

Solving the equations above using an equation solver (or by trial and error) gives

Q=25450W and T, ., =8.64°C

s, out

Then the amount of natural gas consumption during a 1-hour period is
_ Quw _ QAL (25.450kJ/5)(14x 3600 s)( 1 therm

oas =14.3 therms
0.85 0.85 0.85 105,500 kJ

Finally, the money lost through the roof during that period is
Money lost = (14.3 therms)($0.60 / therm) = $8.58
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1-109E A flat plate solar collector is placed horizontally on the roof of a house. The rate
of heat loss from the collector by convection and radiation during a calm day are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The emissivity and convection heat
transfer coefficient are constant and uniform. 3 The exposed surface, ambient, and sky
temperatures remain constant.

Properties The emissivity of the outer surface of the collector is given to be 0.9.
Analysis The exposed surface area of the collector is

) Toy = 50°F/ Q
A, =) (15ft) =751t
o G Air, 70°F
Noting that the exposed surface temperature of the Sol
collector is 100°F, the total rate of heat loss from the colcl)eacf[o

collector the environment by convection and
radiation becomes

Qeome = NAS(T,, —T,) = (2.5 Btu/h.ft> °F)(75 ft* )(100 — 70)°F = 5625 Btu/h

Qrad = AT (Tor =T = (0.9)(75 £t2)(0.1714x 107 Btu/h.ft2 R *)[(100 + 460 R)* — (50 + 460 R)* ]
=3551Btu/h

and
Quotal = Qeony + Qrag = 5625+3551=9176 Btu/h
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Problem Solving Techniques and EES

1-110C Despite the convenience and capability the engineering software packages offer,
they are still just tools, and they will not replace the traditional engineering courses. They
will simply cause a shift in emphasis in the course material from mathematics to physics.
They are of great value in engineering practice, however, as engineers today rely on
software packages for solving large and complex problems in a short time, and perform
optimization studies efficiently.

1-111 Determine a positive real root of the following equation using EES:
2x3 - 10x°°-3x = -3

Solution by EES Software (Copy the following lines and paste on a blank EES
screen to verify solution):

2*x"3-10*x"0.5-3*x = -3

Answer: x = 2.063 (using an initial guess of x=2)

1-112 Solve the following system of 2 equations with 2 unknowns using EES:
XX —y?=7.75
3xy+y=35

Solution by EES Software (Copy the following lines and paste on a blank EES

screen to verify solution):

xX"3-y"2=7.75
3*x*y+y=3.5

Answer x=2 y=0.5
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1-113 Solve the following system of 3 equations with 3 unknowns using EES:

2X—-y+z=5
32 +2y=z+2
Xy+2z=8

Solution by EES Software (Copy the following lines and paste on a blank EES
screen to verify solution):

2*x-y+z=5
IXN2+2*y=2+2
X*y+2*z=8

Answer x=1.141, y=0.8159, z=3.535

1-114 Solve the following system of 3 equations with 3 unknowns using EES:
xXy—z=1
Xx—3y’%+xz=-2
X+y—z=2

Solution by EES Software (Copy the following lines and paste on a blank EES
screen to verify solution):

x"2*y-z=1
X-3*y"0.5+x*z=-2

X+y-z=2

Answer x=1, y=1, z=0
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Special Topic: Thermal Comfort

1-115C The metabolism refers to the burning of foods such as carbohydrates, fat, and
protein in order to perform the necessary bodily functions. The metabolic rate for an
average man ranges from 108 W while reading, writing, typing, or listening to a lecture in
a classroom in a seated position to 1250 W at age 20 (730 at age 70) during strenuous
exercise. The corresponding rates for women are about 30 percent lower. Maximum
metabolic rates of trained athletes can exceed 2000 W. We are interested in metabolic
rate of the occupants of a building when we deal with heating and air conditioning
because the metabolic rate represents the rate at which a body generates heat and
dissipates it to the room. This body heat contributes to the heating in winter, but it adds to
the cooling load of the building in summer.

1-116C The metabolic rate is proportional to the size of the body, and the metabolic rate
of women, in general, is lower than that of men because of their smaller size. Clothing
serves as insulation, and the thicker the clothing, the lower the environmental temperature
that feels comfortable.

1-117C Asymmetric thermal radiation is caused by the cold surfaces of large windows,
uninsulated walls, or cold products on one side, and the warm surfaces of gas or electric
radiant heating panels on the walls or ceiling, solar heated masonry walls or ceilings on
the other. Asymmetric radiation causes discomfort by exposing different sides of the
body to surfaces at different temperatures and thus to different rates of heat loss or gain
by radiation. A person whose left side is exposed to a cold window, for example, will feel
like heat is being drained from that side of his or her body.

1-118C (@) Draft causes undesired local cooling of the human body by exposing parts of
the body to high heat transfer coefficients. (b) Direct contact with cold floor surfaces
causes localized discomfort in the feet by excessive heat loss by conduction, dropping the
temperature of the bottom of the feet to uncomfortable levels.

1-119C Stratification is the formation of vertical still air layers in a room at difference
temperatures, with highest temperatures occurring near the ceiling. It is likely to occur at
places with high ceilings. It causes discomfort by exposing the head and the feet to
different temperatures. This effect can be prevented or minimized by using
destratification fans (ceiling fans running in reverse).

1-120C It is necessary to ventilate buildings to provide adequate fresh air and to get rid of
excess carbon dioxide, contaminants, odors, and humidity. Ventilation increases the
energy consumption for heating in winter by replacing the warm indoors air by the colder
outdoors air. Ventilation also increases the energy consumption for cooling in summer by
replacing the cold indoors air by the warm outdoors air. It is not a good idea to keep the
bathroom fans on all the time since they will waste energy by expelling conditioned air
(warm in winter and cool in summer) by the unconditioned outdoor air.

1-64



Chapter 1 Basics of Heat Transfer

1-65



Chapter 1 Basics of Heat Transfer

Review Problems

1-121 Cold water is to be heated in a 1200-W teapot. The time needed to heat the water is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Thermal properties of the teapot and the water are
constant. 3 Heat loss from the teapot is negligible.

Properties The average specific heats are given to be 0.6 kJ/kg.°C for the teapot and 4.18 kJ/kg.°C for
water.

Analysis We take the teapot and the water in it as our system that is a

closed system (fixed mass). The energy balance in this case can be /\
expressed as v
E,, —E.« =AE
Y
N
{

in Water
E. =AU

L 18°C

out system

in system — AU water T AU tea pot

Then the amount of energy needed to raise the temperature of water L Heater

and the teapot from 18°C to 96°C is 1200 W
Ein = (mCAT)Water + (mCAT)teapot 3
=(25kg)(4.18 kJ / kg.°C)(96 —18)°C + (0.8 kg)(0.6 kJ / kg.OW
=853 kJ

The 1500 W electric heating unit will supply energy at a rate of 1.2 kW or 1.2 kJ per second. Therefore, the
time needed for this heater to supply 853 kJ of heat is determined from
_ Total energy transferred  E;;  853kJ

At =— =
Rate of energy transfer E 1.2kl/s

=710s=11.8min

transfer

Discussion In reality, it will take longer to accomplish this heating process since some heat loss is
inevitable during the heating process.
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1-122 The duct of an air heating system of a house passes through an unheated space in the attic. The rate
of heat loss from the air in the duct to the attic and its cost under steady conditions are to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 Steady operating conditions exist since there is no change with
time at any point and thus Am., =0 and AE., =0. 3 The kinetic and potential energy changes are

negligible, Ake=Ape=0. 4 Constant specific heats at room temperature can be used for air. This
assumption results in negligible error in heating and air-conditioning applications.

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). The specific heat of air at room
temperature is C, = 1.007 kJ/kg-°C (Table A-15).

Analysis We take the heating duct as the system. This is a control volume since mass crosses the system
boundary during the process. There is only one inlet and one exit and thus m; =m, =m. Then the energy

balance for this steady-flow system can be expressed in the rate form as

B B - 20 (steady) _ = _E
Ein - EOUt AEsystem =0 - Ein - EOUI
R
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
oo e 3mis AR
mh, = Q,, +Mh, (since Ake = Ape = 0) I\
Qout :me(Tl_Tz) \ ﬂ

The density of air at the inlet conditions is determined from the ideal gas relation to be
P 100 kPa
RT  (0.287 kPa.m’ / kg. K)(65+273)K

The cross-sectional area of the duct is

A, =D /4 = z(020 m)* /4 = 0.0314 m*

p= =1031kg/m’

Then the mass flow rate of air through the duct and the rate of heat loss become
m=pA.V = (1031 kg/ m*)(0.0314 m*)(3 m/s) = 0.0971 kg /s

and
Qloss =mC p (Tin _Tout)
=(0.0971kg/s)(1.007 kJ/kg.°C)(65 —60)°C
=0.489kJ/s
or 1760 kJ/h. The cost of this heat loss to the home owner is

Cost of Heat Loss = (Rate of heat loss)(Unit cost of energy input)

Furnace efficiency

(1760 kJ/h)($0.58/therm) (1 therm
0.82 105,500 kJ

=$0.012/h

Discussion The heat loss from the heating ducts in the attic is costing the homeowner 1.2 cents per hour.
Assuming the heater operates 2,000 hours during a heating season, the annual cost of this heat loss adds up
to $24. Most of this money can be saved by insulating the heating ducts in the unheated areas.
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1-123
"GIVEN"
L=4 "[m]"
D=0.2 "[m]"

P_air_in=100 "[kPa]"

T_air_in=65 "[C]"

"Vel=3 [m/s], parameter to be varied"

T_air_out=60 "[C]"
eta_furnace=0.82

Cost_gas=0.58 "[$/therm]"

"PROPERTIES"

R=0.287 "[kJ/kg-K], gas constant of air"
C_p=CP(air, T=25) "at room temperature"

"ANALYSIS"

rho=P_air_in/(R*(T_air_in+273))

A_c=pi*D"2/4
m_dot=rho*A_c*Vel

Chapter 1 Basics of Heat Transfer

Q_dot_loss=m_dot*C_p*(T_air_in-T_air_out)*Convert(kJ/s, kJ/h)
Cost_HeatLoss=Q_dot_loss/eta_furnace*Cost_gas*Convert(kJ, therm)*Convert($, cents)

Vel [m/s]

COStHeatLoss
[Cents/h]

0.3934

0.7868

1.18

1.574

1.967

2.361

2.754

3.147

O |0 I[N N[ [W|N|—

3.541

—_
S

CoOStHeatloss [Cents/h]

3.934

5 6 7 8 9 10
Vel [m/s]
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1-124 Water is heated from 16°C to 43°C by an electric resistance

heater placed in the water pipe as it flows through a showerhead

steadily at a rate of 10 L/min. The electric power input to the heater,

and the money that will be saved during a 10-min shower by installing

a heat exchanger with an effectiveness of 0.50 are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time at any point within the
system and thus Amy; =0 and AE.y =0,. 2 Water is an incompressible substance with constant specific
heats. 3 The kinetic and potential energy changes are negligible, Ake = Ape = 0. 4 Heat losses from the
pipe are negligible.

Properties The density and specific heat of water at room temperature are p = 1 kg/L and C=4.18
kJ/kg-°C (Table A-9).

Analysis We take the pipe as the system. This is a control volume since mass crosses the system boundary
during the process. We observe that there is only one inlet and one exit and thus m; =m, =m. Then the
energy balance for this steady-flow system can be expressed in the rate form as

. : _ 2 20 (steady) _ = _F
Ein - Eout - AEsystem =0 - Ein - Eout
S e

Rate of net energy transfer  Rate of change in internal, kinetic,

by heat, work, and mass potential, etc. energies

W, ;, +mh, =mh, (since Ake = Ape = 0)

We,in = ri(h, —hy) = MC(T, =T)) +V(P, - R)™]=mC(T, - T))
where
m=pV = (1 kg/L)10 L/min) =10 kg/min WATER
Substituting, 16°C —> 43°C
W, = (10/60kg/s)4.18 ki/kg-°C)43-16)C =18.8 kW
The energy recovered by the heat exchanger is
Qsaved = ngax = ng(Tmax ~Tinin )
=0.5(10/60 kg/s)4.18 kJ/kg.°C)39-16)°C
=8.0kl/s=8.0 kW
Therefore, 8.0 kW less energy is needed in this case, and the required electric power in this case reduces to

w

=W, 1 ~ Quaved = 18.8-8.0 =10.8 kW

in,new
The money saved during a 10-min shower as a result of installing this heat exchanger is
(8.0 kW X10/60 h)(8.5 cents/kWh)=11.3 cents
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1-125 Water is to be heated steadily from 15°C to 50°C by an electrical resistor inside an insulated pipe.
The power rating of the resistance heater and the average velocity of the water are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time at any point within the
system and thus Amq, =0 and AEy =0,. 2 Water is an incompressible substance with constant specific

heats. 3 The kinetic and potential energy changes are negligible, Ake = Ape =0. 4 The pipe is insulated
and thus the heat losses are negligible.

Properties The density and specific heat of water at room temperature are p = 1000 kg/m® and C=4.18
kl/kg-°C (Table A-9).

Analysis (a) We take the pipe as the system. This is a control volume since mass crosses the system
boundary during the process. Also, there is only one inlet and one exit and thus m; =m, =m. The energy
balance for this steady-flow system can be expressed in the rate form as

. _____________________________ |

- - - J0 (steady) - -

E,—-E = AE =0 »> E;,=E
. - in out ] system in out WATER

ate of net energy transfer  Rate of change in internal, kinetic, 1 —_— =
by heat, work, and mass potential, etc. energies 18 L/min D=5cm
V\./e’in +mh, =mh, (since Ake = Ape = 0)
- . . 0 .
Wein =mM(hy —hy) =m[C(T, =T;)+Vv(P, —P)""]=mC(T, -T}) W,

The mass flow rate of water through the pipe is
fh = pV, =(1000 keg/m® J0.018 m*/min)= 18 kg/min
Therefore,
W, =MC(T, —T, )= (18/60 kg/s)4.18 ki/kg -°C)50—15C = 43.9 kW
(b) The average velocity of water through the pipe is determined from
_ Vi _ V. 0.018 m*/min

=—=— -—=9.17 m/min
A nr® w(0.025 m)

1
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1-126 The heating of a passive solar house at night is to be assisted by solar heated water. The length of
time that the electric heating system would run that night with or without solar heating are to be
determined.

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in
the glass containers themselves is negligible relative to the energy stored in water. 3 The house is
maintained at 22°C at all times.

Properties The density and specific heat of water at room temperature are p = 1 kg/L and C=4.18
kJ/kg-°C (Table A-9).

Analysis (a) The total mass of water is
my, = pV = (1 kg/LY50x20 L)=1000 kg 50,000 kJ/h

Taking the contents of the house, including the water as our system, the
energy balance relation can be written as

E in E out - AE system
\ﬁ/.—l
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

We,in _Qout = AU = (AU )water + (AU ) .

air
.e,inAt - Qout = [mC(TZ - Tl)]water
Substituting,

(15 kJ/s)At - (50,000 kJ/h)(10 h) = (1000 kg)(4.18 ki/kg-°C)(22 - 80)°C

It gives
At=17,170s=4.77 h
(b) If the house incorporated no solar heating, the 1st law relation above would simplify further to

e,inAt Qi =0
Substituting,
(15 kJ/s)At - (50,000 kJ/h)(10 h) =0
It gives
At=33330s=9.26 h
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1-127 A standing man is subjected to high winds and thus high convection coefficients. The rate of heat
loss from this man by convection in still air at 20°C, in windy air, and the wind-chill factor are to be
determined.

Assumptions 1 A standing man can be modeled as a 30-cm diameter, 170-cm long vertical cylinder with
both the top and bottom surfaces insulated. 2 The exposed surface temperature of the person and the
convection heat transfer coefficient is constant and uniform. 3 Heat loss by radiation is negligible.

Analysis The heat transfer surface area of the person is
As = 7DL = 2(0.3 m)(1.70 m) = 1.60 m?
The rate of heat loss from this man by convection in still air is
Qustitt air = hAAT = (15 W/m?2-°C)(1.60 m?)(34 - 20)°C =336 W
In windy air it would be
Quwindy air = NAAT = (50 W/m?-°C)(1.60 m?)(34 - 20)°C = 1120 W
To lose heat at this rate in still air, the air temperature must be
1120 W = (hAsAT)gitt air = (15 W/m?-°C)(1.60 m?)(34 - Tefrective) °C
which gives
Teffective = -12.7°C

That is, the windy air at 20°C feels as cold as still air at -12.7°C as a result of the wind-chill effect.
Therefore, the wind-chill factor in this case is

Fwind-chill =20 - (-127) =32.7°C

Windy weather

1-128 The backside of the thin metal plate is insulated and the front side is exposed to solar radiation. The
surface temperature of the plate is to be determined when it stabilizes.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the insulated side of the plate is
negligible. 3 The heat transfer coefficient is constant and uniform over the plate. 4 Radiation heat transfer is
negligible.

Properties The solar absorptivity of the plate is given to be o = 0.7.

Analysis When the heat loss from the plate by convection equals the solar Q

radiation absorbed, the surface temperature of the plate can be determined
from
. . _ ;

2
Qsolarabsorbcd = Qconv 00 W/m

aQsolar = hAs (Ts=To)

0.7% Ax700W/m? = (30W/m? -°C)A, (T, —10) @=07
air, 10°C
Canceling the surface area Ag and solving for T gives

T, =26.3°C > Qua
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1-129 A room is to be heated by 1 ton of hot water contained in a tank placed in the room. The minimum
initial temperature of the water is to be determined if it to meet the heating requirements of this room for a
24-h period.

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 Air is an ideal gas
with constant specific heats. 3 The energy stored in the container itself is negligible relative to the energy
stored in water. 4 The room is maintained at 20°C at all times. 5 The hot water is to meet the heating
requirements of this room for a 24-h period.

Properties The specific heat of water at room temperature is C=4.18 kJ/kg:°C (Table A-9).
Analysis Heat loss from the room during a 24-h period is
Qioss = (10,000 kJ/h)(24 h) = 240,000 kJ
Taking the contents of the room, including the water, as our system, the energy balance can be written as

Jo
Ein - Eout AEsystcm - - Qout =AU = (AU )water + (AU )air
—_—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

or 10,000 kJ/h

“Qout = [MC(T2 - T)Jwater
Substituting,

-240,000 kJ = (1000 kg)(4.18 kJ/kg-°C)(20 - T,)
It gives

T,=77.4°C
where T, is the temperature of the water when it is first brought into the room.

1-130 The base surface of a cubical furnace is surrounded by black surfaces at a specified temperature. The
net rate of radiation heat transfer to the base surface from the top and side surfaces is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The top and side surfaces of the furnace closely
approximate black surfaces. 3 The properties of the surfaces are constant.

Properties The emissivity of the base surface is €=0.7.

Analysis The base surface is completely surrounded by the top and Black furnace
side surfaces. Then using the radiation relation for a surface 1200 K
completely surrounded by another large (or black) surface, the net
rate of radiation heat transfer from the top and side surfaces to the
base is determined to be

Qrad,base = gAG(Tbise _Tsirr)
=(0.7)(3x3m?)(5.67x10®° W/m? K *)[(1200K)* —(800K)*]
=594,400 W

Base, 800 K
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1-131 A refrigerator consumes 600 W of power when operating, and its motor remains on for 5 min and
then off for 15 min periodically. The average thermal conductivity of the refrigerator walls and the annual
cost of operating this refrigerator are to be determined.

Assumptions 1 Quasi-steady operating conditions exist. 2 The inner and outer surface temperatures of the
refrigerator remain constant.

Analysis The total surface area of the refrigerator where heat transfer takes place is
At = 2[(18x12) + (18 x 0.8) + (12 x 0.8)] = 9.12 m*
Since the refrigerator has a COP of 2.5, the rate of heat removal from the refrigerated space, which is equal
to the rate of heat gain in steady operation, is
Q =W, x COP = (600 W) x2.5=1500 W
But the refrigerator operates a quarter of the time (5 min on, 15 min off). Therefore, the average rate of
heat gain is
Que =Q/4=(1500 W)/4=375W
Then the thermal conductivity of refrigerator walls is determined to be
A A e ‘o Quel _ (375 W)(0.03 m)
L AAT,. (912 m*)(17-6)°C
The total number of hours this refrigerator remains on per year is
At =365x24/4=2190h

Then the total amount of electricity consumed during a one-year period and the annula ting
this refrigerator are

Annual Electricity Usage = V\'/e At = (0.6 kW)(2190 h/yr) = 1314 kWh/yr
Annual cost = (1314 kWh/yr)($0.08/ kWh) = $105.1/yr

1
Qe =0.112W/m.°C ‘
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1-132 A 0.2-L glass of water at 20°C is to be cooled with ice to 5°C. The amounts of ice or cold water that
needs to be added to the water are to be determined.

Assumptions 1 Thermal properties of the ice and water are constant. 2 Heat transfer to the water is
negligible.

Properties The density of water is 1 kg/L, and the specific heat of water at room temperature is C = 4.18
kJ/kg-°C (Table A-9). The heat of fusion of ice at atmospheric pressure is 333.7 kJ/kg,.
Analysis The mass of the water is

m,, =pV = (Ikg/L)0.2L)=0.2kg Ice,
We take the ice and the water as our system, and disregard any heat and mass

transfer. This is a reasonable assumption since the time period of the process
is very short. Then the energy balance can be written as

En—-Eu =  AE - 0=AU — (AU),, +(AU)
—_—

N L.
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

[mC(O" C-T, )solid +mhye + mC(T2 -0 C)liquid Le +[MmC(T, =T, | yer =0

system water 0

Water
Noting that T; j.. = 0°C and T, = 5°C and substituting 02L
m[0 + 333.7 ki/kg + (4.18 kl/kg-°C)(5-0)°C] + (0.2 kg)(4.18 kJ/kg-°C)(5-20) 20°C

It gives m=0.0354 kg=35.4¢

Cooling with cold water can be handled the same way. All we need to
do is replace the terms for ice by the ones for cold water at 0°C:

(aU) +(AU) e =0

coldwater water
MC(T, T eoiawater +[MC(T2 =T er =0
Substituting,
[Meold water (4.18 kJ/kg-°C)(5 - 0)°C] + (0.2 kg)(4.18 kJ/kg-°C)(5-20)°C =0
It gives m=0.6 kg =600 g

Discussion Note that this is 17 times the amount of ice needed, and it explains why we
use ice instead of water to cool drinks.
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"GIVEN"

V=0.0002 "[m"3]"

T_w1=20"[C]"

T_w2=5"[C]"

"T_ice=0 [C], parameter to be varied"
T_melting=0 "[C]"

"PROPERTIES"

rho=density(water, T=25, P=101.3) "at room temperature"
C_w=CP(water, T=25, P=101.3) "at room temperature"
C_ice=c_(Ice', T _ice)

h_if=333.7 "[kJ/kg]"

"ANALYSIS"

m_w=rho*V

DELTAU_ice+DELTAU_w=0 "energy balance"
DELTAU_ice=m_ice*C_ice*(T_melting-T_ice)+m_ice*h_if
DELTAU_w=m_w*C_w*(T_w2-T_w1)

Chapter 1 Basics of Heat Transfer

Tice [C] Mice [kg]
-24 0.03291
-22 0.03323
-20 0.03355
-18 0.03389
-16 0.03424
-14 0.0346
-12 0.03497
-10 0.03536
-8 0.03575
-6 0.03616
-4 0.03658
-2 0.03702
0 0.03747
0.038 T T T T T T T
0.037
0.036
&> 0.035
=
8 0.034
1S
0.033
0.032 L L L L
-24 20 16 12 -4 0
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1-134E A 1-short ton (2000 Ibm) of water at 70°F is to be cooled in a tank by pouring 160 Ibm of ice at
25°F into it. The final equilibrium temperature in the tank is to be determined. The melting temperature and
the heat of fusion of ice at atmospheric pressure are 32°F and 143.5 Btu/lbm, respectively

Assumptions 1 Thermal properties of the ice and water are constant. 2 Heat transfer to the water is
negligible.
Properties The density of water is 62.4 Ibm/ft’, and the specific heat of water at room temperature is C =

1.0 Btw/Ibm-°F (Table A-9). The heat of fusion of ice at atmospheric pressure is 143.5 Btu/lbm and the
specific heat of ice is 0.5 Btu/lbm.°F.

Analysis We take the ice and the water as our system, and disregard any heat transfer between the system
and the surroundings. Then the energy balance for this process can be written as

En-Eox =  AE - 0=AU — (AU),., +(AU), (., =0
—_—

Y -
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

IMC(32°F T, g +mhis +mC(T, —32°F)

system water

ice
25°F
160Ibm

soli liquid Jice +[mC(T, —T) )| yer =0

Substituting,
(1 601bm)[(0.5013tu/1bm-° FX32 —25FF +143.5Btu/lbm + (1.0Btw/lbm - °F )T, — 32)°F] WATER
+(20001bm 1.0Btw/Ibm -°F)T, — 70PF = 0 1 ton
It gives T, =56.3°F
which is the final equilibrium temperature in the tank.

1-135 Engine valves are to be heated in a heat treatment section. The amount of heat transfer, the average
rate of heat transfer, the average heat flux, and the number of valves that can be heat treated daily are to be
determined.

Assumptions Constant properties given in the problem can be used.

Properties The average specific heat and density of valves are given to be C, = 440 J/kg.°C and p = 7840
kg/m’.

Analysis (a) The amount of heat transferred to the valve is simply the change in its internal energy, and is
determined from

Q=AU =mC, (T, -T))

= (0.0788 kg)(0.440 kJ/kg.°C)(800 - 40)°C = 26.35 kJ
(b) The average rate of heat transfer can be determined from ']?ngizg ‘éﬂve
= o
Quve _Q _263M _ hg78kW =87.8W T,=800°C
At 5x60s D=0.8cm
(c) The average heat flux is determined from L=10cm
4, = Jme _ Que _ 87.8 W =1.75x10* W/m?
A, 2nDL  27(0.008 m)(0.1m) — 11—

(d) The number of valves that can be heat treated daily is
(10x 60 min)(25 valves)
(5 min)

Number of valves = =3000 valves
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1-136 Somebody takes a shower using a mixture of hot and cold water. The mass flow rate of hot water and
the average temperature of mixed water are to be determined.

Assumptions The hot water temperature changes from 80°C at the beginning of shower to 60°C at the end
of shower. We use an average value of 70°C for the temperature of hot water exiting the tank.

Properties The properties of liquid water are C, = 4.18 kJ/kg.°C and p =977.6 kg/m® (Table A-2).
Analysis We take the water tank as the system. The energy balance for this system can be expressed as
Ei, —E.u =AE

out Sys
Me,in + mhotC(Tin _Tout )]At = mtankC(TZ _Tl)
where T, is the average temperature of hot water leaving the tank: (80+70)/2=70°C and
My =PV = (977.6 kg/m>)(0.06 m*) = 58.656 kg

in

Substituting,
[1 6kJ/s+m,,, (4.18kl/kg.°C)(20 - 70)°C](8 x60s) = (58.656 kg)(4.18 kl/kg.°C)(60 - 80)°C
My = 0.0565kg/s
To determine the average temperature of the mixture, an energy balance on the mixing section can be
expressed as
E.in = E.out

I”hhot CThot + mcold CTcold = (mhot + m(:old )CT

(0.0565 kg/s)(4.18 kl/kg.°C)(70°C) + (0.06 kg/s)(4.18 kI/kg.°C)(20°C) = (0.0565 + 0.06 kg/s)(4.18 kI /kg.°C)T

mixture

Tmixture =44.2°C
—>
T.n = 20°C
Meotd = Mhot T, =80°C Touw=70°C
T, =60°C Mot = ?
//\

P
4\ 4/ > Tmixture =?
W, =1.6 kW

Teola = 20°C / /

M¢o1g=0.06 kg/S
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1-137 The glass cover of a flat plate solar collector with specified inner and outer surface temperatures is
considered. The fraction of heat lost from the glass cover by radiation is to be determined.

Assumptions 1 Steady operating conditions exist since the surface temperatures of the glass remain
constant at the specified values. 2 Thermal properties of the glass are constant.

Properties The thermal conductivity of the glass is given to be k= 0.7 W/m-°C.

Analysis Under steady conditions, the rate of heat transfer through the glass by conduction is

(28 —25)°C
006 m

Qcond = kA% = (07 W/m . OC)(22 1’1’12) =770 W

The rate of heat transfer from the glass by convection is
Q.o = hAAT = (10 W/m? -°C)(2.2 m?)(25-15)°C = 220 W

Under steady conditions, the heat transferred through the cover

by conduction should be transferred from the outer surface by
convection and radiation. That is, 28°C
. . . Air, 15°C

Qrad = Qcond - Qconv =770-220=550 W & h=10 W/m2.oc

Then the fraction of heat transferred by radiation becomes
' 550 _
f=9ﬂ:—=0.714 (or 71.4%) A=22m’
Qcond 770
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1-138 The range of U-factors for windows are given. The range for the rate of heat loss through the
window of a house is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses associated with the infiltration of air

through the cracks/openings are not considered.
I

Analysis The rate of heat transfer through the window can be determined from

) Window
Qwindow =U overallAwindow (Tin - Tout) Q

where T; and T, are the indoor and outdoor air temperatures, respectively, >
Uoveranl 18 the U-factor (the overall heat transfer coefficient) of the
window, and Ayingow 1S the window area. Substituting, 20°C

Maximum heat loss: = (6.25 W/m? -°C)(1.2x1.8m>)[20 - (—8)]°C = 378 Vil ~5°C

Qwindow, max

Minimum heat loss: Q.Window’ min = (1.25 W/m? -°C)(1.2x1.8 m?)[20 — (-8)]°C = 76 W

Discussion Note that the rate of heat loss through windows of identical
size may differ by a factor of 5, depending on how the windows are
constructed.
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1-139

"GIVEN"
A=1.2*1.8 "[m"2]"
T _1=20"[C]"

T 2=-8"[C]"

"U=1.25 [W/m”2-C], parameter to be varied"

"ANALYSIS"

Q_dot_window=U*A*(T_1-T_2)

Chapter 1 Basics of Heat Transfer

U [\N/mz-c] Qwindow [VV]
1.25 75.6
1.75 105.8
2.25 136.1
2.75 166.3
3.25 196.6
3.75 226.8
4.25 257
4.75 287.3
5.25 317.5
5.75 347.8
6.25 378
400 : . : . . - - T -
350 .
300 .
250 .
— 200 .
2
o
2 150 .
2
4 100 -
50 L 1 L L 1 L L 1 L
1 2 4 6 7
2
U [W/m°-C]
1-140 ... 1-144 Design and Essay Problems
Do

1-81



Chapter 2 Heat Conduction Equation

Chapter 2
HEAT CONDUCTION EQUATION

Introduction

2-1C Heat transfer is a vector quantity since it has direction as well as magnitude. Therefore, we must
specify both direction and magnitude in order to describe heat transfer completely at a point. Temperature,
on the other hand, is a scalar quantity.

2-2C The term steady implies no change with time at any point within the medium while transient implies
variation with time or time dependence. Therefore, the temperature or heat flux remains unchanged with
time during steady heat transfer through a medium at any location although both quantities may vary from
one location to another. During transient heat transfer, the temperature and heat flux may vary with time
as well as location. Heat transfer is one-dimensional if it occurs primarily in one direction. It is two-
dimensional if heat tranfer in the third dimension is negligible.

2-3C Heat transfer to a canned drink can be modeled as two-dimensional since temperature differences
(and thus heat transfer) will exist in the radial and axial directions (but there will be symmetry about the
center line and no heat transfer in the azimuthal direction. This would be a transient heat transfer process
since the temperature at any point within the drink will change with time during heating. Also, we would
use the cylindrical coordinate system to solve this problem since a cylinder is best described in cylindrical
coordinates. Also, we would place the origin somewhere on the center line, possibly at the center of the
bottom surface.

2-4C Heat transfer to a potato in an oven can be modeled as one-dimensional since temperature differences
(and thus heat transfer) will exist in the radial direction only because of symmetry about the center point.
This would be a transient heat transfer process since the temperature at any point within the potato will
change with time during cooking. Also, we would use the spherical coordinate system to solve this problem
since the entire outer surface of a spherical body can be described by a constant value of the radius in
spherical coordinates. We would place the origin at the center of the potato.

2-5C Assuming the egg to be round, heat transfer to an egg in boiling water can be modeled as one-
dimensional since temperature differences (and thus heat transfer) will primarily exist in the radial direction
only because of symmetry about the center point. This would be a transient heat transfer process since the
temperature at any point within the egg will change with time during cooking. Also, we would use the
spherical coordinate system to solve this problem since the entire outer surface of a spherical body can be
described by a constant value of the radius in spherical coordinates. We would place the origin at the center
of the egg.
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2-6C Heat transfer to a hot dog can be modeled as two-dimensional since temperature differences (and thus
heat transfer) will exist in the radial and axial directions (but there will be symmetry about the center line
and no heat transfer in the azimuthal direction. This would be a transient heat transfer process since the
temperature at any point within the hot dog will change with time during cooking. Also, we would use the
cylindrical coordinate system to solve this problem since a cylinder is best described in cylindrical
coordinates. Also, we would place the origin somewhere on the center line, possibly at the center of the hot
dog. Heat transfer in a very long hot dog could be considered to be one-dimensional in preliminary
calculations.

2-7C Heat transfer to a roast beef in an oven would be transient since the temperature at any point within
the roast will change with time during cooking. Also, by approximating the roast as a spherical object, this
heat transfer process can be modeled as one-dimensional since temperature differences (and thus heat
transfer) will primarily exist in the radial direction because of symmetry about the center point.

2-8C Heat loss from a hot water tank in a house to the surrounding medium can be considered to be a
steady heat transfer problem. Also, it can be considered to be two-dimensional since temperature
differences (and thus heat transfer) will exist in the radial and axial directions (but there will be symmetry
about the center line and no heat transfer in the azimuthal direction.)

2-9C Yes, the heat flux vector at a point P on an isothermal surface of a medium has to be perpendicular to
the surface at that point.

2-10C Isotropic materials have the same properties in all directions, and we do not need to be concerned
about the variation of properties with direction for such materials. The properties of anisotropic materials
such as the fibrous or composite materials, however, may change with direction.

2-11C In heat conduction analysis, the conversion of electrical, chemical, or nuclear energy into heat (or
thermal) energy in solids is called heat generation.

2-12C The phrase “thermal energy generation” is equivalent to “heat generation,” and they are used
interchangeably. They imply the conversion of some other form of energy into thermal energy. The phrase
“energy generation,” however, is vague since the form of energy generated is not clear.

2-13 Heat transfer through the walls, door, and the top and bottom sections of an oven is transient in nature
since the thermal conditions in the kitchen and the oven, in general, change with time. However, we would
analyze this problem as a steady heat transfer problem under the worst anticipated conditions such as the
highest temperature setting for the oven, and the anticipated lowest temperature in the kitchen (the so called
“design” conditions). If the heating element of the oven is large enough to keep the oven at the desired
temperature setting under the presumed worst conditions, then it is large enough to do so under all
conditions by cycling on and off.

Heat transfer from the oven is three-dimensional in nature since heat will be entering through all
six sides of the oven. However, heat transfer through any wall or floor takes place in the direction normal to
the surface, and thus it can be analyzed as being one-dimensional. Therefore, this problem can be
simplified greatly by considering the heat transfer as being one- dimensional at each of the four sides as
well as the top and bottom sections, and then by adding the calculated values of heat transfers at each
surface.

2-14E The power consumed by the resistance wire of an iron is given. The heat generation and the heat flux
are to be determined.

Assumptions Heat is generated uniformly in the resistance wire.

) . . . . q=1000 W
Analysis A 1000 W iron will convert electrical energy into /
heat in the wire at a rate of 1000 W. Therefore, the rate of heat
generation in a resistance wire is simply equal to the power ( D =0.08 in ()

rating of a resistance heater. Then the rate of heat generation in
the wire per unit volume is determined by dividing the total
rate of heat generation by the volume of the wire to be

L=15in
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§- G G 1000 W [3.412 Btu/h

Vyire (nD2/4)L  [(0.08/12 )2 / 4](15/12 ft) 1w
Similarly, heat flux on the outer surface of the wire as a result of this heat generation is determined by
dividing the total rate of heat generation by the surface area of the wire to be

G G _ 1000 W (3.412 Btu/h
Auie 7DL  7(0.08/12ft)(15/12 ft) 1w

Discussion Note that heat generation is expressed per unit volume in Btu/h-ft® whereas heat flux is
expressed per unit surface area in Btu/h-ft2.

j =7.820x107 Btu/h-ft®

4= )21.303x105 Btu/h -t
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2-15E

"GIVEN"
E_dot=1000 "[W]"
L=15 "[in]"

"D=0.08 [in], parameter to be varied"

"ANALYSIS"

g_dot=E_dot/V_wire*Convert(W, Btu/h)
V_wire=pi*D*2/4*L*Convert(in"3, ft"3)
g_dot=E_dot/A_wire*Convert(W, Btu/h)
A_wire=pi*D*L*Convert(in"2, ft"2)

Chapter 2 Heat Conduction Equation

D [in] q [Btu/h.ft’]
0.02 521370
0.04 260685
0.06 173790
0.08 130342
01 104274
0.12 86395
0.14 74481
0.16 65171
0.18 57930
02 52137
550000 I
500000\

450000
400000/
3500001

N_ 300000
hry L
£ 250000
= [
S 200000
@ I
150000

Ney L
100000
50000

O_
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Chapter 2 Heat Conduction Equation

2-16 The rate of heat generation per unit volume in the uranium rods is given. The total rate of heat
generation in each rod is to be determined.

Assumptions Heat is generated uniformly in the uranium rods. g = 7x10" Wim®

Analysis The total rate of heat generation in the rod is
determined by multiplying the rate of heat generation per unit ( D =5cm ()
volume by the volume of the rod L=1m

G =gV,yg = (D2 14)L = (7x10" W/ m*)[z(0.05 m)? / 4](1 m) =1.374 x10° W = 137.4 KW

2-17 The variation of the absorption of solar energy in a solar pond with depth is given. A relation for the
total rate of heat generation in a water layer at the top of the pond is to be determined.

Assumptions Absorption of solar radiation by water is modeled as heat generation.
Analysis The total rate of heat generation in a water layer of surface area A and thickness L at the top of the
pond is determined by integration to be

e—bX - Ag'o(l_ebe)

_b|0_ b

| L

2 _ . _ L . —bx _ .
G _L gdv = LO goe ™ (Adx) = Ad,

2-18 The rate of heat generation per unit volume in a stainless steel plate is given. The heat flux on the
surface of the plate is to be determined.

Assumptions Heat is generated uniformly in steel plate.
Analysis We consider a unit surface area of 1 m? The total rate of heat 9
generation in this section of the plate is

G = gVpie = G(Ax L) = (5x10° W/ m®)(1 m?)(0.03 m) =1.5x10° W

Noting that this heat will be dissipated from both sides of the plate, the heat
flux on either surface of the plate becomes

G  15x10°W
Aplate 2x1m?

= 75,000 W/m?

q:

Heat Conduction Equation

2-19 The one-dimensional transient heat conduction equation for a plane wall with constant thermal

conductivity and heat generation is %+%=£%. Here T is the temperature, x is the space variable, g
[04

is the heat generation per unit volume, k is the thermal conductivity, a is the thermal diffusivity, and t is the

time.

2-20 The one-dimensional transient heat conduction equation for a plane wall with constant thermal
conductivity and heat generation is 1o rﬂ Jrgzlﬂ

ral\ &) k aa
variable, g is the heat generation per unit volume, k is the thermal conductivity, o is the thermal diffusivity,

and t is the time.

. Here T is the temperature, r is the space
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2-21 We consider a thin element of thickness Ax in a large plane wall (see Fig. 2-13 in the text). The
density of the wall is p, the specific heat is C, and the area of the wall normal to the direction of heat
transfer is A. In the absence of any heat generation, an energy balance on this thin element of thickness Ax
during a small time interval At can be expressed as

. . AE,,
Qu —Quiax = (Xetment

where

ABgiement = Etyat — Et = MC(Tpipe — T) = pCAAX(Tn — Tr)
Substituting,

Qx - Qx+Ax = pCAAXM

At
Dividing by AAx gives
_ 1 Qx+Ax _Qx _ Tt+At _Tt
A AX =rC At

Taking the limitas Ax — 0 and At — 0 yields
17 or or
——| kKA—|= pC—
A a‘x[ a‘xj e a
since, from the definition of the derivative and Fourier’s law of heat conduction,

M:@:z(_mﬂj
X

lim
AX—0 AX X X

Noting that the area A of a plane wall is constant, the one-dimensional transient heat conduction equation
in a plane wall with constant thermal conductivity k becomes

FT _1or

X aa
where the property a =k / pC is the thermal diffusivity of the material.
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2-22 We consider a thin cylindrical shell element of thickness Ar in a long cylinder (see Fig. 2-15 in the
text). The density of the cylinder is p, the specific heat is C, and the length is L. The area of the cylinder
normal to the direction of heat transfer at any location is A =2zrL where r is the value of the radius at that
location. Note that the heat transfer area A depends on r in this case, and thus it varies with location. An
energy balance on this thin cylindrical shell element of thickness Ar during a small time interval At can be
expressed as

AEelement

Q Qr+Ar + Gelement - At

where
ABgiement = Etsat — Et = MC(Tiia — Ti) = ACAAr (T a — Th)
Gelement = gvelement = gAAI’
Substituting,
: : . T -T
Qr —Qriar +0AAr = pCAAI’%

where A =2zrL. Dividing the equation above by AAr gives

1Qr+Ar Qr Tt+At
A Ar o= At

T

Taking the limitas Ar —» 0 and At — 0 yields
L2 (T ) gope T
Aor or ot

since, from the definition of the derivative and Fourier’s law of heat conduction,

Qua-Q& _R_J [_Mﬁj
a

lim
Ar—0 Ar a o

Noting that the heat transfer area in this case is A =2zrL and the thermal conductivity is constant, the one-
dimensional transient heat conduction equation in a cylinder becomes

1o( oT . 10T
——lr—|+g=—-—
r@r( ﬁrj o ot

where a =k / pC is the thermal diffusivity of the material.
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2-23 We consider a thin spherical shell element of thickness Ar in a sphere (see Fig. 2-17 in the text).. The
density of the sphere is p, the specific heat is C, and the length is L. The area of the sphere normal to the
direction of heat transfer at any location is A=4zr? where r is the value of the radius at that location.
Note that the heat transfer area A depends on r in this case, and thus it varies with location. When there is
no heat generation, an energy balance on this thin spherical shell element of thickness Ar during a small
time interval At can be expressed as

AE

element

Qr - Qr+Ar = At

where

AEgement = Etiat — Bt = MC(Tyiar = T) = PCAAr (T g — Tr)
Substituting,
T

Q ~ Qo + GANT = pCAAT T2

where A =4zr?. Dividing the equation above by A4r gives

1 Qr+Ar — Qr _ Tt+At _Tt
AT oA T

Taking the limitas Ar — 0 and At — 0yields
170 ar 7
— kAL |= oo
Ao‘r( ﬁrj 5

since, from the definition of the derivative and Fourier’s law of heat conduction,

=0 _ R _ ﬁ[ kAarj

AraO Ar a 178

a

Noting that the heat transfer area in this case is A =47zr2 and the thermal conductivity k is constant, the
one-dimensional transient heat conduction equation in a sphere becomes

1ar25r 14
Zal a) aa

where a =k / pC is the thermal diffusivity of the material.

2-24 For a medium in which the heat conduction equation is given in its simplest by ? = l% :
o

(a) Heat transfer is transient, (b) it is one-dimensional, (c) there is no heat generation, and (d) the thermal
conductivity is constant.

2-25 For a medium in which the heat conduction equation is given in its simplest by —di[rk z—Tj g=0
r r

(a) Heat transfer is steady, (b) it is one-dimensional, (c) there is heat generation, and (d) the thermal
conductivity is variable.

2-26 For a medium in which the heat conduction equation is given by ——| r
re o a) aa

(a) Heat transfer is transient, (b) it is one-dimensional, (c) there is no heat generation, and (d) the thermal
conductivity is constant.

15(2(7TJ 17
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2

2-27 For a medium in which the heat conduction equation is given in its simplest by r?j_IJr?j_I =0
r

(a) Heat transfer is steady, (b) it is one-dimensional, (c) there is heat generation, and (d) the thermal

conductivity is constant.

2-28 We consider a small rectangular element of length Ax, width Ay, and height Az = 1 (similar to the one
in Fig. 2-21). The density of the body is p and the specific heat is C. Noting that heat conduction is two-
dimensional and assuming no heat generation, an energy balance on this element during a small time
interval At can be expressed as

Rate of heat Rate of heat conduction Rate of change of
conduction at the |- at the surfaces at =| the energy content
surfacesat xandy X+ Axand y + Ay of the element
. . . . AE
or Qe+ Qy —Quiax — Qy+Ay = %

Noting that the volume of the element is Vgjemen: = AXAYAZ = AXAy x 1, the change in the energy content of
the element can be expressed as
AEgiement = Eryat — Ex = MC(Tyyp — T) = pCAXAY (i pr — Ti)

I . . . . T .—-T
Substituting, Qx + Qy —Quamx — Qy+Ay = pCAXAy%
Dividing by AxAy gives

_i Qx+Ax _Qx _ 1 Qyay —Qy - oC Toat —

Ay AX AX Ay At

Ti

Taking the thermal conductivity k to be constant and noting that the heat transfer surface areas of the
element for heat conduction in the x and y directions are A, =Ayxland A, = Axx1, respectively, and

taking the limit as Ax, Ay, and At — 0 yields

AT AT 1T
—_—
5(2 @2 o O’t

since, from the definition of the derivative and Fourier’s law of heat conduction,

. _ . 2
i 1 QX+AX QX _ 1 QX — 1 i _kAyAzﬂ :—i kﬂ =—k oT
M0 AYyAZ  AX AYyAZ & AYAZ X X &\ & X2
C )
im L Qe 1 Ry 1 o) O ) O
Ay—0 AXAZ Ay AXAZ &  AXAL & 1% N & &

Here the property a =k / pC is the thermal diffusivity of the material.
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2-29 We consider a thin ring shaped volume element of width Az and thickness Ar in a cylinder. The
density of the cylinder is p and the specific heat is C. In general, an energy balance on this ring element
during a small time interval At can be expressed as

AEelement Az

(Qr _Qr+Ar)+(Qz _Qz+Az) = At —| |«—

But the change in the energy content of the element can be expressed as
AEgiement = Evyat — Bt = MC(Tpupp = Ty) = pPCQ2ATAN) AZ(Ty 5 — Tr) rAr
Substituting,

L L T . —T
(Qr - Qr+Ar) + (Qz - QZ+AZ) = pC(Zm’AI’)AZ%tt
Dividing the equation above by (2arAr)Az gives

_ 1 Qr+Ar _Qr _ 1 Qz+Az _Qz — pC Tt+At —
27rAZ Ar 27rAr Az At

Noting that the heat transfer surface areas of the element for heat conduction in the r and z directions are
A, =2arAzand A, = 2arAr, respectively, and taking the limit as Ar, Az and At — 0 yields

10(, 6Ty 1 o(,0T) af, oT oT
Sk L ke s Lk | =pc &
ror or) r2apl ab) az\ a at

since, from the definition of the derivative and Fourier’s law of heat conduction,

1 Quar—Q 1 A 1 ﬁ(_k(zﬂmz)%j:—%i[krﬂj

T

lim = = =
Ar—0 27rAZ Ar 2mAL & 2aAL & o a
i Qiw=Q __1 XR__1 7 —k(27z'rAr)ﬂ S
Az2—0 271 Ar Az 2AY A 2mAr A a a\ a
For the case of constant thermal conductivity the equation above reduces to

1o( aT\ o*T 1T

Sl r—|+t—==—

ror or) oz2 o ot

where a =k / pC is the thermal diffusivity of the material. For the case of steady heat conduction with no
heat generation it reduces to

10"( é’r] o1
——lr—|+—=0
ral a &2
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2-30 Consider a thin disk element of thickness Az and diameter D in a long cylinder (Fig. P2-30). The
density of the cylinder is p, the specific heat is C, and the area of the cylinder normal to the direction of
heat transfer is A= zD? /4, which is constant. An energy balance on this thin element of thickness Az
during a small time interval At can be expressed as

Rate of heat Rate of heat Rate of heat Rate of change of
conductionat |—| conduction at the |+| generation inside | =| the energy content
the surfaceat z surfaceat z + Az the element of the element
or,
AEelement

v A +G _
Qz QZ+AZ element At

But the change in the energy content of the element and the rate of heat
generation within the element can be expressed as

AB¢iement = Ersat — Bt =MC(Tiype — Ti) = pCAAZ(Ti e — Tr)
and

Gelement = gvelement = QAAZ
Substituting,

C . Toon =T
Q; —Qpin +9AAZ = pCAAZ%
Dividing by A4z gives
l Qz+Az Qz t+At Tt
+
A Az 9=

Taking the limitas Az — 0 and At — 0yields
170 ar ar
— — |KA—|+qd = -
Aa [ a J g=sC a

since, from the definition of the derivative and Fourier’s law of heat conduction,

lim Qz+Az Qz m 0’7( kAﬂT)

Az—0 Az a o a

Noting that the area A and the thermal conductivity k are constant, the one-dimensional transient heat
conduction equation in the axial direction in a long cylinder becomes

Jr g 1

a? k aa
where the property a =k / pC is the thermal diffusivity of the material.
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2 2
2-31 For a medium in which the heat conduction equation is given by g+g = lﬂ:
ox° oy oot

(a) Heat transfer is transient, (b) it is two-dimensional, (c) there is no heat generation, and (d) the thermal
conductivity is constant.

2-32 For a medium in which the heat conduction equation is given by li(kr ﬂjJri(k £j+ g=0:
r & a ) a\ a

(a) Heat transfer is steady, (b) it is two-dimensional, (c) there is heat generation, and (d) the thermal

conductivity is variable.

2-33 For a medium in which the heat conduction equation is given by

16,01 1 07T 14T

PR R Ry Beae ey S

re o &) r°sin“0 dp* a A&

(a) Heat transfer is transient, (b) it is two-dimensional, (c) there is no heat generation, and (d) the thermal
conductivity is constant.

Boundary and Initial Conditions; Formulation of Heat Conduction Problems

2-34C The mathematical expressions of the thermal conditions at the boundaries are called the boundary
conditions. To describe a heat transfer problem completely, two boundary conditions must be given for
each direction of the coordinate system along which heat transfer is significant. Therefore, we need to
specify four boundary conditions for two-dimensional problems.

2-35C The mathematical expression for the temperature distribution of the medium initially is called the
initial condition. We need only one initial condition for a heat conduction problem regardless of the
dimension since the conduction equation is first order in time (it involves the first derivative of temperature
with respect to time). Therefore, we need only 1 initial condition for a two-dimensional problem.

2-36C A heat transfer problem that is symmetric about a plane, line, or point is said to have thermal
symmetry about that plane, line, or point. The thermal symmetry boundary condition is a mathematical
expression of this thermal symmetry. It is equivalent to insulation or zero heat flux boundary condition, and
is expressed at a point Xo as JT (X,t) /& =0.

2-37C The boundary condition at a perfectly insulated surface (at x = 0, for example) can be expressed as
ﬂT(O,t)_O ar0,t)
X X

which indicates zero heat flux.

-k 0

2-38C Yes, the temperature profile in a medium must be perpendicular to an insulated surface since the
slope AT /& =0 atthat surface.

2-39C We try to avoid the radiation boundary condition in heat transfer analysis because it is a non-linear
expression that causes mathematical difficulties while solving the problem; often making it impossible to
obtain analytical solutions.

2-40 A spherical container of inner radius r;, outer radius r,, and thermal
conductivity k is given. The boundary condition on the inner surface of the

2-12
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container for steady one-dimensional conduction is to be expressed for the
following cases:

(a) Specified temperature of 50°C: T(r;) =50°C

=30 W/ m?

(b) Specified heat flux of 30 W/m? towards the center: k —de(rrl)

(c) Convection to a medium at T, with a heat transfer coefficient of h: k

d
A _pyre)-1,

2-41 Heat is generated in a long wire of radius r, covered with a plastic insulation layer at a constant rate
of g,. The heat flux boundary condition at the interface (radius ry) in terms of the heat generated is to be
expressed. The total heat generated in the wire and the heat flux at the interface are

G = gOVWire = go (77"02 L) %
ngzgzwzﬂ ( D (>
A A (2m)L 2

L
Assuming steady one-dimensional conduction in the radial direction, the heat flux boundary condition can
be expressed as
Kk dT(rp) _ Yoo
dr 2

2-42 A long pipe of inner radius r;, outer radius r,, and
thermal conductivity k is considered. The outer surface of the
pipe is subjected to convection to a medium at T_ with a heat To
transfer coefficient of h. Assuming steady one-dimensional

conduction in the radial direction, the convection boundary

condition on the outer surface of the pipe can be expressed as

L AT(w)
dr

=

=h[T(r)-T,]

2-13



Chapter 2 Heat Conduction Equation

2-43 A spherical shell of inner radius r;, outer radius r, , and thermal conductivity k is considered. The
outer surface of the shell is subjected to radiation to surrounding surfaces at T, . Assuming no convection
and steady one-dimensional conduction in the radial direction, the radiation boundary condition on the
outer surface of the shell can be expressed as

AT

&
ar EO'[T(rZ)A _Tsﬁrr] k

TSUI’I’

I

2-44 A spherical container consists of two spherical layers A and B that are at perfect contact. The radius of
the interface is r,. Assuming transient one-dimensional conduction in the radial direction, the boundary
conditions at the interface can be expressed as

Ta(ro,t) =Tg(ro,t)

and K, OTA;:O’t) - kg ﬂsgo’t)

2-45 Heat conduction through the bottom section of a steel pan that is used to boil water on top of an
electric range is considered (Fig. P2-45). Assuming constant thermal conductivity and one-dimensional
heat transfer, the mathematical formulation (the differential equation and the boundary conditions) of this
heat conduction problem is to be obtained for steady operation.

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity is given to
be constant. 3 There is no heat generation in the medium. 4 The top surface at x = L is subjected to
convection and the bottom surface at x = 0 is subjected to uniform heat flux.

Analysis The heat flux at the bottom of the pan is

d, =&= (23 _ 0.85><(1OO('2) W) _ 27,056 W/ m?
A; D7 /4  #(020m)“ /4
Then the differential equation and the boundary conditions

for this heat conduction problem can be expressed as

d2T
— =0
dx2
—k@: ds = 27,056 W/ m?
r

—kM =h[T(L)-T,]
dr

2-14
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2-46E A 1.5-kW resistance heater wire is used for space heating. Assuming constant thermal conductivity
and one-dimensional heat transfer, the mathematical formulation (the differential equation and the
boundary conditions) of this heat conduction problem is to be obtained for steady operation.

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity is given to
be constant. 3 Heat is generated uniformly in the wire.

Analysis The heat flux at the surface of the wire is
QG 1200W

A, 2aryL  27(0.06 in)(15 in)
Noting that there is thermal symmetry about the center line and there is uniform heat flux at the outer

surface, the differential equation and the boundary conditions for this heat conduction problem can be
expressed as

R =212.2 W/in?

1d( dT) ¢

?E(Tj*%zo 2kW

7o _, ( D=0.12in ()
dr L=15in

—k%=qs =212.2 W/in?

2-47 Heat conduction through the bottom section of an aluminum pan that is used to cook stew on top of an
electric range is considered (Fig. P2-47). Assuming variable thermal conductivity and one-dimensional heat
transfer, the mathematical formulation (the differential equation and the boundary conditions) of this heat
conduction problem is to be obtained for steady operation.

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity is given to
be variable. 3 There is no heat generation in the medium. 4 The top surface at x = L is subjected to
specified temperature and the bottom surface at x = 0 is subjected to uniform heat flux.

Analysis The heat flux at the bottom of the pan is

Q. G 0.90 x (900 W)
A D?/4  #(018m)2 /4
Then the differential equation and the boundary conditions
for this heat conduction problem can be expressed as

1(kd_Tj:0
dx \  dx

- @: G = 31831 W/ m?
r

=31,831W/m?

I

T(L) =T, =108°C
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2-48 Water flows through a pipe whose outer surface is wrapped with a thin electric heater that consumes
300 W per m length of the pipe. The exposed surface of the heater is heavily insulated so that the entire
heat generated in the heater is transferred to the pipe. Heat is transferred from the inner surface of the pipe
to the water by convection. Assuming constant thermal conductivity and one-dimensional heat transfer, the
mathematical formulation (the differential equation and the boundary conditions) of the heat conduction in
the pipe is to be obtained for steady operation.

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity is given to
be constant. 3 There is no heat generation in the medium. 4 The outer surface at r = r, is subjected to
uniform heat flux and the inner surface at r = ry is subjected to convection.

Analysis The heat flux at the outer surface of the pipe is
Q. Q 300 W
A, 2ar,L  27(0.065cm)(1 m)

Noting that there is thermal symmetry about the center line and there is uniform heat flux at the outer
surface, the differential equation and the boundary conditions for this heat conduction problem can be

expressed as
i(r d_Tj =0
dr\ dr

=7346 W/ m?

ds

dT(r.
S () -7,
:
k%:qS =734.6 W/m?
r

2-49 A spherical metal ball that is heated in an oven to a temperature of T; throughout is dropped into a
large body of water at T,, where it is cooled by convection. Assuming constant thermal conductivity and
transient one-dimensional heat transfer, the mathematical formulation (the differential equation and the
boundary and initial conditions) of this heat conduction problem is to be obtained.

Assumptions 1 Heat transfer is given to be transient and one-dimensional. 2 Thermal conductivity is given
to be constant. 3 There is no heat generation in the medium. 4 The outer surface at r = ry is subjected to
convection.

Analysis  Noting that there is thermal symmetry about the midpoint and convection at the outer surface,
the differential equation and the boundary conditions for this heat conduction problem can be expressed as

ii[ﬁﬂ]_iﬂ

ra &) a A
Ts
TOH _, h
—k%:hmro)—m
T(I’,O)=Ti

2-50 A spherical metal ball that is heated in an oven to a temperature of T; throughout is allowed to cool in
ambient air at T,, by convection and radiation. Assuming constant thermal conductivity and transient one-
dimensional heat transfer, the mathematical formulation (the differential equation and the boundary and
initial conditions) of this heat conduction problem is to be obtained.

Assumptions 1 Heat transfer is given to be transient and one-dimensional. 2 Thermal conductivity is given
to be variable. 3 There is no heat generation in the medium. 4 The outer surface at r = rq is subjected to
convection and radiation.
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Analysis  Noting that there is thermal symmetry about the midpoint and convection and radiation at the
outer surface and expressing all temperatures in Rankine, the differential equation and the boundary
conditions for this heat conduction problem can be expressed as

10 2 1 é_l
——| kr*°—|=pC ’
rz 0’}'( ﬁ(] a Tsurr
a0y _, l§
h
(1, t
B (af L HT () - T, 1+ colT (1) ~ T ]

T(r,0)=T,

2-51 The outer surface of the North wall of a house exchanges heat with both convection and radiation.,
while the interior surface is subjected to convection only. Assuming the heat transfer through the wall to be
steady and one-dimensional, the mathematical formulation (the differential equation and the boundary and
initial conditions) of this heat conduction problem is to be obtained.

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity is given to
be constant. 3 There is no heat generation in the medium. 4 The outer surface at x = L is subjected to
convection and radiation while the inner surface at x = 0 is subjected to convection only.

Analysis Expressing all the temperatures in Kelvin, the differential equation and
the boundary conditions for this heat conduction problem can be expressed as

deT
_:0
dx2
dT(0
K % =h[T,-T(0] o
X
dT(L) 4_q T !
AT ()T, 0T Ty N e
L X
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Solution of Steady One-Dimensional Heat Conduction Problems

2-52C Yes, this claim is reasonable since in the absence of any heat generation the rate of heat transfer
through a plain wall in steady operation must be constant. But the value of this constant must be zero since
one side of the wall is perfectly insulated. Therefore, there can be no temperature difference between
different parts of the wall; that is, the temperature in a plane wall must be uniform in steady operation.

2-53C Yes, the temperature in a plane wall with constant thermal conductivity and no heat generation will
vary linearly during steady one-dimensional heat conduction even when the wall loses heat by radiation

from its surfaces. This is because the steady heat conduction equation in a plane wall is d?T /dx?= 0
whose solution is T(x) = C;x+ C, regardless of the boundary conditions. The solution function represents

a straight line whose slope is C;.

2-54C Yes, in the case of constant thermal conductivity and no heat generation, the temperature in a solid
cylindrical rod whose ends are maintained at constant but different temperatures while the side surface is
perfectly insulated will vary linearly during steady one-dimensional heat conduction. This is because the

steady heat conduction equation in this case is d?T/dx?= 0 whose solution is T(x) = C;x+C, which
represents a straight line whose slope is C;.

2-55C Yes, this claim is reasonable since no heat is entering the cylinder and thus there can be no heat
transfer from the cylinder in steady operation. This condition will be satisfied only when there are no
temperature differences within the cylinder and the outer surface temperature of the cylinder is the equal to
the temperature of the surrounding medium.
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Equation

2-56 A large plane wall is subjected to specified temperature on the left surface and convection on the right
surface. The mathematical formulation, the variation of temperature, and the rate of heat transfer are to be

determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3

There is no heat generation.
Properties The thermal conductivity is given to be k =2.3 W/m-°C.

Analysis (a) Taking the direction normal to the surface of the wall to be the x direction with x =0
surface, the mathematical formulation of this problem can be expressed as

at the left

d2T
—=0
dx2
and o /& )
T(0)=T, =80°C T,=80°C
dT(L A=20 m? T, =15°C
IO _pprey -, nZ24 Win.°C
L=04m
(b) Integrating the differential equation twice with respect to x yields A —
ar _
dx -
T(x)=Cx+C, X

where C, and C, are arbitrary constants. Applying the boundary conditions give
x=0: T0)=C, x0+C, —» C,=T

_h(CZ_Too) N Cl:_h(Tl_Tw)
k +hL k +hL

Substituting C; and C, into the general solution, the variation of temperature is determined to be

x=L: -kC, =h[(C,L+C,)-T,] » C; =

h(T, - T,
T(x):—ﬁx+Tl

~ (24 W/ m?.°C)(80-15)°C
(23W/m-°C)+ (24 W/ m?.°C)(0.4 m)
=80-1311x

80°C

(c) The rate of heat conduction through the wall is

- dT h(T,-T,)
= —kA—=—kAC, =kA—1—=~
Qwall d 1 k +hL

dx
(24 W/m? .°C)(80-15)°C

=(2.3W/m-°C)(20 m?) >
(2.3W/m-°C) + (24 W/m? -°C)(0.4 m)

=6030 W

Note that under steady conditions the rate of heat conduction through a plain wall is constant.
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2-57 The top and bottom surfaces of a solid cylindrical rod are maintained at constant temperatures of 20°C
and 95°C while the side surface is perfectly insulated. The rate of heat transfer through the rod is to be
determined for the cases of copper, steel, and granite rod.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3
There is no heat generation.

Properties The thermal conductivities are given to be k =380 W/m-°C for copper, k = 18 W/m-°C for steel,
and k=1.2 W/m-°C for granite.
Analysis Noting that the heat transfer area (the area normal to

the direction of heat transfer) is constant, the rate of heat
transfer along the rod is determined from

G-kalt T2
L Tap5oC D=0.05m T,295°C
where L = 0.15 m and the heat transfer area A is =

A=7D?/4=7(005m)%/4=1964x10" m?

Insulated

Then the heat transfer rate for each case is determined as follows: L=0.15m
(a) Copper: Q= AL T2 _ (380 W/ m-°C)(1.964 x 102 mz)w =373.1W
L 0.15m
(b) Steel: Q= kA@ = (18 W/ m-°>C)(1.964 x1073 mz)w =17.7W
(c) Granite: Q= m@ = (12 W/m-°C)(1.964 x102 mz)% =12W
A5m

Discussion: The steady rate of heat conduction can differ by orders of magnitude, depending on the
thermal conductivity of the material.
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2-58
"GIVEN"
L=0.15 "[m]"
D=0.05 "[m]"
T_1=20"[C]"
T_2=95"[C]"
"k=1.2 [W/m-C], parameter to be varied"
"ANALYSIS"
A=pi*D"2/4
Q_dot=k*A%(T_2-T_1)/L
k [W/m.C] QW]
1 0.9817
22 21.6
43 42.22
64 62.83
85 83.45
106 104.1
127 124.7
148 145.3
169 165.9
190 186.5
211 207.1
232 227.8
253 248.4
274 269
295 289.6
316 310.2
337 330.8
358 351.5
379 372.1
400 392.7
400 T T T T T T T T T T T T T T
350/ i
300/ i
250/ i
= 200 -
O 150/ i
100/ i
50; ,
07 I L I L I L I L I L I L I L

0 50 100 150 200 250 300 350 400
k [W/m-C]
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2-59 The base plate of a household iron is subjected to specified heat flux on the left surface and to
specified temperature on the right surface. The mathematical formulation, the variation of temperature in
the plate, and the inner surface temperature are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since the surface area of the base plate is
large relative to its thickness, and the thermal conditions on both sides of the plate are uniform. 2 Thermal
conductivity is constant. 3 There is no heat generation in the plate. 4 Heat loss through the upper part of
the iron is negligible.

Properties The thermal conductivity is given to be k =20 W/m-°C.

Analysis (a) Noting that the upper part of the iron is well insulated and thus the entire heat generated in the

resistance wires is transferred to the base plate, the heat flux through the inner surface is determined to be

_Q _ 8w
Age 160x107% m?

do =50,000 W/ m?

Taking the direction normal to the surface of the wall to be the x
direction with x = 0 at the left surface, the mathematical formulation of

this problem can be expressed as /‘ﬂ K L~
’T _, Q=800 W T, =85°C
a2 A=160 cm®
aro L=0.6 cm

and —k =G = 50,000 W/ m?

dx
T(L)=T, =85°C

(b) Integrating the differential equation twice with respectto x yields >

dT
V!
T(x) =Cx+C,

where C; and C, are arbitrary constants. Applying the boundary conditions give

x =0 —KC, =d, — Cl:_qTO
oL
x=L: T(L)=CL+C, =T, » C,=T,-CL —» C,=T,+J=

k

Substituting C; and C, into the general solution, the variation of temperature is determined to be

Gob _Go(L-%)

do
T(X)=——-x+T T
() ==X Ty = = 2 T,
2 —
_ (50,000 W/m<)(0.006 — x)m 850
20W/m-°C

= 2500(0.006 — x) + 85

(c) The temperature at x = 0 (the inner surface of the plate) is
T(0) = 2500(0.006 — 0) +85=100°C

Note that the inner surface temperature is higher than the exposed surface temperature, as expected.
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2-60 The base plate of a household iron is subjected to specified heat flux on the left surface and to

specified temperature on the right surface. The mathematical formulation, the variation of tempe

rature in

the plate, and the inner surface temperature are to be determined for steady one-dimensional heat transfer.
Assumptions 1 Heat conduction is steady and one-dimensional since the surface area of the base plate is

large relative to its thickness, and the thermal conditions on both sides of the plate are uniform. 2

Thermal

conductivity is constant. 3 There is no heat generation in the plate. 4 Heat loss through the upper part of

the iron is negligible.
Properties The thermal conductivity is given to be k =20 W/m-°C.

Analysis (a) Noting that the upper part of the iron is well insulated and thus the entire heat generated in the
resistance wires is transferred to the base plate, the heat flux through the inner surface is determined to be

Go =20 = 200W 25600 Wim?
Apsse  160x107" m
Tak_lng t_he d|r_ect|on_normal to the surface of the wall to be_the /& K a
x direction with x = 0 at the left surface, the mathematical _ T, =85°C
formulation of this problem can be expressed as Q=1200 V\12 2
A=160 cm
2
a7 =0 L=0.6 cm
dx2 ¢ N
and k91O _ G, = 75,000 W/m?
dx
T(L)=T,=85°C =X

(b) Integrating the differential equation twice with respectto x yields
dT

dx
T(x) =Cx+C,

where C; and C, are arbitrary constants. Applying the boundary conditions give

x=0: -kC,=q, — Cl:_q?0
x=L: T(L)=C,L+C, =T, » C,=T,-CL » C,=T, +%
=L =4 2= 1 2= =4 2= 1

k

Substituting C; and C, into the general solution, the variation of temperature is determined to be

T)=-30 5,7, +Oob_ Go(L=X) +T,
k k k
2
_ (75000Wm?)(0.006-x)m ..
20W/m-°C

= 3750(0.006 — x) + 85

(c) The temperature at x = 0 (the inner surface of the plate) is
T(0) =3750(0.006 —-0) +85 =107.5°C

Note that the inner surface temperature is higher than the exposed surface temperature, as expected.
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2-61
"GIVEN"

Q_dot=800 "[W]"
L=0.006 "[m]"
A_base=160E-4 "[m"2]"
k=20 "[W/m-C]"

T _2=85"[C]"

"ANALYSIS"

g_dot_0=Q_dot/A_base

T=g_dot_0*(L-x)/k+T_2 "Variation of temperature"
"X is the parameter to be varied"

0 100
0.0006667 98.33
0.001333 96.67
0.002 95
0.002667 93.33
0.003333 91.67
0.004 90
0.004667 88.33
0.005333 86.67
0.006 85
100 T T T T T T T T T T T
98| -
96 4
94} -
O g2l ]
l— L _
90t :
88| -
86 4
84 1 | 1 | 1 | 1 | 1 | 1
0 0.001 0.002 0.003 0.004 0.005 0.006

x [m]

2-62E A steam pipe is subjected to convection on the inner surface and to specified temperature on the
outer surface. The mathematical formulation, the variation of temperature in the pipe, and the rate of heat
loss are to be determined for steady one-dimensional heat transfer.
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Assumptions 1 Heat conduction is steady and one-dimensional since the pipe is long relative to its
thickness, and there is thermal symmetry about the center line. 2 Thermal conductivity is constant. 3 There
is no heat generation in the pipe.

Properties The thermal conductivity is given to be k = 7.2 Btu/h-ft-°F.

Analysis (a) Noting that heat transfer is one-dimensional in the radial r direction, the mathematical
formulation of this problem can be expressed as

d( dT T =160°F
—|r—|=0
dr ( dr )
Steam
and -k m =h[T, -T(r)] 250°F
dr h=1.25
T(r,)=T, =160°F
L=15ft
(b) Integrating the differential equation once with respect to r gives , |
dr
Dividing both sides of the equation above by r to bring it to a readily integrable form and then integrating,
am_G
ar r

T(r)=C;Inr+C,
where C; and C, are arbitrary constants. Applying the boundary conditions give
&

1
r=r, T(r)=C/Inr,+C, =T,

=h[T, - (C;Inr, +C,)]

Solving for C; and C, simultaneously gives

T,-T T,-T
In-2 4+ — In2,
rn hn rn o hn

Substituting C; and C, into the general solution, the variation of temperature is determined to be

T(r)=CyInr+T, -CyInr, =Cy(Inr—-Inry)+T, :ﬁlnL+T2
In=+—
rnohn
B (160 — 250)°F r or r o
-2z = Biuh FO°F In 4 +160°F = —24.741n a +160°F
2 (12.5Btu/h-ft2 -°F)(2/12 ft)
(c) The rate of heat conduction through the pipe is
: T,-T
Q= —|<A‘:|—T = —k(2arL) S onk ﬁ—ﬁ(
r r In—2+—
rnohn
_ o (160— 250)°F B
=-2z(15ft)(7.2 Btu/h - ft- °F) 57 =5 Bu/h f°F =16,800 Btu/h

2 (125Btu/h-ft? -°F)(2/12 ft)
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2-63 A spherical container is subjected to specified temperature on the inner surface and convection on the
outer surface. The mathematical formulation, the variation of temperature, and the rate of heat transfer are
to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since there is no change with time and there
is thermal symmetry about the midpoint. 2 Thermal conductivity is constant. 3 There is no heat generation.

Properties The thermal conductivity is given to be k =30 W/m-°C.

Analysis (a) Noting that heat transfer is one-dimensional in the radial r direction, the mathematical
formulation of this problem can be expressed as

i(rzd—Tj=O Tl

dr dr
T,
and T(I’l) = Tl = OOC h
dT(r,)
—k——===h[T(r,)-T.
ar [T(r2)-T,]
(b) Integrating the differential equation once with respect to r gives
r2 d—T = Cl
dr
Dividing both sides of the equation above by r to bring it to a readily integrable form and then integrating,
av_G
dr 2

T(r) :—%+c2

where C, and C, are arbitrary constants. Applying the boundary conditions give

C
r=rg T(r) =—r—1+C2 =T
1
r=ry —kc—zlzh(—&+C2—ij
P r

Solving for C; and C, simultaneously gives

_h_ k. N 1_';2_Lr1
o hr n hr

Substituting C; and C, into the general solution, the variation of temperature is determined to be

T(r) = _&+Tl +& = Cl(i_lj—i_Tl :&(i_r_ZJ_’_Tl
r r 1 k

1 nr K n T
rn o hr
(0-25)°C 21 21
—— 2 |4+0°C=29.63(1.05-2.1/
2.1 30 W/m-°C 2 i ( "

2 (18W/m?.°C)(2.1m)

(c) The rate of heat conduction through the wall is
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3 daT 2:C1 _ rp(Ty-T,)
Q=-kA v k(4nr )r2 =—-47kC, = 47K _LZ_L
rn o hn

(2.1m)(0-25)°C
2.1 30W/m-°C

2 (18W/m?.°C)(2.1m)

= —47(30 W/m -°C) = 23,460 W
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2-64 A large plane wall is subjected to specified heat flux and temperature on the left surface and no
conditions on the right surface. The mathematical formulation, the variation of temperature in the plate,
and the right surface temperature are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since the wall is large relative to its
thickness, and the thermal conditions on both sides of the wall are uniform. 2 Thermal conductivity is
constant. 3 There is no heat generation in the wall.

Properties The thermal conductivity is given to be k =2.5 W/m-°C.

Analysis (a) Taking the direction normal to the surface of the wall
to be the x direction with x = 0 at the left surface, the

mathematical formulation of this problem can be expressed as
o /& c
——=0 =700 W/m?
dx T,=80°C
and - @:qo =700 W/ m? L=0.3m
X

T(0)=T, =80°C

(b) Integrating the differential equation twice with respectto x yields

X
dT
VRS
T(x) =Cx+C,

where C; and C, are arbitrary constants. Applying the boundary conditions give

Heat flux at x = 0: —kC, =4, > Ci=——
Temperatureatx=0: T(0)=C,x0+C, =T, —» C,=T,
Substituting C; and C, into the general solution, the variation of temperature is determined to be
. 2
T(X) — —q—0X+Tl — _M
k 25W/m-°C

(c) The temperature at x = L (the right surface of the wall) is
T(L)=-280x(0.3m)+80=-4°C

X+80°C =-280x+80

Note that the right surface temperature is lower as expected.
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2-65 A large plane wall is subjected to specified heat flux and temperature on the left surface and no
conditions on the right surface. The mathematical formulation, the variation of temperature in the plate,
and the right surface temperature are to be determined for steady one-dimensional heat transfer.
Assumptions 1 Heat conduction is steady and one-dimensional since the wall is large relative to its
thickness, and the thermal conditions on both sides of the wall are uniform. 2 Thermal conductivity is
constant. 3 There is no heat generation in the wall.

Properties The thermal conductivity is given to be k =2.5 W/m-°C.
Analysis (a) Taking the direction normal to the surface of the wall

to be the x direction with x = 0 at the left surface, the
mathematical formulation of this problem can be expressed as
T Sk
dx 0=950 W/m?
and ¢ 9TO _ G =950 W/m? T;=85°C
dx L=0.3m
T(0)=T,=85C <>
(b) Integrating the differential equation twice with respectto x yields
dT >
= _ X
dx <
T(x) =Cx+C,

where C; and C, are arbitrary constants. Applying the boundary conditions give

Heat flux at x = 0: -kC, =4, > C=——
Temperatureatx=0: T(0)=C,x0+C, =T, —» C,=T,
Substituting C; and C, into the general solution, the variation of temperature is determined to be

. 2
Ty=-0y 7, = SOWM® \ o5oc— 380x+85
k 25Wim-°C

(c) The temperature at x = L (the right surface of the wall) is
T(L)=-380x(0.3m)+85=-29°C

Note that the right surface temperature is lower as expected.
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2-66E A large plate is subjected to convection, radiation, and specified temperature on the top surface and
no conditions on the bottom surface. The mathematical formulation, the variation of temperature in the
plate, and the bottom surface temperature are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since the plate is large relative to its
thickness, and the thermal conditions on both sides of the plate are uniform. 2 Thermal conductivity is
constant. 3 There is no heat generation in the plate.

Properties The thermal conductivity and emissivity are given to be k =7.2 Btu/h-ft-°F and ¢ = 0.6.

Analysis (a) Taking the direction normal to the surface of the plate to be the x direction with x = 0 at the
bottom surface, and the mathematical formulation of this problem can be expressed as

d2T
— =0
dx2
and —km—h[‘r(L)—T ]+ eo[T(L)* —=Tg, 1=h[T, T, ]+ &o[(T, +460)* —Tg, ]
dx = 0 sky 1 — 2 o 2 sky
T(L)=T, =75°F
Tsky
(b) Integrating the differential equation twice with X 75°F
respectto x yields A c Te
h
dT f
o -
T(x) =Cx+C,

where C; and C, are arbitrary constants. Applying the boundary conditions give
—KCy =h[T, —T, ]+ &0[(T, +460)* -Tg, ]

— Cy ={h[T, -T, ]+0[(T, +460)* —Tg, 1}/ k

Temperatureatx=L: T(L)=C;xL+C,=T, > C,=T,-C;L

Convection at x = L:

Substituting C; and C, into the general solution, the variation of temperature is determined to be

h[T, - T..1+ &ol(T, + 460)* — Ty ]
k

(12 Btu/h - ft? - °F)(75 — 90)°F + 0.6(0.1714 x10°8 Btu/h - ft? - R*)[(535 R)*

7.2Btu/h - ft-°F

TX)=Cx+(T,-CL)=T,-(L-x)C; =T, + (L-x)

4

= 75°F + —(510R) ](4/12—x)ft
=75-23.0(1/3-X)

(c) The temperature at x = 0 (the bottom surface of the plate) is

T(0)=75-230x(1/3-0)=67.3°F
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2-67E A large plate is subjected to convection and specified temperature on the top surface and no
conditions on the bottom surface. The mathematical formulation, the variation of temperature in the plate,
and the bottom surface temperature are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since the plate is large relative to its
thickness, and the thermal conditions on both sides of the plate are uniform. 2 Thermal conductivity is
constant. 3 There is no heat generation in the plate.

Properties The thermal conductivity is given to be k =7.2 Btu/h-ft-°F.
Analysis (a) Taking the direction normal to the surface of the plate to be the x direction with x =0
at the bottom surface, the mathematical formulation of this problem can be expressed as

Ty
dx2 X 75°F T,
h
and —k%:h[T(L)—Tw]:h(Tz—Tw) f
X
T(L) =T, =75°F -

(b) Integrating the differential equation twice with respectto x yields

dT
VT
T(x)=Cx+C,

where C, and C, are arbitrary constants. Applying the boundary conditions give
Convection at x = L: -kC, =h(T,-T,) — C,=-h(T,-T,)/k
Temperatureatx=L: T(L)=C;xL+C, =T, »> C,=T,-C,L
Substituting C; and C, into the general solution, the variation of temperature is determined to be

T -T,)
k

TX)=Cx+(T,-CL)=T, —(L-X)C; =T, (L-x)

@2 Btu/ h-ft?.°F)(75-90)° F
72 Btu/h-ft°F
=75-25(1/3-x)

=75°F (4/12-x) ft

(c) The temperature at x = 0 (the bottom surface of the plate) is
T(0)=75-25x(1/3-0)=66.7°F
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2-68 A compressed air pipe is subjected to uniform heat flux on the outer surface and convection on the
inner surface. The mathematical formulation, the variation of temperature in the pipe, and the surface
temperatures are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since the pipe is long relative to its
thickness, and there is thermal symmetry about the center line. 2 Thermal conductivity is constant. 3 There
is no heat generation in the pipe.

Properties The thermal conductivity is given to be k =14 W/m-°C.

Analysis (a) Noting that the 85% of the 300 W generated by the strip heater is transferred to the pipe, the
heat flux through the outer surface is determined to be

_Q_ Q. 085xB0OW oo
A, 2L 27(0.04m)(6m)

ds

Noting that heat transfer is one-dimensional in the radial r direction and heat flux is in the negative r
direction, the mathematical formulation of this problem can be expressed as

d dT r
gl Ll Bl ) Heater
dr\ dr " ’/'

dT(r N\ N\
and —k # =h[T, -T(r)] Air, -10°C ) N >
0T ) I .
K= s / >
(b) Integrating the differential equation once with respect to r gives L=6m
dr
Dividing both sides of the equation above by r to bring it to a readily integrable form and then integrating,
av_G
dr r

T(r)=C;Inr+C,

where C; and C, are arbitrary constants. Applying the boundary conditions give

C . g.r.
r=ry: k=t=g, » C=—-%
2 r2 qs 1 k
r=ry -k—=hrT,_-(C;Inr, +C,)] > C, =T_—|Inr,—|C, =T —|Inrj — |—=
1 rl [Toc (1 1 2)] 2 0 ( 1 hl’lJ 1 0 ( 1 hrlj |(

Substituting C; and C, into the general solution, the variation of temperature is determined to be

T(r)=CyInr+T, —[In n —thcl =T, +[In r—inr JthjC1 =T, +(InL+hLJ%
1 I rnpnn

=—10°C+(InL+

14 W/m-°C (169.1W/m?)(0.04 m)
. (30 W/m?.°C)(0.037 m)

~-10+0.483 In— +12.61
14W/m-.°C n
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(c) The inner and outer surface temperatures are determined by direct substitution to be

Inner surface (r=ry): T(r)=-10+ 0.483(In r—1+12.61J =-10+ 0.483(0 +12.61) =-3.91°C
n

n

+12.61j =-3.87°C

Note that the pipe is essentially isothermal at a temperature of about -3.9°C.

2-33



Chapter 2 Heat Conduction Equation

2-69

"GIVEN"

L=6 "[m]"
r_1=0.037 "[m]"
r_2=0.04"[m]"
k=14 "[W/m-C]"
Q_dot=300 "[W]"
T _infinity=-10 "[C]"
h=30 "[W/m"2-C]"
f loss=0.15

"ANALYSIS"

g_dot_s=((1-f_loss)*Q_dot)/A

A=2*pi*r_2*L

T=T_infinity+(In(r/r_1)+k/(h*r_1))*(g_dot_s*r_2)/k "Variation of temperature"
"r is the parameter to be varied"

r [m] T][C]
0.037 3.906
0.03733 3.902
0.03767 3.898
0.038 3.893
0.03833 3.889
0.03867 3.885
0.039 3.881
0.03933 3.877
0.03967 3.873
0.04 3.869
-3.87+
-3.8791-
)
— -3.888}
-3.8971-
-3.906 L 1 L 1 L 1 L 1 L 1 L
0.037 0.0375 0.038 0.0385 0.039 0.0395 0.04

r [m]

2-70 A spherical container is subjected to uniform heat flux on the outer surface and specified temperature
on the inner surface. The mathematical formulation, the variation of temperature in the pipe, and the outer
surface temperature, and the maximum rate of hot water supply are to be determined for steady one-
dimensional heat transfer.
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Assumptions 1 Heat conduction is steady and one-dimensional since there is no change with time and
there is thermal symmetry about the mid point. 2 Thermal conductivity is constant. 3 There is no heat
generation in the container.

Properties The thermal conductivity is given to be k = 1.5 W/m-°C. The specific heat of water at the
average temperature of (100+20)/2 = 60°C is 4.185 kJ/kg-°C (Table A-9).

Analysis (a) Noting that the 90% of the 500 W generated by the strip heater is transferred to the container,
the heat flux through the outer surface is determined to be

~Q,  Q,  0.90x500W
A, 4mr?  47(0.41m)?

ds =213.0 W/m?

Noting that heat transfer is one-dimensional in the radial r direction and heat flux is in the negative r
direction, the mathematical formulation of this problem can be expressed as

d( ,dT
—|rc—1=0 )
dr dr Insulation
T1
and T(r) =T, =100°C
4T (r,) Heater
r
k—22 = >
ar Qs
(b) Integrating the differential equation once with respect to r gives
24T _ C,
dr
Dividing both sides of the equation above by r? and then integrating,
a _G
dr r2

T(r) :—%+c2

where C, and C, are arbitrary constants. Applying the boundary conditions give

C 4,12
r=ry: k—2=g, » C =—-2
2 r22 qs 1 K

G G q r22

n n kr,

Substituting C; and C, into the general solution, the variation of temperature is determined to be

L2
r
T(r) = _&4.(:2 = —&+T1 +& :Tl +[i_£JC1 :Tl +(i_qus_2
r r n nor n r) k
2 2
_100°C+| 11| @BWIM)OMM” 5 o5g7{p5-L
040m r 1.5W/m-°C r
(c) The outer surface temperature is determined by direct substitution to be
Outer surface (r=r;): T(r,) =100+ 23.87(2.5—i] =100+ 23.87(2.5—&} =101.5°C
r, .

Noting that the maximum rate of heat supply to the water is 0.9 x500 W = 450 W, water can be heated
from 20 to 100°C at a rate of

0 0450kl /s

Q=mC,AT — m= =
C,AT  (4.185kJ/kg-°C)(100-20)°C

=000134 kg/s=4.84kg/h
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2-71

"GIVEN"
r_1=0.40 "[m]"
r_2=0.41"[m]"
k=1.5 "[W/m-C]"
T_1=100 "[C]"
Q_dot=500 "[W]"
f loss=0.10

"ANALYSIS"

g_dot_s=((1-f_loss)*Q_dot)/A

A=4*pi*r_2"2

T=T_1+(1/r_1-1/r)*(q_dot_s*r_2"2)/k "Variation of temperature”
"r is the parameter to be varied"

r [m] T[C]
0.4 100
0.4011 100.2
0.4022 100.3
0.4033 100.5
0.4044 100.7
0.4056 100.8
0.4067 101
0.4078 101.1
0.4089 101.3
0.41 101.5
1016 T T T T T T T T T
101.4+ g
101.2+ .
101+ 4
O 100.8¢ -
l— L 4
100.6} -
100.4+ -
100.2+ .
100 1 | 1 | 1 | 1 | 1
0.4 0.402 0.404 0.406 0.408 0.41

r [m]
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Heat Generation in Solids

2-72C No. Heat generation in a solid is simply the conversion of some form of energy into sensible heat
energy. For example resistance heating in wires is conversion of electrical energy to heat.

2-73C Heat generation in a solid is simply conversion of some form of energy into sensible heat energy.
Some examples of heat generations are resistance heating in wires, exothermic chemical reactions in a
solid, and nuclear reactions in nuclear fuel rods.

2-74C The rate of heat generation inside an iron becomes equal to the rate of heat loss from the iron when
steady operating conditions are reached and the temperature of the iron stabilizes.

2-75C No, it is not possible since the highest temperature in the plate will occur at its center, and heat
cannot flow “uphill.”

2-76C The cylinder will have a higher center temperature since the cylinder has less surface area to lose
heat from per unit volume than the sphere.

2-77 A 2-kW resistance heater wire with a specified surface temperature is used to boil water. The center
temperature of the wire is to be determined.

Assumptions 1 Heat transfer is steady since there is no change with time. 2 Heat transfer is one-
dimensional since there is thermal symmetry about the center line and no change in the axial direction. 3
Thermal conductivity is constant. 4 Heat generation in the heater is uniform.

Properties The thermal conductivity is given to be k = 20 W/m-°C. :
Analysis The resistance heater converts electric energy into heat at a *

rate of 2 kW. The rate of heat generation per unit volume of the wire | [\
s . . : 110°
Q Q
g=— =20 = 2000\/2v =1.455x10% W/m? !
Viuire 7L 7(0.0025m)“ (0.7 m) L,
The center temperature of the wire is then determined from Eq. 2-71 to be :
2 8 3 2 P
T =T, gr, _110°C+ (1.455%x10° W/m~)(0.0025 m) _121.4°C < ! >
4k 4(20 W/m.°C) |
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Chapter 2 Heat Contljuction Equation
2-78 Heat is generated in a long solid cylinder with a specified surface | ——
temperature. The variation of temperature in the cylinder is given by P

.2 2 .
_gn r [
T(I’) —Tll—(aj ]+TS : 80°C
i

(a) Heat conduction is steady since there is no time t variable involved. K
(b) Heat conduction is a one-dimensional. o
(c) Using Eq. (1), the heat flux on the surface of the cylinder at r = r; is - r)i
determined from its definition to be

.2 22
g, =k o) _ —k[ 9o [—ﬂﬂ - —k{ﬂ [—ZLZOH = 24, = 2(35 W/em®)(4 cm) = 280 W/cm 2
r=r

dr k roz k rs
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2-79

"GIVEN"

r_0=0.04 "[m]"

k=25 "[W/m-C]"

g d
T.s

"ANALYSIS"
T=(g_dot_0*r_0"2)/k*(1-(r/r_0)*2)+T_s "Variation of temperature"
"r is the parameter to be varied"

ot_0=35E+6 "[W/m~3]"
=80 "[C]"

r [m] T[C]
0 2320
0.004444 2292
0.008889 2209
0.01333 2071
0.01778 1878
0.02222 1629
0.02667 1324
0.03111 964.9
0.03556 550.1
0.04 80
2500 —

Chapter 2 Heat Conduction Equation

2000

1500

T [C]

1000

500

0

0

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

r [m]
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2-80E A long homogeneous resistance heater wire with specified convection conditions at the surface is
used to boil water. The mathematical formulation, the variation of temperature in the wire, and the
temperature at the centerline of the wire 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 center line and no change in the axial
direction. 3 Thermal conductivity is constant. 4 Heat generation in the wire is uniform.

Properties The thermal conductivity is given to be k = 8.6 Btu/h-ft-°F.

Analysis Noting that heat transfer is steady and one-dimensional in the radial r direction, the mathematical
formulation of this problem can be expressed as

li rd_T +g:O
rdr\ dr k

and —k% =h[T(rp)-T,] (convection at the outer surface)
r
% =0 (thermal symmetry about the centerline)

Multiplying both sides of the differential equation by r
and rearranging gives

d dT g
—|r—|=-=r
dr\ dr k

Integrating with respect to r gives

dr g r?
— =2 a
o k2 & @

eater
It is convenient at this point to apply the second boundary condition since it is related to the first derivative
of the temperature by replacing all occurrences of r and dT/dr in the equation above by zero. It yields

dr©) ¢
B.C.at r=0: Ox —==-—"x0+ =0
o e 7 G
Dividing both sides of Eq. (a) by r to bring it to a readily integrable form and integrating,
ar__¢g,
dr 2k
g
and Tr)=—-—r2+C b
(N=- 12+, )
Applying the second boundary condition at r =1,
B.C.at r=ry: —k%:h —ironrCz—Too - C, :Tw+%+ir02
2k 4k 2h 4k

Substituting this C, relation into Eq. (b) and rearranging give
o
2h

which is the desired solution for the temperature distribution in the wire as a function of r. Then the
temperature at the center line (r = 0) is determined by substituting the known quantities to be

T(r):Tw+%(r02—r2)+

= 212°F

, (1800 Btu/h.in®)(0.25in)? (12 inj+ (1800 Btu/h.in®)(0.25in) (12 in
4% (8.6 Btu/h.ft.°F) 1ft 2x (820 Btu/h-ft2 .oF) \ 1ft

Thus the centerline temperature will be about 80°F above the temperature of the surface of the wire.

2
] =290.8°F
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2-81E

"GIVEN"

r_0=0.25/12 "[ft]"

k=8.6 "[Btu/h-ft-F]"

"g_dot=1800 [Btu/h-in*3], parameter to be varied"
T_infinity=212 "[F]"

h=820 "[Btu/h-ft"2-F]"

"ANALYSIS"

T_O=T_infinity+(g_dot/Convert(in"3, ft"3))/(4*k)*(r_0"2-r"2)+((g_dot/Convert(in"3,
ftA3))*r_0)/(2*h) "Variation of temperature"

r=0 "for centerline temperature"

g [Btu/h.in’] T, [F]
400 229.5
600 238.3
800 247
1000 255.8
1200 264.5
1400 273.3
1600 282
1800 290.8
2000 299.5
2200 308.3
2400 317
320 T T T T T T T T T
300t .
280 4
L
o 260F -
l—
240+ -
220 1 | 1 | 1 | 1 | 1
250 700 1150 1600 2050 2500

J [Btu/h-in’]
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2-82 A nuclear fuel rod with a specified surface temperature is used as the fuel in a nuclear reactor. The
center temperature of the rod is to be determined.

Assumptions 1 Heat transfer is steady since there is no indication 175°C
of any change with time. 2 Heat transfer is one-dimensional since i

there is thermal symmetry about the center line and no change in

the axial direction. 3 Thermal conductivity is constant. 4 Heat - — — — — —. — E———— -
generation in the rod is uniform.
Properties The thermal conductivity is given to be k = 29.5

lIranitim rnd

W/m-°C.

Analysis The center temperature of the rod is determined from
i 2 7 3 2

" o _ 1750C + (7x10" W/m=)(0.025 m)
4k 4(29.5W/m.°C)

T, =T =545.8°C

0
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2-83 Both sides of a large stainless steel plate in which heat is generated uniformly are exposed to
convection with the environment. The location and values of the highest and the lowest temperatures in the

plate 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 the plate is large relative to its thickness, and there is thermal symmetry about the

center plane 3 Thermal conductivity is constant. 4 Heat generation is uniform.
Properties The thermal conductivity is given to be k =15.1 W/m-°C.

Analysis The lowest temperature will occur at surfaces of plate
while the highest temperature will occur at the midplane. Their
values are determined directly from

gL ... (5x10°> W/m?)(0.015m) . T..=30°C
Tl =80 T ~19C  h=60Wim?°C
gL (5x10° W/m®)(0.015 m)?

T, =Ts Ty =155°C + =158.7°C

2(15.1W/m.°C)

2L=3 cm

T,=30°C
h=60 W/m?2.°C

2-84 Heat is generated uniformly in a large brass plate. One side of the plate is insulated while the other
side is subjected to convection. The location and values of the highest and the lowest temperatures in the

plate 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 the plate is large relative to its thickness, and there is thermal symmetry about the

center plane 3 Thermal conductivity is constant. 4 Heat generation is uniform.

Properties The thermal conductivity is given to be k =111 W/m-°C.

Analysis This insulated plate whose thickness is L is equivalent to
one-half of an uninsulated plate whose thickness is 2L since the
midplane of the uninsulated plate can be treated as insulated

surface. The highest temperature will occur at the insulated surface /\A
while the lowest temperature will occur at the surface which is

L=5cm

exposed to the environment. Note that L in the following relations Insulated
is the full thickness of the given plate since the insulated side
represents the center surface of a plate whose thickness is doubled.
The desired values are determined directly from
. 5 3
T, =T, + 9t _ o5ec, (2x10° Wim 2)(0'05 M _ 2523 °C
h 44 \W/m*.°C
. 2 5 3 2
T,=T.+ 0L _ o) gogy (2107 WM)(0.05m)”™ _ o) o
2k 2(111W/m.°C)
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2-85

"GIVEN"

L=0.05 "[m]"

k=111 "[W/m-C]"
g_dot=2E5 "[W/m"3]"
T_infinity=25 "[C]"

"h=44 [W/m"2-C], parameter to be varied"

"ANALYSIS"
T_min=T_infinity+(g_dot*L)/h

T_max=T_min+(g_dot*L"2)/(2*k)

Chapter 2 Heat Conduction Equation

h [W/m®.C] Tmin [C] Trmax [C]
20 525 527.3
25 425 427.3
30 358.3 360.6
35 310.7 313
40 275 277.3
45 247.2 249.5
50 225 227.3
55 206.8 209.1
60 191.7 193.9
65 178.8 181.1
70 167.9 170.1
75 158.3 160.6
80 150 152.3
85 142.6 144.9
90 136.1 138.4
95 130.3 132.5
100 125 127.3
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550 ——
500
450-
400-
350-
300-
250-
200-

150

100 —

20 30

550 —

40 50 60 70 80 90 100
h [W/m°-C]

500
450-
400-
350-
300-
250-
200-

150

100 e

20 30

40 50 60 70 80 90 100
h [W/m°-C]
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2-86 A long resistance heater wire is subjected to convection at its outer surface. The surface temperature
of the wire is to be determined using the applicable relations directly and by solving the applicable
differential equation.

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 center line and no change in the axial
direction. 3 Thermal conductivity is constant. 4 Heat generation in the wire is uniform.

Properties The thermal conductivity is given to be k = 15.1 W/m-°C. |

Analysis (a) The heat generation per unit volume of the wire is e
g= 2 Qg;” - 2000 VZV =1061x10° W/m? !
Vyie  at,2L  7(0.001 m)? (6 m) i
The surface temperature of the wire is then (Eq. 2-68) T k : T
. h a h
gr, , (1061 10% W/ m?)(0.001 m) !
T =T,+- -=30°C =409°C
) 2(140 W/ mZ2.°C) o[, T

(b) The mathematical formulation of this problem can be expressed as

I

!
ld dT g‘_o !
rdr dr k ~

i

and —k% =h[T(ry,)—T,] (convection at the outer surface)
% =0 (thermal symmetry about the centerline)
Multiplying both sides of the differential equation by r and integrating gives
d( dT g dT gr?
— =—=r -—=— a
dr( drj "7 T w2 t@ @)

Applying the boundary condition at the center line,

ar@©) ¢
B.C.at r=0: Ox——— x 0+ 0
Tar T awG 7 G

Dividing both sides of Eqg. (a) by r to bring it to a readily integrable form and integrating,

ar g g

—=r T(r)y=-—-r2+C b

dar 2k - D=3+ ®)
Applying the boundary condition at r =,
BCatr=rp, k¥ _py_9p2.c 1| 5 c,o1,+ 0,92

2k 4k 2h 4k

Substituting this C, relation into Eq. (b) and rearranging give

an
2h
which is the temperature distribution in the wire as a function of r. Then the temperature of the wire at the
surface (r = ry) is determined by substituting the known quantities to be
. 8 3

() =T, +i(r0 i 2) 4 T4 ary _30°C+ (L061x10° W/ mz)(0.001 m)

4k 2h 2h 2(140 W/ m*.°C)
Note that both approaches give the same result.

T(r):Tm+%(r02—r2)+

=409°C

2-87E Heat is generated uniformly in a resistance heater wire. The temperature difference between the
center and the surface of the wire is to be determined.
Assumptions 1 Heat transfer is steady since there is no change

with time. 2 Heat transfer is one-dimensional since there is
thermal symmetry about the center line and no change in the
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Chapter 2 Heat Conduction Equation

axial direction. 3 Thermal conductivity is constant. 4 Heat
generation in the heater is uniform.

Properties The thermal conductivity is given to be k = 5.8
Btu/h-ft-°F.

Analysis The resistance heater converts electric energy into heat at a rate of 3 kW. The rate of heat
generation per unit length of the wire is

o Qgen  Qgen _ (3x3412.14 Bturh)

Vyie  70,°L 7(0.04/12ft)? (1ft)

Then the temperature difference between the centerline and the surface becomes

AT - ar,?  (2.933x10® Btu/h.ft*)(0.04 /12 ft)*
mXT g4k 4(5.8 Btu/h.ft.°F)

=2.933x10° Btu/h.ft®

= 140.4°F

2-88E Heat is generated uniformly in a resistance heater wire. The temperature difference between the
center and the surface of the wire is to be determined.

Assumptions 1 Heat transfer is steady since there is no change
with time. 2 Heat transfer is one-dimensional since there is
thermal symmetry about the center line and no change in the
axial direction. 3 Thermal conductivity is constant. 4 Heat
generation in the heater is uniform.

Properties The thermal conductivity is given to be k = 4.5
Btu/h-ft-°F. _h
Analysis The resistance heater converts electric energy into heat at a rate of 3éatér The rate of heat
generation per unit volume of the wire is
g= Qgen _ Qgen _ (3x3412.14 Btu/h)
Ve 2L 7(0.04/12 )% (1ft)

Then the temperature difference between the centerline and the surface becomes

_gr?  (2.933x108 Btu/h.ft®)(0.04/12 ft)?
mXT Ak 4(4.5 Btu/h.ft.°F)

=2.933x10° Btu/h.ft®

AT =181.0°F
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2-89 Heat is generated uniformly in a spherical radioactive material with specified surface temperature. The
mathematical formulation, the variation of temperature in the sphere, and the center temperature are to be
determined for steady one-dimensional heat transfer.

Assumptions 1 Heat transfer is steady since there is no indication of any changes with time. 2 Heat transfer
is one-dimensional since there is thermal symmetry about the mid point. 3 Thermal conductivity is
constant. 4 Heat generation is uniform.

Properties The thermal conductivity is given to be k = 15 W/m-°C.

Analysis (a) Noting that heat transfer is steady and one-dimensional in the radial r direction, the
mathematical formulation of this problem can be expressed as

j . T:=80°C
1402010 9 45 witn g = constant *

r2 dr dr ) k

and T(rp) =T, =80°C (specified surface temperature)

dT(0)
dr
(b) Multiplying both sides of the differential equation by r? and rearranging give

df20dT)_ 9,2
dr dr k
Integrating with respect to r gives

dT jrd
rzﬁz—%?-i-cl (a)

Applying the boundary condition at the mid point,

=0 (thermal symmetry about the mid point)

B.C.at r=0: OxdT—(o)z—ix0+C1 - C; =0
dr 3k

Dividing both sides of Eq. (a) by r to bring it to a readily integrable form and integrating,

a__49,

dr 3k

9 2
and T(r)=——"r"+C b
(N=-2 1" +C, (0)

Applying the other boundary condition at r = 1y,

B.C.at r=ry: TS:_%rOZJFCz N C2:Ts+%r02

Substituting this C, relation into Eq. (b) and rearranging give
g 2 2
T(r) =T, +—(rg —r
(N=Ts+o (15 -r%)

which is the desired solution for the temperature distribution in the wire as a function of r.
(c) The temperature at the center of the sphere (r = 0) is determined by substituting the known quantities to
be

(4x10" W/m®)(0.04 m)?
6x (15 W/ m.°C)

Thus the temperature at center will be about 711°C above the temperature of the outer surface of the
sphere.

. .2
g .2 A2 gry
TO) =T, +—(ry -0°)=T, +——=80°C+ =791°C
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2-90

"GIVEN"

r_0=0.04 "[m]"
g_dot=4E7 "[W/m"3]"
T_s=80 "[C]"

k=15 "[W/m-C], Parameter to be varied"

"ANALYSIS"

Chapter 2 Heat Conduction Equation

T=T_s+g_dot/(6*k)*(r_0"2-r"2) "Temperature distribution as a function of r"
"r is the parameter to be varied"

T_0=T_s+g_dot/(6*k)*r_0"2 "Temperature at the center (r=0)"

r [m] T][C]
0 791.1
0.002105 789.1
0.004211 783.2
0.006316 773.4
0.008421 759.6
0.01053 741.9
0.01263 720.2
0.01474 694.6
0.01684 665
0.01895 631.6
0.02105 594.1
0.02316 552.8
0.02526 507.5
0.02737 458.2
0.02947 405
0.03158 347.9
0.03368 286.8
0.03579 221.8
0.03789 152.9
0.04 80
k [W/m.C] T, [C]
10 1147
30.53 429.4
51.05 288.9
71.58 229
92.11 195.8
112.6 174.7
133.2 160.1
153.7 149.4
174.2 141.2
194.7 134.8
215.3 129.6
235.8 125.2
256.3 121.6
276.8 118.5
297.4 115.9
317.9 113.6
338.4 1115
358.9 109.7
379.5 108.1
400 106.7
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800

700-
600-
500-
400-
300-
200-

100

o®

r[m]

1200 T T T T T T T T T T T T T T

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

1000

[e2]

o

o
T

N

o

o
T

o L 1 L 1 L 1 L 1 L 1 L 1 L 1

0 50 100 150 200 250 300 350
k [W/m-C]
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2-91 A long homogeneous resistance heater wire with specified surface temperature is used to boil water.
The temperature of the wire 2 mm from the center is to be determined in steady operation.

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 center line and no change in the axial
direction. 3 Thermal conductivity is constant. 4 Heat generation in the wire is uniform.

Properties The thermal conductivity is given to be k = 8 W/m-°C.

Analysis Noting that heat transfer is steady and one-dimensional in the radial r direction, the mathematical
formulation of this problem can be expressed as

g r
li r d_T +g =0
rdri dr k

and T(ry) =T, =180°C (specified surface temperature)
dT(0)

ar =0 (thermal symmetry about the centerline)

Multiplying both sides of the differential equation by r and rearranging gives

d( dT g

—|r—|==-=r

dr{ dr k
Integrating with respect to r gives

ML Nl

o kz 4 @

It is convenient at this point to apply the boundary condition at the center since it is related to the first
derivative of the temperature. It yields

Resistance wire

dT(0) g
B.C.at r=0: Ox———=-——x0+ =0
o e 7 G
Dividing both sides of Eqg. (a) by r to bring it to a readily integrable form and integrating,
ar__3g,
dr 2k
g
and T(r)=——-r2+ b
(r) 2K G, (b)
Applying the other boundary condition at r =1y,
B.C.at r=ry: TS:_% 2+C, - C2=TS+%r02

Substituting this C, relation into Eq. (b) and rearranging give
g
T(r)=T+—= (g -r?
(N=T K (5 —r?)
which is the desired solution for the temperature distribution in the wire as a function of r. The temperature

2 mm from the center line (r = 0.002 m) is determined by substituting the known quantities to be

5x10" W/ m?®
4x(@BW/ m.°C)

Thus the temperature at that location will be about 33°C above the temperature of the outer surface of the
wire.

T(0.002 m) =T, +%(r02 —r?)=180°C+ [(0.005 m)? — (0.002 m)?] = 212.8°C
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2-92 Heat is generated in a large plane wall whose one side is insulated while the other side is maintained
at a specified temperature. The mathematical formulation, the variation of temperature in the wall, and the
temperature of the insulated surface are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer
is one-dimensional since the wall is large relative to its thickness, and there is thermal symmetry about the
center plane. 3 Thermal conductivity is constant. 4 Heat generation varies with location in the x direction.

Properties The thermal conductivity is given to be k = 30 W/m-°C.

Analysis (a) Noting that heat transfer is steady and one-dimensional in
x direction, the mathematical formulation of this problem can be
expressed as

T 600 ARREIREN

2
dx k Insulated T,=30°C
where  ¢=g,e ®" and g,=8x10° W/m’
and @ =0 (insulated surface at x = 0)
X >
X
T(L) =T, =30°C (specified surface temperature) L
(b) Rearranging the differential equation and integrating,
d?T __Yo 0L daT _ G e e Ot iC, > dar _ 2goLe70.5x/L +C,
dx? k dx k -05/L dx k
Integrating one more time,
< —0.5x/L 12
T(x) = 29k0L 605/ - +Cx+C, - T(X)= _ 49l osun +Cx+C, (1)

Applying the boundary conditions:

BC.at x=0 mzﬁefo.sxou+C1 0=29°L+Cl N Cl:_ZQOL
dx k k k
12 .2 .2
B.C.at x=L: T(L)=T, = —%e*&s'—“ +CL+C, > Cp=T,+ 49;2'— e 05, ngL

Substituting the C; and 02 relations into Eq. (1) and rearranging give

g

TX) =T, +2— [4(e‘°5 e 0Ly L 2-x/L)]

which is the desired solutlon for the temperature distribution in the wall as a function of x.
(c) The temperature at the insulate surface (x = 0) is determined by substituting the known quantities to be

g

TO)=T,+22— [4(e-°5 —e%)+(2-0/L)]

(8><10 W/m?®)(0.05 m)?
(30 W/m-°C)

Therefore, there is a temperature difference of almost 300°C between the two sides of the plate.

=30°C+ [4(e™%° —1)+(2-0)] = 314.1°C
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2-93

"GIVEN"

L=0.05 "[m]"

T_s=30 "[C]"

k=30 "[W/m-C]"
g_dot_0=8E6 "[W/m"3]"

"ANALYSIS"
g_dot=g_dot_0*exp((-0.5*x)/L) "Heat generation as a function of x"
"X is the parameter to be varied"

x [m] g [Wim’]
0 8.000E+06
0.005 7.610E+06
0.01 7.239E+06
0.015 6.886E+06
0.02 6.550E+06
0.025 6.230E+06
0.03 5.927E+06
0.035 5.638E+06
0.04 5.363E+06
0.045 5.101E+06
0.05 4.852E+06
8.0x10° : : . . ; . ; i
7.5x10°%| ]
7.0X10°%}| ]
o 6.5X10°| ]
< - -
E 6
E 6.0x10° | ]
e 5.5X10°} ]
5.0X10°%| -
4.5x10° : ! - ! - ! - !
0 0.01 0.02 0.03 0.04 0.05

X [m]
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Variable Thermal Conductivity

2-94C During steady one-dimensional heat conduction in a plane wall, long cylinder, and sphere with
constant thermal conductivity and no heat generation, the temperature in only the plane wall will vary
linearly.

2-95C The thermal conductivity of a medium, in general, varies with temperature.

2-96C During steady one-dimensional heat conduction in a plane wall in which the thermal conductivity
varies linearly, the error involved in heat transfer calculation by assuming constant thermal conductivity at
the average temperature is (a) none.

2-97C No, the temperature variation in a plain wall will not be linear when the thermal conductivity varies
with temperature.

2-98C Yes, when the thermal conductivity of a medium varies linearly with temperature, the average
thermal conductivity is always equivalent to the conductivity value at the average temperature.

2-99 A plate with variable conductivity is subjected to specified
temperatures on both sides. The rate of heat transfer through the plate is to
be determined. (T
Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 /\A (M) T
Thermal conductivity varies quadratically. 3 There is no heat generation. T, 2

Properties The thermal conductivity is given to be k(T) =k, (1+ AT2).

Analysis When the variation of thermal conductivity with temperature
k(T) is known, the average value of the thermal conductivity in the
temperature range between T, and T, can be determined from

v

L
TZ

. ko{(Tz —-|_1)+'§\-|_2o =17 }

k J‘Tlek(T)dT ITT:kO(1+ﬂT2)dT ko(T+§T3]

e T2 _Tl T2 _Tl TZ _Tl T2 _Tl
= k0{1+§(T22 +T,T, +T72 )}

This relation is based on the requirement that the rate of heat transfer through a medium with constant
average thermal conductivity k,,. equals the rate of heat transfer through the same medium with variable

conductivity k(T). Then the rate of heat conduction through the plate can be determined to be

Tl _TZ B Tl _TZ

Q =Ky A i :k0{1+§('l'22+T1T2+T12)}AT

Discussion We would obtain the same result if we substituted the given k(T) relation into the second part of
Eqg. 2-76, and performed the indicated integration.
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2-100 A cylindrical shell with variable conductivity is subjected to specified temperatures on both sides.
The variation of temperature and the rate of heat transfer through the shell are to be determined.

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity varies
linearly. 3 There is no heat generation.

Properties The thermal conductivity is given to be k(T) = ky(1+ AT).

Solution (a) The rate of heat transfer through the shell is
expressed as
Tl_TZ

Qcylinder = 27Kaye m

where L is the length of the cylinder, r, is the inner radius, and
I, is the outer radius, and

T,+T
I(ave = k(Tave) = ko(l"“ﬁ 2 2 1)

is the average thermal conductivity.

(b) To determine the temperature distribution in the shell, we begin with the Fourier’s law of heat
conduction expressed as

9 =-kmal
dr

where the rate of conduction heat transfer Q is constant and the heat conduction area A = 2xrL is variable.
Separating the variables in the above equation and integrating from r = r; where T(r;) =T, toany r where
T(r)=T, we get

. T
o) rﬂ:—zﬁLj K(T)dT
nr T,
Substituting k(T) = ky(1+ £T) and performing the integrations gives
Q'|nrl: 27k [(T =Ty + AT ~T2) /2]

1
Substituting the Q expression from part (a) and rearranging give

724 27 2ae I000TH) oy g2 24
B A<y In(ry /1) B
which is a quadratic equation in the unknown temperature T. Using the quadratic formula, the temperature
distribution T(r) in the cylindrical shell is determined to be

_ 1 i_2kave In(r/n) _ 2,2
T(r)= ﬂi\/ﬂz —ﬂko —In(rzlrl) (M-T)+T +,BT1

Discussion The proper sign of the square root term (+ or -) is determined from the requirement that the
temperature at any point within the medium must remain between T, and T,.
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2-101 A spherical shell with variable conductivity is subjected to specified temperatures on both sides. The
variation of temperature and the rate of heat transfer through the shell are to be determined.

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity varies
linearly. 3 There is no heat generation.

Properties The thermal conductivity is given to be k(T) = ky(1+ AT).
Solution (a) The rate of heat transfer through the shell is expressed as

. T, -T. T
Qsphere = 4'ﬂkalve nr 4z {\ 2
f—n T,
where r; is the inner radius, r; is the outer radius, and
T, +T,
e = KTy = ko(l pT 1) f

is the average thermal conductivity.
(b) To determine the temperature distribution in the shell, we begin with the Fourier’s law of heat
conduction expressed as

dT
= —k(T)A—
where the rate of conduction heat transfer Q is constant and the heat conduction area A = 4xr? is variable.

Separating the variables in the above equation and integrating from r = r; where T(r;) =T, toany r where
T(r)=T, we get

. erdr T
QL =4 Ll K(T)dT
Substituting k(T) = ky(1+ £T) and performing the integrations gives

Q(ri—%] — 4k (T ~T)+ AT 2 ~T7) 12

1
Substituting the Q expression from part (a) and rearranging give

T2+£T 2k “Mave rZ(r rl)(l Tz)_le_ETlZO
B B 1 —n) s
which is a quadratic equation in the unknown temperature T. Using the quadratic formula, the temperature
distribution T(r) in the cylindrical shell is determined to be

__i i 2ave I‘z(l’ rl) 2 E
R L

Discussion The proper sign of the square root term (+ or -) is determined from the requirement that the
temperature at any point within the medium must remain between T, and T, .
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2-102 A plate with variable conductivity is subjected to specified temperatures on both sides. The rate of

heat transfer through the plate is to be determined.

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity varies

linearly. 3 There is no heat generation.
Properties The thermal conductivity is given to be k(T) = ky(1+ AT).

Analysis The average thermal conductivity of the medium in this case
is simply the conductivity value at the average temperature since the
thermal conductivity varies linearly with temperature, and is
determined to be

T,+T
kave :ka-ave):ko(1+[3 : 1)

2
- s wim oL+ 8710 ) £ EOK)
=34.24W/m-K

Then the rate of heat conduction through the plate becomes

. T, -T
Q:kaveA L :

= (34.24 W/m - K)(1.5m x 0.6 m)
0.15m

(500 - 350)K

k(T)
/ﬂ
T 2 T
2
L
=30,820 W

Discussion We would obtain the same result if we substituted the given k(T) relation into the second part

of Eq, 2-76, and performed the indicated integration.
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2-103

"GIVEN"
A=1.5*0.6 "[m"2]"
L=0.15 "[m]"

"T_1=500 [K], parameter to be varied"

T 2=350 "[K]"
k_0=25 "[W/m-K]"
beta=8.7E-4 "[1/K]"

"ANALYSIS"
k=k_0*(1+beta*T)
T=1/2*(T_1+T_2)
Q_dot=k*A*(T_1-T_2)/L

Chapter 2 Heat Conduction Equation

T, [W] QW]
400 9947
425 15043
450 20220
475 25479
500 30819
525 36241
550 41745
575 47330
600 52997
625 58745
650 64575
675 70486
700 76479
80000 T T T T T T
70000
60000
50000
= 40000
'O 30000
20000
10000
0 1 1 L 1 L 1 L 1 L
400 450 500 550 600 650 700
T, [K]
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Chapter 2 Heat Conduction Equation

Special Topic: Review of Differential equations

2-104C We utilize appropriate simplifying assumptions when deriving differential equations to obtain an
equation that we can deal with and solve.

2-105C A variable is a quantity which may assume various values during a study. A variable whose value
can be changed arbitrarily is called an independent variable (or argument). A variable whose value
depends on the value of other variables and thus cannot be varied independently is called a dependent
variable (or a function).

2-60



Chapter 2 Heat Conduction Equation

2-106C A differential equation may involve more than one dependent or independent variable. For
ATt ¢ 14(xt)
2 T

example, the equation ”
[04

has one dependent (T) and 2 independent variables (x

FT(x,1) LY 1A 1 AV(xY
) _t =

and t). the equation
X a a a

has 2 dependent (T and W) and 2

independent variables (x and t).

2-107C Geometrically, the derivative of a function y(x) at a point represents the slope of the tangent line to
the graph of the function at that point. The derivative of a function that depends on two or more
independent variables with respect to one variable while holding the other variables constant is called the
partial derivative. Ordinary and partial derivatives are equivalent for functions that depend on a single
independent variable.

2-108C The order of a derivative represents the number of times a function is differentiated, whereas the
degree of a derivative represents how many times a derivative is multiplied by itself. For example, y"’ is

the third order derivative of y, whereas (y’)3 is the third degree of the first derivative of y.

2-109C For a function f(x,y), the partial derivative of /oxwill be equal to the ordinary derivative
df /dx when f does not depend on y or this dependence is negligible.

2-110C For a function f (x), the derivative df /dx does not have to be a function of x. The derivative will
be a constant when the f is a linear function of x.

2-111C Integration is the inverse of derivation. Derivation increases the order of a derivative by one,
integration reduces it by one.

2-112C A differential equation involves derivatives, an algebraic equation does not.

2-113C A differential equation that involves only ordinary derivatives is called an ordinary differential
equation, and a differential equation that involves partial derivatives is called a partial differential equation.

2-114C The order of a differential equation is the order of the highest order derivative in the equation.

2-115C A differential equation is said to be linear if the dependent variable and all of its derivatives are of
the first degree, and their coefficients depend on the independent variable only. In other words, a
differential equation is linear if it can be written in a form which does not involve (1) any powers of the

dependent variable or its derivatives such as y3 or (y’)2, (2) any products of the dependent variable or its
derivatives such as yy’ or y'y"”, and (3) any other nonlinear functions of the dependent variable such as
siny or eY. Otherwise, it is nonlinear.
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2-116C A linear homogeneous differential equation of order n is expressed in the most general form as
YO+ 100y 4+ L (0y + F ()Y =0
Each term in a linear homogeneous equation contains the dependent variable or one of its derivatives after

the equation is cleared of any common factors. The equation y”—4x2y =0 is linear and homogeneous
since each term is linear in y, and contains the dependent variable or one of its derivatives.

2-117C A differential equation is said to have constant coefficients if the coefficients of all the terms
which involve the dependent variable or its derivatives are constants. If, after cleared of any common
factors, any of the terms with the dependent variable or its derivatives involve the independent variable as a

coefficient, that equation is said to have variable coefficients The equation y” —4x?y =0 has variable
coefficients whereas the equation y” —4y = 0 has constant coefficients.

2-118C A linear differential equation that involves a single term with the derivatives can be solved by
direct integration.

2-119C The general solution of a 3rd order linear and homogeneous differential equation will involve 3
arbitrary constants.

Review Problems

2-120 A small hot metal object is allowed to cool in an environment by convection. The differential
equation that describes the variation of temperature of the ball with time is to be derived.

Assumptions 1 The temperature of the metal object changes uniformly with time during cooling so that T =
T(t). 2 The density, specific heat, and thermal conductivity of the body are constant. 3 There is no heat
generation.

Analysis Consider a body of arbitrary shape of mass m, volume V, surface area A, density p, and specific
heat C, initially at a uniform temperature T; . At time t = O, the body is placed into a medium at
temperature T, , and heat transfer takes place between the body and its environment with a heat transfer
coefficient h.

During a differential time interval dt, the temperature of the body rises by a differential amount
dT. Noting that the temperature changes with time only, an energy balance of the solid for the time interval
dt can be expressed as

Heat transfer from the body |  ( The decrease in the energy v/\ A
during dt | of the body during dt
h
or hA; (T -T,,)dt=mC, (-dT) T

Noting that m=pV and dT =d(T -T,) since T, = constant, the equation

above can be rearranged as
d(T-T,)  hA it
T-T.  pVC,

which is the desired differential equation.
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2-121 A long rectangular bar is initially at a uniform temperature of T;. The surfaces of the bar at x = 0 and
y = 0 are insulated while heat is lost from the other two surfaces by convection. The mathematical
formulation of this heat conduction problem is to be expressed for transient two-dimensional heat transfer
with no heat generation.

Assumptions 1 Heat transfer is transient and two-dimensional. 2 Thermal conductivity is constant. 3 There
is no heat generation.

Analysis The differential equation and the boundary conditions for this heat conduction problem can be
expressed as
FT FT 1
OFXZ + @2 - a d hnToo
ar(x,0,t)
X

or(0,y,t) 0 h, T
X

ar(a,y,t)
—k———==h[T(a,y,t)-T,
; [T(a,y,t) 1 \j\ a

or(x,b,t
—k%= h[T(x,b,t)-T,] Insulated

0

v

T(x,y.0)=T;

2-122 Heat is generated at a constant rate in a short cylinder. Heat is lost from the cylindrical surface at r =
I, by convection to the surrounding medium at temperature T, with a heat transfer coefficient of h. The
bottom surface of the cylinder at r = 0 is insulated, the top surface at z = H is subjected to uniform heat flux
gy, and the cylindrical surface at r = r, is subjected to convection. The mathematical formulation of this
problem is to be expressed for steady two-dimensional heat transfer.

Assumptions 1 Heat transfer is given to be steady and two-dimensional. 2 Thermal conductivity is constant.
3 Heat is generated uniformly.

Analysis The differential equation and the boundary conditions for this heat conduction problem can be
expressed as
2. .
1, ), 0T 49_
ral a) a* k

e
a(rh) h
k—anz =0y T,

T02) _,
—k%ﬂmr@,n—w
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2-123E A large plane wall is subjected to a specified temperature on the left (inner) surface and solar
radiation and heat loss by radiation to space on the right (outer) surface. The temperature of the right
surface of the wall and the rate of heat transfer are to be determined when steady operating conditions are
reached.

Assumptions 1 Steady operating conditions are reached. 2 Heat
transfer is one-dimensional since the wall is large relative to its
thickness, and the thermal conditions on both sides of the wall are

uniform. 3 Thermal properties are constant. 4 There is no heat Y\ T,
generation in the wall.

Properties The properties of the plate are given to be k = 1.2 /ﬂ VRN
Btu/h-ft-°F and & = 0.80, and « = 045. 520 R Osolar

Analysis In steady operation, heat conduction through the wall must
be equal to net heat transfer from the outer surface. Therefore, taking
the outer surface temperature of the plate to be T, (absolute, in R),

T,-T .
kAs % = ‘9070‘st4 — o AGsolar L
Canceling the area A and substituting the known quantities,

(1.2 Btu/h ~ft-°F)m =0.8(0.1714x107® Btu/h - ft* -R*)T, —0.45(300 Btu/h - ft %)

v

Solving for T, gives the outer surface temperature to be T,=5309R

Then the rate of heat transfer through the wall becomes

h-T _ (L2 Btu/h-ft-° F)w
L 0.5 ft

Discussion The negative sign indicates that the direction of heat transfer is from the outside to the inside.
Therefore, the structure is gaining heat.

4=k =-26.2 Btu/h-ft2 (per unit area)
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2-124E A large plane wall is subjected to a specified temperature on the left (inner) surface and heat loss
by radiation to space on the right (outer) surface. The temperature of the right surface of the wall and the
rate of heat transfer are to be determined when steady operating conditions are reached.

Assumptions 1 Steady operating conditions are reached. 2 Heat transfer is one-dimensional since the wall
is large relative to its thickness, and the thermal conditions on both sides of the wall are uniform. 3 Thermal
properties are constant. 4 There is no heat generation in the wall.
Properties The properties of the plate are given to be k = 1.2
Btu/h-ft-°F and ¢ = 0.80.

Analysis In steady operation, heat conduction through the wall must .
be equal to net heat transfer from the outer surface. Therefore, taking /\A T,
the outer surface temperature of the plate to be T, (absolute, in R),

T,-T 520 R
KA, =—2% = coA T,
L

Canceling the area A and substituting the known quantities,

(12 Btu/h-ft-° F)m =08(01714x 108 Btu/h-ft2-R4)T} >
0.5ft L X
Solving for T, gives the outer surface temperature to be T,=487.7R

Then the rate of heat transfer through the wall becomes
4= kﬂz (12 Btu/h.ﬁ.op)w
L 05ft

Discussion The positive sign indicates that the direction of heat transfer is from the inside to the outside.
Therefore, the structure is losing heat as expected.

=77.5Btu/h-ft2 (per unit area)
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2-125 A steam pipe is subjected to convection on both the inner and outer surfaces. The mathematical
formulation of the problem and expressions for the variation of temperature in the pipe and on the outer
surface temperature are to be obtained for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since the pipe is long relative to its
thickness, and there is thermal symmetry about the center line. 2 Thermal conductivity is constant. 3 There
is no heat generation in the pipe.

Analysis (a) Noting that heat transfer is steady and one-dimensional in the radial r direction, the
mathematical formulation of this problem can be expressed as

i(rd_-rj — 0
dr dr

and —km =h[T, - T(r)]
dr
dT(r.
S () -7
r
(b) Integrating the differential equation once with respect to r gives
rd—T =C,
dr
Dividing both sides of the equation above by r to bring it to a readily integrable form and then integrating,
a_G
ar r

T(r)=C;Inr+C,

where C, and C, are arbitrary constants. Applying the boundary conditions give

r=r kR (G4
1
=1y —k&— I C,)-T
r=r : =h[(CInr, +C) - T,]
2
Solving for C; and C, simultaneously gives
Cl = TO ;TI k aﬂd CZ :TI —Cl[ln rl—LJ :Ti - TO ;TI k [h’l rl—LJ
n2y X hiny n2y * * hif
nohno hr nohno hn

Substituting C; and C, into the general solution and simplifying, we get the variation of temperature to be

r k

K et he
T(")=C1|”r+Ti—C1(|”r1—hi—r)='ﬁ+ﬁ
1 In=+—+—
nohno hn

(c) The outer surface temperature is determined by simply replacing r in the relation above by r,. We get

r k
In2+

T() =T+ — 2 M
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2-126 A spherical liquid nitrogen container is subjected to specified temperature on the inner surface and
convection on the outer surface. The mathematical formulation, the variation of temperature, and the rate
of evaporation of nitrogen are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since there is no change with time and there
is thermal symmetry about the midpoint. 2 Thermal conductivity is constant. 3 There is no heat generation.
Properties The thermal conductivity of the tank is given to be k = 18 W/m-°C. Also, hy; = 198 kJ/kg for
nitrogen.

Analysis (a) Noting that heat transfer is one-dimensional in the radial r direction, the mathematical
formulation of this problem can be expressed as

i(r 2 d_Tj =0 h
dr dr T,
and T(h) =T, =-196°C r
r
S () -,
r

(b) Integrating the differential equation once with respect to r gives

> dT

r~-—= Cl

dr

Dividing both sides of the equation above by r to bring it to a readily integrable form and then integrating,

dT C; (o
—=— T(r)=——+C
dr r? ) r 2
where C; and C, are arbitrary constants. Applying the boundary conditions give
n
r=ry —k%=h(—&+C2—ij
r b
Solving for C; and C, simultaneously gives
Cl:M and CZZT1+&:Tl+ﬁr_2
.k ] L ko
r, hr, n hr,

Substituting C; and C, into the general solution, the variation of temperature is determined to be

T(r)z_&+Tl+&=Cl l_l +T1:ﬁ r_Z_r_z +T1
r r r 1 k

1 n _h_ Kp
L hn
B (-196-20)°C 21 21 oo B B
=31 Wi = |+ (-196)°C=549.8(1.05- 2.1/ 1) ~196

2 (25W/m?-°C)(2.1m)

(c) The rate of heat transfer through the wall and the rate of evaporation of nitrogen are determined from
: dT 2, G RL(T—T.)
Q= —kA& =—k(4nr )r_2 =—-47kC, = —47zkﬁ
nohr

(21 m)(-196-20)°C

1 21 18 W/ m-°C

2 (25W/m?.°C)(21m)

= —47(18 W/ m-°C)

=-261,200 W (to the tank since negative)

_Q _ 261200305 o
hy 198,000 J/kg
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2-127 A spherical liquid oxygen container is subjected to specified temperature on the inner surface and
convection on the outer surface. The mathematical formulation, the variation of temperature, and the rate
of evaporation of oxygen are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since there is no change with time and there
is thermal symmetry about the midpoint. 2 Thermal conductivity is constant. 3 There is no heat generation.
Properties The thermal conductivity of the tank is given to be k = 18 W/m-°C. Also, hy; = 213 kJ/kg for
oxygen.

Analysis (a) Noting that heat transfer is one-dimensional in the radial r direction, the mathematical
formulation of this problem can be expressed as

i(r 2 d_T) = 0 h
dr dr T
and T(r) =T, =-18%°C G n\ |\n
-183°C r
S () -,
r

(b) Integrating the differential equation once with respect to r gives

> dT

r~-—= Cl

dr

Dividing both sides of the equation above by r to bring it to a readily integrable form and then integrating,

dT C; (o
—=— T(r)=——+C
dr r? ) r 2
where C; and C, are arbitrary constants. Applying the boundary conditions give
n
r=ry —k%=h(—&+C2—ij
r b
Solving for C; and C, simultaneously gives
Cl:M and CZZT1+&:Tl+ﬁr_2
.k ] L ko
r, hr, n hr,

Substituting C; and C, into the general solution, the variation of temperature is determined to be

T(r):—&+T1+&:C1 l_l +T1:ﬁ r_Z_r_z +T1
r r r 1 k

1 n _h_ Kp
L hn
B (~183-20)°C 21 20) ol B B
=31 mwin -~ |+ (-183°C =516.7(1.05-21/r) -183

2 (25W/m?-°C)(2.1m)
(c) The rate of heat transfer through the wall and the rate of evaporation of nitrogen are determined from

- dT C, L(h,-T,)
= —KA— = —k(47r2) 2 = -47kC, = 4k 21—~
Q i (47r2) 2 G T,k
r hr
B R (21 m)(-183-20)°C 3 . .
=—-47(18 W/ m-°C) 51 TBWImoC =—-245,450 W (to the tank since negative)

2 (25W/m2.°C)(21m)
Q  2454501/s

m=—-=—-"""——"=115kg/s
hyy  213,000J/kg
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2-128 A large plane wall is subjected to convection, radiation, and specified temperature on the right
surface and no conditions on the left surface. The mathematical formulation, the variation of temperature
in the wall, and the left surface temperature are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since the wall is large relative to its
thickness, and the thermal conditions on both sides of the wall are uniform. 2 Thermal conductivity is
constant. 3 There is no heat generation in the wall.

Properties The thermal conductivity and emissivity are given to be k =8.4 W/m-°C and ¢ = 0.7.

Analysis (a) Taking the direction normal to the surface of the wall to be the x direction with x = 0 at the left
surface, and the mathematical formulation of this problem can be expressed as

d2T
—=0
dx2
dT(L)
and —k—E;—=hﬂXL%*&]+&ﬂTUJ4—E&J=hU}—Id+66KE+27®4—EﬁJ
T(L)=T, =45°C
(b) Integrating the differential equation twice with respectto x yields Tour
dT
o
A\ 45°C
T(x)=Cx+C, €
where C; and C, are arbitrary constants. Applying the boundary h
conditions give To
—kCy =h[T, -T, ]+ +460)" —Tg, 5
Convection at x = L 1 [T, -T, ]+eo(T, ) surr] - >
—Cy =—{h[T, ~T, ]+ e0[(T, +460)* ~Te 1}k

Temperatureatx=L: T(L)=C;xL+C, =T, » C,=T,-C,L
Substituting C; and C, into the general solution, the variation of temperature is determined to be

h{T, - T, ]+ 50'[(:-2 +213)" Tl |y
(14 W/m? -°C)(45 — 25)°C + 0.7(5.67 x 1078 W/m? - KH)[(318 K)* — (290 K)*]
8.4W/m-°C

T(X)=Cx+(T,-CL)=T,-(L-x)C; =T, +

= 45°C +

(0.4—x)m
=45+ 48.23(0.4 - x)

(c) The temperature at x = 0 (the left surface of the wall) is
T(0)=45+48.23(0.4-0) =64.3°C
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2-129 The base plate of an iron is subjected to specified heat flux on the left surface and convection and
radiation on the right surface. The mathematical formulation, and an expression for the outer surface
temperature and its value are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3
There is no heat generation. 4 Heat loss through the upper part of the iron is negligible.

Properties The thermal conductivity and emissivity are given to be k=2.3 W/m-°C and ¢ =0.7.
Analysis (a) Noting that the upper part of the iron is well insulated

and thus the entire heat generated in the resistance wires is transferred
to the base plate, the heat flux through the inner surface is determined
b P J M T
) q
Gy =—2 - 100OW __ g e67 wim “\e
Ase  150x10~4 m2
h
Taking the direction normal to the surface of the wall to be the x T
direction with x = 0 at the left surface, the mathematical formulation ”
of this problem can be expressed as
2 L
T =0 L X
dx2
and —k@ =, = 66,667 W/ m?
X
—km— h[T(L)-T,]+eo[T(L)*-T&, 1=h[T, =T ]+ eo[(T, + 273)* - T4 ]
dx - e surrd — 2 0 2 surr
(b) Integrating the differential equation twice with respect to x yields
dT
dx G
T(x) =Cx+C,

where C; and C, are arbitrary constants. Applying the boundary conditions give

x=0: -kC;=d, — Clz_qro
x=L: —kCy = N[T, - T ]+ eol(T, +273)* - Tef, ]

Eliminating the constant C; from the two relations above gives the following expression for the outer
surface temperature T,

h(T, = T.,) + eol(T, + 273)* = Tei ] = o
(c) Substituting the known quantities into the implicit relation above gives
(30 W/m? -°C)(T, —22) +0.7(5.67x10™® W/m? - K*)[(T, +273)* —290*] = 66,667 W/m?

Using an equation solver (or a trial and error approach), the outer surface temperature is determined from
the relation above to be

T, =758°C
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2-130 The base plate of an iron is subjected to specified heat flux on the left surface and convection and
radiation on the right surface. The mathematical formulation, and an expression for the outer surface
temperature and its value are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3
There is no heat generation. 4 Heat loss through the upper part of the iron is negligible.
Properties The thermal conductivity and emissivity are given to be k=2.3 W/m-°C and ¢ =0.7.

Analysis (a) Noting that the upper part of the iron is well insulated
and thus the entire heat generated in the resistance wires is transferred
to the base plate, the heat flux through the inner surface is determined

to be /—* Tsurr
3 q
o = =208 100,000 W’ A\
Apsse  150x107" m
Taking the direction normal to the surface of the wall to be the x h
direction with x = 0 at the left surface, the mathematical formulation Te
of this problem can be expressed as
2 >
der -0 L X
dx?
and - @ =4, =80,000 W/ m?
X
dT(L) 4 4 4 4
-k d—X =h[T(L) - T ]+ eo[T(L)* =T ] = h[T, = T, 1+ eol(T, +273)* — T, ]
(b) Integrating the differential equation twice with respect to x yields
dT
Y G
T(x) =Cx+C,

where C; and C, are arbitrary constants. Applying the boundary conditions give

x=0: -kC;=d, — Clz_qro
X=L: —kC, =h[T, = T, 1+ eo[(T, + 273)4 - T&,/ ]

Eliminating the constant C; from the two relations above gives the following expression for the outer
surface temperature T,

h(T, - T..) + eol(T, + 273)* = Tg 1= do
(c) Substituting the known quantities into the implicit relation above gives
(30 W/m?2 .°C)(T, —22) +0.7(5.67x10™® W/m? . K*)[(T, +273)* —290*] =100,000 W/m?

Using an equation solver (or a trial and error approach), the outer surface temperature is determined from
the relation above to be

T, =895.8°C
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2-131E The concrete slab roof of a house is subjected to specified temperature at the bottom surface and
convection and radiation at the top surface. The temperature of the top surface of the roof and the rate of
heat transfer are to be determined when steady operating conditions are reached.

Assumptions 1 Steady operating conditions are reached. 2 Heat transfer is one-dimensional since the roof
area is large relative to its thickness, and the thermal conditions on both sides of the roof are uniform. 3
Thermal properties are constant. 4 There is no heat generation in the wall.

Properties The thermal conductivity and emissivity are given to be k = 1.1 Btu/h-ft-°F and ¢ =0.9.
Analysis In steady operation, heat conduction through the roof must be equal to net heat transfer from the
outer surface. Therefore, taking the outer surface temperature of the roof to be T, (in °F),

T,-T
kA% =hA(T, -T,) +eAc[(T, +460)* - Tg, ] X T Tay
A 0
Canceling the area A and substituting the known quantities, L h
(1.1Btu/h ~ft-°F)% = (3.2 Btu/h - ft® -°F)(T, —50)°F

+0.8(0.1714x1078 Btu/h - ft2 . R*)[(T, +460)* —310*]R* T
Using an equation solver (or the trial and error method), the outer surface temperature is determines w be
T, = 38°F
Then the rate of heat transfer through the roof becomes
(62—38)°F
0.8 ft

Discussion The positive sign indicates that the direction of heat transfer is from the inside to the outside.
Therefore, the house is losing heat as expected.

Q= kA% = (11 Btu/ h-ft-°F)(25x 35 ft?) =28,875Btu/h

2-132 The surface and interface temperatures of a resistance wire covered with a plastic layer are to be
determined.

Assumptions 1 Heat transfer is steady since there is no change with time. 2 Heat transfer is one-
dimensional since this two-layer heat transfer problem possesses symmetry about the center line and
involves no change in the axial direction, and thus T = T(r) . 3 Thermal conductivities are constant. 4 Heat
generation in the wire is uniform.

Properties It is given thatK i, =15 W/ m-°C and K, =12 W/ m-°C.

Analysis Letting T, denote the unknown interface temperature, the mathematical formulation of the heat
transfer problem in the wire can be expressed as
li rd_T +g: 0
rdri dr) Kk
dr(0)

with T(rh)=T, and 0

Multiplying both sides of the differential equation by r, rearranging,
and integrating give

d( dT g dT gr?
—|r—|=-= r—=-=— a
dr(rdrj "7 ke @
Applying the boundary condition at the center (r = 0) gives
dr©) ¢
BC.atr=0: Ox——==-—x0 =0
atr X i ok x0+C - C
Dividing both sides of Eqg. (a) by r to bring it to a readily integrable form and integrating,
dT g g
— == T(r)=—-—-r2+C b
a7 TG ®)

Applying the other boundary condition at r =r;,

B.C.at r=n: T :_%rlz"'cz - G, =T, +%I’l2
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Substituting this C, relation into Eq. (b) and rearranging give

g

Tuire (1) = Ty + = (¢’ = 1%) ©
4|(wire

Plastic layer The mathematical formulation of heat transfer problem in the plastic can be expressed as

i(rd_-r) =0
dr dr

with  T(r)=T, and —k—de(rZ) = h[T(r,)-T,]
r
The solution of the differential equation is determined by integration to be
dT dT C
r—==C_ — == T(r)=C,Inr+C
ar 1 ar - (r)=C;Inr+C,

where C, and C, are arbitrary constants. Applying the boundary conditions give

C T, -T
r=ry Kk =h[(CyInr, +C))-T,] > Cr=—F——
2 In-2 + —
n hr

Substituting C; and C, into the general solution, the variation of temperature in plastic is determined to be

T, -T r
Totastic (1) = Cy INr+T, =CyInpy =T + —= L In—
Inl;z_i_ plastic I

n hr,

We have already utilized the first interface condition by setting the wire and ceramic layer temperatures
equal to T, at the interface r =r;. The interface temperature T, is determined from the second interface

condition that the heat flux in the wire and the plastic layer at r = r, must be the same:

e T ) o 9Toisic() gm0 T,-T 1
wire dr plastic dr 2 plastic |nri+L r
n hn

Solving for T, and substituting the given values, the interface temperature is determined to be

T, = _g'rf (In r—2+—kpIaStic J+Tw
2|(plastic n hrZ

2(1.8W/m-°C) 0.003m (14 W/m? -°C)(0.007 m)

Knowing the interface temperature, the temperature at the center line (r = 0) is obtained by substituting the
known quantities into Eq. (c),

6 3 2 o
_ (L5x10° W/m®)(0.003m) [m 0.007m 1.8W/m-°C }r 250C = 97 19C

s -2 6 3 2
To@=T + 97 _gypecy U5X10° W/m)(0003m)? _ o .
A yire 4x(18 W/ m-=C)

Thus the temperature of the centerline will be slightly above the interface temperature.
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2-133 A cylindrical shell with variable conductivity is

subjected to specified temperatures on both sides. The rate of

heat transfer through the shell is to be determined.

Assumptions 1 Heat transfer is given to be steady and one- k(T)
dimensional. 2 Thermal conductivity varies quadratically. 3 1
There is no heat generation. T2
Properties The thermal conductivity is given to be

k(T) = ko(1+AT2). rn \r
Analysis When the variation of thermal conductivity with

temperature k(T) is known, the average value of the thermal

conductivity in the temperature range between T, and T, is

determined from

TZ
T T B3 p
LZ k(T)dT ITZ ko (1+ AT 2)dT ko[T +5 T j ko{(Tz —T1)+§(Tz3 -7 )}
T,-T,  T,-T,  T,-T, T,-T,

= k{ug(ﬁ +T T, +T7 )}

This relation is based on the requirement that the rate of heat transfer through a medium with constant
average thermal conductivity k,,. equals the rate of heat transfer through the same medium with variable

T

Kave = =

ave

conductivity k(T).
Then the rate of heat conduction through the cylindrical shell can be determined from Eq. 2-77 to be
: T, -T B T, -T
inder = 27K gy L ——2— = 27K | 1+ = (T2 + T, T, + T ) |L——2—
Qcyllnder ave In(r2 ”1) 0|: 3 ( 2 1'2 1 ) |n(l’2 /rl)

Discussion We would obtain the same result if we substituted the given k(T) relation into the second part of
Eq. 2-77, and performed the indicated integration.

2-134 Heat is generated uniformly in a cylindrical uranium fuel rod. The temperature difference between
the center and the surface of the fuel rod is 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 center line and no change in the axial
direction. 3 Thermal conductivity is constant. 4 Heat generation is uniform.

Properties The thermal conductivity of uranium at room temperature is k =27.6 W/m-°C (Table A-3).
Analysis The temperature difference between the center and the surface of the fuel rods is determined from

i 2 7 3 2
_gr,”  (4x10° W/m*)(0.016 m) _92.8°C

Lo s = = 4276 Wime0) /‘ Ts
( 9 4o 0
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2-135 A large plane wall is subjected to convection on the inner and outer surfaces. The mathematical
formulation, the variation of temperature, and the temperatures at the inner and outer surfaces to be
determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3
There is no heat generation.

Properties The thermal conductivity is given to be k =0.77 W/m-°C.

Analysis (a) Taking the direction normal to the surface of the wall to be the x direction with x = 0 at the
inner surface, the mathematical formulation of this problem can be expressed as

d2T
~— -0
dx?
and
dT (0
T -TO) = T K
X
dT(L) i S
- = hZD—(L)_TooZ] Tool T:sz
dx
(b) Integrating the differential equation twice with respectto x yields L
dT & >
vl C
T(X)=Cx+C,
where C; and C, are arbitrary constants. Applying the boundary conditions give
x=0: h [T, —(C;x0+C,)]=-kC,;

Substituting the given values, these equations can be written as
5(27-C,)=-0.77C,
—-0.77C, = (12)(0.2C, +C, -8)
Solving these equations simultaneously give
C,=-4544 C,=20
Substituting C; and C, into the general solution, the variation of temperature is determined to be
T(x) =20-45.44x
(c) The temperatures at the inner and outer surfaces are
T(0)=20-45.44x0=20°C
T(L)=20-45.44%x0.2=10.9°C
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2-136 A hollow pipe is subjected to specified temperatures at the inner and outer surfaces. There is also
heat generation in the pipe. The variation of temperature in the pipe and the center surface temperature of
the pipe are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since the pipe is long relative to its
thickness, and there is thermal symmetry about the centerline. 2 Thermal conductivity is constant.

Properties The thermal conductivity is given to be k =20 W/m-°C.
Analysis The rate of heat generation is determined from

W W - 25,000 W
V. n(D,2-DA)L/4 w|(0.4m)? —(0.3m)?(12m)/ 4

Noting that heat transfer is one-dimensional in the radial r direction, the mathematical formulation of this
problem can be expressed as

ii rd_T +g 0

rdr dr k

and T(r)=T, =60°C
T(r,)=T, =80°C

= 37,894 W/m*

g:

Rearranging the differential equation

i rd_T =__gr=0
dr\ dr k

and then integrating once with respect to r,
-0 2
d_T = gr +C;
dr 2k
Rearranging the differential equation again
a _—or G
dar 2k r
and finally integrating again with respect to r, we obtain

_g‘rz

T(r)= +C;Inr+C,

where C; and C, are arbitrary constants. Applying the boundary conditions give

.2
—-gn

r=ry T(n) = +CiInrp +C,

2
r=ry T(r,)=

— gLZ +CyInr, +C,
Substituting the given values, these equations can be written as
60— —(37,894)(0.15)?
4(20)
_ 2
80— (37,894)(0.20)
4(20)
Solving for C; and C, simultaneously gives
C, =98.34 C,=257.2
Substituting C; and C, into the general solution, the variation of temperature is determined to be

+C, In(0.15) +C,

+C,; In(0.20)+C,

_ —37,894r2
4(20)

T(r) +98.34Inr +257.2 = 257.2—473.68r2 +98.34Inr
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The temperature at the center surface of the pipe is determined by setting radius r to be 17.5 cm, which is
the average of the inner radius and outer radius.

T(r) = 257.2— 473.68(0.175)? +98.34In(0.175) = 71.2°C

2-137 A spherical ball in which heat is generated uniformly is exposed to iced-water. The temperatures at
the center and at the surface of the ball 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., and there is thermal symmetry about the center point. 3 Thermal conductivity is
constant. 4 Heat generation is uniform.

Properties The thermal conductivity is given to be k = 45 W/m-°C.
Analysis The temperatures at the center and at the surface of the ball are

determined directly from h
; 6 3 T,
11, 80 _ g, (26x10° Wim 2(0.15 M _ogaec
3h 3(1200 W/m?.°C)
gry” (2.6x10° W/m®)(0.15 m)?

To =T, + oK =108.3°C + =325°C

6(45W/m.°C)

2-138 .... 2-141 Design and Essay Problems
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Chapter 3
STEADY HEAT CONDUCTION

Steady Heat Conduction In Plane Walls

3-1C (a) If the lateral surfaces of the rod are insulated, the heat transfer surface area of the cylindrical rod is
the bottom or the top surface area of the rod, A, = 7D? 4 . (b) If the top and the bottom surfaces of the rod
are insulated, the heat transfer area of the rod is the lateral surface area of the rod, A= zDL .

3-2C In steady heat conduction, the rate of heat transfer into the wall is equal to the rate of heat transfer out
of it. Also, the temperature at any point in the wall remains constant. Therefore, the energy content of the
wall does not change during steady heat conduction. However, the temperature along the wall and thus the
energy content of the wall will change during transient conduction.

3-3C The temperature distribution in a plane wall will be a straight line during steady and one dimensional
heat transfer with constant wall thermal conductivity.

3-4C The thermal resistance of a medium represents the resistance of that medium against heat transfer.

3-5C The combined heat transfer coefficient represents the combined effects of radiation and convection
heat transfers on a surface, and is defined as heompined = Nconvection + Nradiation 1t Offers the convenience of
incorporating the effects of radiation in the convection heat transfer coefficient, and to ignore radiation in
heat transfer calculations.

3-6C Yes. The convection resistance can be defined as the inverse of the convection heat transfer
coefficient per unit surface area since it is defined as R,,, =1/(hA).

3-7C The convection and the radiation resistances at a surface are parallel since both the convection and
radiation heat transfers occur simultaneously.

3-8C For a surface of A at which the convection and radiation heat transfer coefficients are h.,,, and h.q,
the single equivalent heat transfer coefficient is hyq, = heony +Nyag When the medium and the surrounding

surfaces are at the same temperature. Then the equivalent thermal resistance will be Reyq, =1/ (Neq, A) .

3-9C The thermal resistance network associated with a five-layer composite wall involves five single-layer
resistances connected in series.

3-10C Once the rate of heat transfer Q is known, the temperature drop across any layer can be determined
by multiplying heat transfer rate by the thermal resistance across that layer, AT, = QR|ayer
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3-11C The temperature of each surface in this case can be determined from
Q=(T1—Ta)/ R —— Ty = T —(QRo11)
Q=T ~Tu2)/ Ry — T = T2 + (QRyz_)

where R__: is the thermal resistance between the environment oo and surface i.

0—i

3-12C Yes, it is.

3-13C The window glass which consists of two 4 mm thick glass sheets pressed tightly against each other
will probably have thermal contact resistance which serves as an additional thermal resistance to heat
transfer through window, and thus the heat transfer rate will be smaller relative to the one which consists of
a single 8 mm thick glass sheet.

3-14C Convection heat transfer through the wall is expressed as Q = hA, (T, —T.,) . In steady heat transfer,

heat transfer rate to the wall and from the wall are equal. Therefore at the outer surface which has
convection heat transfer coefficient three times that of the inner surface will experience three times smaller
temperature drop compared to the inner surface. Therefore, at the outer surface, the temperature will be
closer to the surrounding air temperature.

3-15C The new design introduces the thermal resistance of the copper layer in addition to the thermal
resistance of the aluminum which has the same value for both designs. Therefore, the new design will be a
poorer conductor of heat.

3-16C The blanket will introduce additional resistance to heat transfer and slow down the heat gain of the
drink wrapped in a blanket. Therefore, the drink left on a table will warm up faster.

3-17 The two surfaces of a wall are maintained at specified temperatures. 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 will
exist in the direction from the indoors to the outdoors. 3 Thermal conductivity is constant.

Properties The thermal conductivity is given to be k = 0.8 W/m-°C.
Analysis The surface area of the wall and the rate of heat loss through the wall are
A=(4m)x(6m)=24m?

Q= kATl;LTZ = (08 W/m.°C)(24 m?)

w:&[z W
03m

14°C
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3-18 The two surfaces of a window are maintained at specified temperatures. The rate of heat loss through
the window and the inner surface temperature are to be determined.

Assumptions 1 Heat transfer through the window is steady since the surface temperatures remain constant
at the specified values. 2 Heat transfer is one-dimensional since any significant temperature gradients will
exist in the direction from the indoors to the outdoors. 3 Thermal conductivity is constant. 4 Heat transfer
by radiation is negligible.

Properties The thermal conductivity of the glass is given to be k = 0.78 W/m-°C.

Analysis The area of the window and the individual resistances are Glass
A=(12m)x(2m)=24m? 5
Ri =Reomwi = S 5 1 >~ =0.04167 °C/W
© hA (10W/m<.°C)(2.4m*)
Ryass = - = 0008m______00321°c/W - Q
kiA  (0.78W/m.°C)(2.4m*) T
1
Ro =Reonv2 = L = 2 1 7 =0.01667 °C/W
“ h,A (25W/m<.°C)(2.4m*)
Riotal = Rconv,l + Rglass + I:zconv,z
=0.04167 +0.00321+0.01667 = 0.06155 °C/W Ri Ralass R,
The steady rate of heat transfer through window glass is then T V\MAN\‘WVWW’ T
T1-T. [24-(HIC

Q= w2 =471 W
Row  0.06155°C/W

The inner surface temperature of the window glass can be determined from
Twl _ Tl

Q= R——>T1 =T,1—QReony 1 = 24°C— (471 W)(0.04167 °C/W) = 4.4°C

conv,1
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3-19 A double-pane window consists of two 3-mm thick layers of glass separated by a 12-mm wide
stagnant air space. For specified indoors and outdoors temperatures, the rate of heat loss through the

window and the inner surface temperature of the window are to be determined.

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

of the glass and air are constant. 4 Heat transfer by radiation is negligible.

Properties The thermal conductivity of the glass and air are given to be Kgass = 0.78 W/m-°C and kg =

0.026 W/m-°C.
Analysis The area of the window and the individual resistances are

A=(12m)x(2m)=24m?

1 1
Ri=Reomi=75= =0.0417°C/W
P AT (10W/m2eC) (2.4 mP)
Ri=Rs= Rglass = i = 0.003m T 0.0016 °C/W
kA (0.78W/m.°C)(2.4 m?)
Ry = Rair = L 0.012m -~ =0.1923°C/W
k,A  (0.026 W/m.°C)(2.4 m?)
R L L =0.0167 °C/W

o = Room2 = A (25W/m2°C)(2.4m?)

Riotal = Reonv.1 + 2R + Ry + Rgpy 2 = 0.0417 +2(0.0016) +0.1923+0.0167
=0.2539 °C/W

The steady rate of heat transfer through window glass then becomes

Air

o TaTe _[4-(HIC

- =114W R
Row  0.2539°C/W '

R:

. . A
The inner surface temperature of the window glass can be determined fro
3 Tool _Tl
Q=7

conv,1
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3-20 A double-pane window consists of two 3-mm thick layers of glass separated by an evacuated space.
For specified indoors and outdoors temperatures, the rate of heat loss through the window and the inner
surface temperature of the window are to be determined.

Assumptions 1 Heat transfer through the window is steady since the indoor and outdoor temperatures
remain constant at the specified values. 2 Heat transfer is one-dimensional since any significant
temperature gradients will exist in the direction from the indoors to the outdoors. 3 Thermal conductivities
of the glass and air are constant. 4 Heat transfer by radiation is negligible.

Properties The thermal conductivity of the glass is given to be Kgjass = 0.78 W/m-°C.

Analysis Heat cannot be conducted through an evacuated space since the thermal conductivity of vacuum
is zero (no medium to conduct heat) and thus its thermal resistance is zero. Therefore, if radiation is
disregarded, the heat transfer through the window will be zero. Then the answer of this problem is zero
since the problem states to disregard radiation.

Discussion In reality, heat will be transferred between the glasses
by radiation. We do not know the inner surface temperatures of
windows. In order to determine radiation heat resistance we

assume them to be 5°C and 15°C, respectively, and take the
emissivity to be 1. Then individual resistances are Vacuum
A=(12m)x(2m)=24m?
1 1
Ri =Regnys = ——= > - =0.0417°C/W
hyA (10 W/m?.°C)(2.4m?)
L .
Ry =Ry = Ryjpes = —= = 0003m g 0016°cw
kA (0.78W/m.°C)(2.4 m?)
1
Rrag = 2 2
EOA(Ts" +Tourr )T + Tsurr ) Ri Ry Riad | Rs R,
! T AW M- T

T 1(5.67x1078 W/im2.K*)(2.4 m?)[288% + 2782][288 + 278]K 3
=0.0810°C/W
1 1
h,A  (25W/mZ.°C)(2.4m?)
Riotal = Reonvt + 2Ry + Ryag + Reony 2 = 0.0417 +2(0.0016) + 0.0810 +0.0167
=0.1426 °C/W
The steady rate of heat transfer through window glass then becomes
y_ T =T [24-(HC

Q= Row  01426°C/W
The inner surface temperature of the window glass can be determined from

Q= %—ﬂl =T,1 — QReony1 = 24°C — (203 W)(0.0417°C/ W) = 15.5°C

conv,1

Similarly, the inner surface temperatures of the glasses are calculated to be 15.2 and -1.2°C (we had
assumed them to be 15 and 5°C when determining the radiation resistance). We can improve the result
obtained by reevaluating the radiation resistance and repeating the calculations.

=0.0167 °C/W

Ro = Rconv,2 =

=203W
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"GIVEN"

A=1.2*2 "[m"2]"

L_glass=3 "[mm]"

k glass=0.78 "[W/m-C]"

"L_air=12 [mm], parameter to be varied"
T_infinity_1=24 "[C]"

T_infinity_2=-5 "[C]"

h_1=10 "[W/m"2-C]"

h_2=25 "[W/m"2-C]"

"PROPERTIES"
k_air=conductivity(Air, T=25)

"ANALYSIS"

R_conv_1=1/(h_1*A)
R_glass=(L_glass*Convert(mm, m))/(k_glass*A)
R_air=(L_air*Convert(mm, m))/(k_air*A)
R_conv_2=1/(h_2*A)
R_total=R_conv_1+2*R_glass+R_air+R_conv_2
Q_dot=(T_infinity_1-T_infinity 2)/R_total

Chapter 3 Steady Heat Conduction

Lair [mm] Q [W]
2 307.8
4 228.6
6 181.8
8 150.9
10 129
12 112.6
14 99.93
16 89.82
18 81.57
20 74.7
350 T T T T T T T T T T T T
300
250
E 200
O
150
100
50 L 1 L 1 L 1 1 1 L 1 L 1 L 1 L
2 4 6 8 10 12 14 16 18 20
Lair [mm]
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3-22E The inner and outer surfaces of the walls of an electrically heated house remain at specified
temperatures during a winter day. The amount of heat lost from the house that day and its its cost are to be
determined.

Assumptions 1 Heat transfer through the walls is steady since the surface temperatures of the walls remain
constant at the specified values during the time period considered. 2 Heat transfer is one-dimensional since
any significant temperature gradients will exist in the direction from the indoors to the outdoors. 3 Thermal
conductivity of the walls is constant.

Properties The thermal conductivity of the brick wall is given to be k = 0.40 Btu/h-ft-°F.

Analysis We consider heat loss through the walls only. The total heat transfer area is
A =2(40x 9+30x 9) = 1260 ft*

The rate of heat loss during the daytime is

Quay = kA Ll (0.40 Btu/ h.ft.°F)(1260 ft? )W =5040 Btu/ h
The rate of heat loss during nighttime is
Qnight = kATl il
= (0.40 Btu/h.ft.°F)(1260 ft?) % =10,080 Btu/h E
The amount of heat loss from the house that night will be
Q= A%——>Q = Qt = 10Qys +14Qygn = (10 h)(5040 Btu/h) + (14 h)(10,080 Btu/ h)

=191,520 Btu

Then the cost of this heat loss for that day becomes
Cost = (191,520/ 3412 kWh)($0.09/ kWh) = $5.05
3-23 A cylindrical resistor on a circuit board dissipates 0.15 W of power steadily in a specified

environment. The amount of heat dissipated in 24 h, the surface heat flux, and the surface temperature of
the resistor are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat is transferred uniformly from all surfaces of the
resistor.

Analysis (a) The amount of heat this resistor dissipates during a 24-hour period is
Q =0QAt =(0.15W)(24h) = 3.6 Wh
(b) The heat flux on the surface of the resistor is

2 2 S

A =277 apL = ZO008MT 6 003m)(0.012 m) = 0.000127 m? Q
) 4 Resistor
g_ 0.15W 0.15wW

- =1179 W/m?
A, 0.000127 m?

(c) The surface temperature of the resistor can be determined from
Q 0.15W 1
hAs (1179 W/m?.°C)(0.000127 m?)

4=

Q=hA((T,-T,)—>T, =T, + 71°C
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3-24 A power transistor dissipates 0.2 W of power steadily in a specified environment. The amount of heat
dissipated in 24 h, the surface heat flux, and the surface temperature of the resistor are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat is transferred uniformly from all surfaces of the
transistor.

Analysis (a) The amount of heat this transistor dissipates during a 24-hour period is

Q = QAt = (0.2 W)(24 h) = 4.8 Wh = 0.0048kWh l l l l l Alr,
(b) The heat flux on the surface of the transistor is 30°C
2
A =27l (T
2 Power
= ZMJr 7(0.005 m)(0.004 m) = 0.0001021m? Transistor
4 0.2W
g=2 - 02W 1959 Wim?
A;  0.0001021m

(c) The surface temperature of the transistor can be determined from
Q 0.2W

= ' =193°C
hA; (18 W/m?.°C)(0.0001021m?)

Q = hAS (TS _Tao)—>Ts :Too +

3-25 A circuit board houses 100 chips, each dissipating 0.07 W. The surface heat flux, the surface
temperature of the chips, and the thermal resistance between the surface of the board and the cooling
medium are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer from the back surface of the board is
negligible. 2 Heat is transferred uniformly from the entire front surface.

Analysis (a) The heat flux on the surface of the circuit board is

A, =(0.12m)(0.18m) = 0.0216 m? ] .
_Q _(A00x00NW _ o) \wim? u Chips
A, 0.0216 m? -

Q _40°C + (1020><0.07)W -
hA, (10 W/m<.°C)(0.0216 m“)
(c) The thermal resistance is

—— T =T+ 72.4°C

1 1
hA; (10 W/m?2.°C)(0.0216 m?)

Ts
(b) The surface temperature of the chips is :|/
Q:hAs(rs'—Tw) ﬂ/ .
1

=4.63°C/W —

Reonv =

3-8
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3-26 A person is dissipating heat at a rate of 150 W by natural convection and radiation to the surrounding
air and surfaces. For a given deep body temperature, the outer skin temperature is to be determined.
Assumptions 1 Steady operating conditions exist. 2 The heat
transfer coefficient is constant and uniform over the entire exposed
surface of the person. 3 The surrounding surfaces are at the same
temperature as the indoor air temperature. 4 Heat generation within
the 0.5-cm thick outer layer of the tissue is negligible.

Properties The thermal conductivity of the tissue near the skin is
given to be k = 0.3 W/m-°C.

Analysis The skin temperature can be determined directly from

. T, =T
— KA 1 skin
Q L
Ty =T, - 2b _g7oc__(1SOW)O.006m) 55 o
kA (0.3W/m.°C)(1.7 m?)

3-27 Heat is transferred steadily to the boiling water in an aluminum pan. The inner surface temperature of
the bottom of the pan is given. The boiling heat transfer coefficient and the outer surface temperature of the
bottom of the pan are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional since the thickness of
the bottom of the pan is small relative to its diameter. 3 The thermal conductivity of the pan is constant.
Properties The thermal conductivity of the aluminum pan is given to be k = 237 W/m-°C.

Analysis (a) The boiling heat transfer coefficient is

2 2
AS:nD :7;(0.25m) —0.0491m?2
. 4 4 95°C
Q= hAs (Ts -T,) / 108°C
Q 800 W -
h= = 5 =1254 W/m?.°C
As(Tg-T,) (0.0491m?)(108-95)°C 500W | g8 o
(b) The outer surface temperature of the bottom of the pan is '
. T =T,
_ kA s,outer s,inner
Q L
Ts,outer = Ts,innerl + % =108°C+ (800 W)(0.005m) =108.3°C

KA (237 W/m.°C)(0.0491m?)
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3-28E A wall is constructed of two layers of sheetrock with fiberglass insulation in between. The thermal
resistance of the wall and its R-value of insulation are to be determined.

Assumptions 1 Heat transfer through the wall is one-dimensional. 2 Thermal conductivities are constant.
Properties The thermal conductivities are given to be Kgpeetrock = 0.10 Btu/h-ft-°F and Kinsyiation = 0.020
Btu/h-ft-°F.

Analysis (a) The surface area of the wall is not given and thus we consider
a unit surface area (A = 1 ft?). Then the R-value of insulation of the wall
becomes equivalent to its thermal resistance, which is determined from.

L 0.5/121t
R =R =Rg=—t=— """
seetrodk =71 T8 Tk, (0.0 Btu/h.ft.oF)

——————]

=0.417 ft?.°F.h/Btu
Ly L, Ls

5. p b sn2ft
fiberglass = 2 7 (0.020 Btu/h.ft.°F)

Rital = 2Ry + R, =2x0.417+20.83=21.66 ft2.°F.h/Btu
(b) Therefore, this is approximately a R-22 wall in English units.

=20.83ft2.°F.h/Btu

Ry Rz | Rs
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3-29 The roof of a house with a gas furnace consists of 3-cm thick concrete that is losing heat to the
outdoors by radiation and convection. The rate of heat transfer through the roof and the money lost through

the roof that night during a 14 hour period are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The emissivity and thermal conductivity of the roof are

constant.

Properties The thermal conductivity of the concrete is given to be
k =2 W/m-°C. The emissivity of both surfaces of the roof is given
to be 0.9.

Analysis When the surrounding surface temperature is different
than the ambient temperature, the thermal resistances network
approach becomes cumbersome in problems that involve radiation.
Therefore, we will use a different but intuitive approach.

In steady operation, heat transfer from the room to the
roof (by convection and radiation) must be equal to the heat
transfer from the roof to the surroundings (by convection and
radiation), that must be equal to the heat transfer through the roof
by conduction. That is,

Tyy = 100K ,
Q
Tar =10°C /
L=15cm | /,/
Tin=20°C

Q = Qroom to roof, conv+rad = Qroof, cond — Qroof to surroundings, conv+rad

Taking the inner and outer surface temperatures of the roof to be Tsi, and Ts oy, respectively, the quantities

above can be expressed as

Qroom to roof, conv+rad — hi A(rroom _Ts,in ) + SAO—(Troom4 _Ts,in4) = (5 W/m2 'OC)(SOO mz)(ZO_Ts,in )OC
+(0.9)(300 m?)(5.67x10 8 W/m? .K4)[(20 +273K)* = (T, +273 K)“]

. T’- _T,t . T’- _T,t
Qroof,cond =kA >0 L 2 :(ZW/m- C)(300m2) sg\.lsgqou

Qroof to surr, conv+rad — ho A(Ts,out _Tsurr) + gAO—(Ts,out4 - Tsurr4) = (12 W/ m2_oc)(300 mz)(Ts,out _lO)OC
+(0.9)(300 m?)(567 x 1078 W/ m?. K“)[(T&Out +273 K)* - (100 K)"’]

Solving the equations above simultaneously gives
Q = 37,440 W, T, =7.3°C,and T,y =-2.1°C
The total amount of natural gas consumption during a 14-hour period

is

0 - Quwal _ QAt  (37.440kJ/s)(14x36005) ( 1therm
%080 0.80 0.80

Finally, the money lost through the roof during that period is
Money lost = (22.36 therms)($0.60/ therm) = $13.4

3-11
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3-30 An exposed hot surface of an industrial natural gas furnace is to be insulated to reduce the heat loss
through that section of the wall by 90 percent. The thickness of the insulation that needs to be used is to be
determined. Also, the length of time it will take for the insulation to pay for itself from the energy it saves

will be determined.

Assumptions 1 Heat transfer through the wall is steady and one-dimensional. 2 Thermal conductivities are
constant. 3 The furnace operates continuously. 4 The given heat transfer coefficient accounts for the

radiation effects.

Properties The thermal conductivity of the glass wool insulation is given to be k = 0.038 W/m-°C.

Analysis The rate of heat transfer without insulation is

A=(2m@5m)=3m?
Q=hA(T,-T,) = (10 W/m?.°C)(3 m*)(80 - 30)°C = 1500 W
In order to reduce heat loss by 90%, the new heat transfer rate and
thermal resistance must be
Q =010x1500 W =150 W

AT AT _ (80-30)°C

Insulation

Rinsulation

MWW~

Ts
L

)= — SRy = —— =0333°C/W
R el 150w
and in order to have this thermal resistance, the thickness of insulation must bt
1 L
Rtotal = Rconv + Rinsulation = m + E
1 L

=0.333°C/W

= +
(10 W/m?2.°C)(3m?)  (0.038 W/m.°C)(3m?)
L=0.034m=3.4cm

AT

Noting that heat is saved at a rate of 0.9x1500 = 1350 W and the furnace operates continuously and thus
365x24 = 8760 h per year, and that the furnace efficiency is 78%, the amount of natural gas saved per year

IS

Energy Saved = Qsaved At _ (1-350 kJ/S)(8760 h) (3600 SJ( 1therm

Efficiency B 0.78 1h
The money saved is

105,500 kJ

] =517.4 therms

Money saved = (Energy Saved)(Cost of energy) = (517.4 therms)($0.55/ therm) = $284.5 (per year)

The insulation will pay for its cost of $250 in
Money spent ~ $250 0.88 yr

Payback period = = =
Money saved  $284.5/yr

which is less than one year.
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3-31 An exposed hot surface of an industrial natural gas furnace is to be insulated to reduce the heat loss
through that section of the wall by 90 percent. The thickness of the insulation that needs to be used is to be
determined. Also, the length of time it will take for the insulation to pay for itself from the energy it saves
will be determined.

Assumptions 1 Heat transfer through the wall is steady and one-dimensional. 2 Thermal conductivities are
constant. 3 The furnace operates continuously. 4 The given heat transfer coefficients accounts for the
radiation effects.

Properties The thermal conductivity of the expanded perlite insulation is given to be k = 0.052 W/m-°C.
Analysis The rate of heat transfer without insulation is

A=(2m@5m)=3m? .
) Insulation
Q=hA(T,-T,) = (10 W/m?.°C)(3 m*)(80 - 30)°C = 1500 W
In order to reduce heat loss by 90%, the new heat transfer rate and R R
. insulation

thermal regstance must be —’V\N\/\/\/\/— ° T

Q=010x1500 W =150 W T VvV

S
9= AT g, —AT_€0=80°C_ 4aa30c/w L
Rtotal Q 150 W
and in order to have this thermal resistance, the thickness of insulation must ‘
1 L
Riotal = Reonv + Rinsutation = M"'E
1 L =0.333°C/W

= +
(10 W/m2.°C)(3m?)  (0.052 W/m.°C)(3m?)
L=0.047m=4.7cm

Noting that heat is saved at a rate of 0.9x1500 = 1350 W and the furnace operates continuously and thus
365x24 = 8760 h per year, and that the furnace efficiency is 78%, the amount of natural gas saved per year
is

Energy Saved =

Qs.av?d At _ (1.350 kJ/s)(8760h) ( 3600s | 1therm _ 517 4 therms
Efficiency 0.78 1h 105,500 kJ
The money saved is

Money saved = (Energy Saved)(Cost of energy) = (517.4 therms)($0.55/ therm) = $284.5 (per year)
The insulation will pay for its cost of $250 in
Money spent _~ $250 0.88 yr
Money saved  $284.5/yr

Payback period =

which is less than one year.
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3-32

"GIVEN"

A=2*1.5"[m"2]"

T_s=80 "[C]"

T_infinity=30 "[C]"

h=10 "[W/m"2-C]"

"k_ins=0.038 [W/m-C], parameter to be varied"
f reduce=0.90

"ANALYSIS"

Q_dot_old=h*A*(T_s-T_infinity)
Q_dot_new=(1-f_reduce)*Q_dot_old
Q_dot_new=(T_s-T_infinity)/R_total
R_total=R_conv+R_ins

R_conv=1/(h*A)

R_ins=(L_ins*Convert(cm, m))/(k_ins*A) "L_ins is in cm"

Chapter 3 Steady Heat Conduction

kins [VV/mC] I—ins [Cm]
0.02 1.8
0.025 2.25
0.03 2.7
0.035 3.15
0.04 3.6
0.045 4.05
0.05 45
0.055 4.95
0.06 5.4
0.065 5.85
0.07 6.3
0.075 6.75
0.08 7.2
8 T T T

Lins [cm]

1 L 1 L 1 L 1

0.02 0.03 0.04 0.05

0.06 0.07 0.08

k.. [W/m-C]
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3-33E Two of the walls of a house have no windows while the other two walls have 4 windows each. The
ratio of heat transfer through the walls with and without windows is to be determined.

Assumptions 1 Heat transfer through the walls and the windows is steady and one-dimensional. 2 Thermal
conductivities are constant. 3 Any direct radiation gain or loss through the windows is negligible. 4 Heat
transfer coefficients are constant and uniform over the entire surface.

Properties The thermal conductivity of the glass is given to be Kg.ss = 0.45 Btu/h.ft-°F. The R-value of the
wall is given to be 19 h.ft*-°F/Btu.

Analysis The thermal resistances through the wall without windows are

A= (12ft)(40ft) = 480m? Wall
R, = . 21 —=0.0010417 h-°F/Btu L
hiA (2 Btu/h.ft? °F)(480 ft?)
20
Ry = — = DNIFBW_ 03058 h.oF /Bt >
KA~ (480m?) Q
. 21 ~—=0.00052 h-°F/Btu K
hoA (4 Btu/h.ft?.°F)(480 ft?)
Ritar 1 = Ri +Ryan + R, =0.0010417 +0.03958 +0.00052 = 0.0411417 h - °F/Btu
The thermal resistances through the wall with windows are R R R
i | o]
P = 438) 601 AW
Awall = Atotal - Awindows =480-60=420 ftz
Ry = Ryass = L. 025/121t —=0.0007716 h-°F/Btu Raless
kA (0.45 Btu/h.ft.°F)(60 ft )
20
Ry =Ry == = w — 0.04524 h-°F/Btu
kA (420 t2)
t /.t , 1 Reqy =0.00076 - h°F/Btu
Reqw  Rgiass Rwan 0.0007716  0.04524

Riotal,2 = Ri + Reqy + R, =0.001047 +0.00076 +0.00052 = 0.002327 h - °F/Btu
Then the ratio of the heat transfer through the walls with and without windows becomes

QtotaI,Z _ AT/ Rtotal,2 _ Rtotal,l _ 0.0411417 _
Qutalg AT/ Rz R, 0002327
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3-34 Two of the walls of a house have no windows while the other two walls have single- or double-pane
windows. The average rate of heat transfer through each wall, and the amount of money this household
will save per heating season by converting the single pane windows to double pane windows are to be
determined.

Assumptions 1 Heat transfer through the window is steady since the indoor and outdoor temperatures
remain constant at the specified values. 2 Heat transfer is one-dimensional since any significant
temperature gradients will exist in the direction from the indoors to the outdoors. 3 Thermal conductivities
of the glass and air are constant. 4 Heat transfer by radiation is disregarded.

Properties The thermal conductivities are given to be k = 0.026 W/m-°C for air, and 0.78 W/m-°C for glass.

Analysis The rate of heat transfer through each wall can be determined by applying thermal resistance
network. The convection resistances at the inner and outer surfaces are common in all cases.

Walls without windows :

R =1 - — = 0.003571°C/W Wall
hiA (7 W/m2.°C)(10x4m?) "
L - 31m?e
Ry = wall _ R —value _ 2.31m CZ/W _ 0.05775°C/W
kA A (10x4m*?)
R, = — - - __ — 0.001667 °C/W - Q
hoA  (15W/m?.°C)(10x 4 m?)
Rowl = Ri + Ry + Ry = 0.003571+0.05775+0.001667 = 0.062988 °C/W
. T, -T -g8)°
Then Q=-2t —*2_ (22-8)°C___ 50y 3w
Row  0.062988°C/W
Ri Rwall Ro
Wall with single pane windows: ‘/WVWV\I_WV\AN\_WVWV\F
1 — —=0.001786°C/W/
hiA  (7W/m2.°C)(20x4 m?)
L - 31m?2°
Ry = v Rovalue 23Im PO _ g 33582 ocow
kA A (20x4)-5(1.2x1.8) m
L
glass = dase _ (2).005m > =0.002968 °C/W
kA (0.78W/m2.°C)(1.2x1.8)m
R
L1 s 1 1 5 1 g, -000058°Cw AW
Rev  Rual Ry 0.033382  ~ 0.002968
. . Ri Ruwall

=0.000833°C/W

° hyA  (15W/m?2.°C)(20x4m?)
Rt = Ri +Regy + R, = 0.001786 +0.000583+0.000833 = 0.003202 °C/W
o Ta-T __(22-87C

Rew  0.003202°C/W

Then =4372W
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4th wall with double pane windows:

Rulass Rair Rolass

L _ 31m2e
Ryl = wall _ R value _ 2.31m~-°C/W 0033382 oCIW

kA A (20x 4) —5(1.2x1.8)m

Ly 0.005m .
Rgjass =— 4 = . - =0.002968 °C/W

kA (0.78W/m*.°C)(1.2x1.8)m

Lai .

e 1 0015m — 0.267094°C/W

KA (0,026 WIMZ.0 C)(1.2x1.8)m?

Ruindow = 2Rgass + Rair = 2x0.002968 +0.267094 = 0.27303°C/W
1t st 1 5 1 Reqy = 0.020717 °C/W
Rew Rwal  Ruwindow 0.033382  0.27303

Ryl = Ri +Regy +Ro =0.001786+0.020717 +0.000833 = 0.023336 °C/W
Then  §_Te~Tez __(22-8)1C
Row  0.023336°C/W

The rate of heat transfer which will be saved if the single pane windows are converted to double pane
windows is

Qsave = Qsingle _Qdouble =4372-600=3772W

pane pane

=600W

The amount of energy and money saved during a 7-month long heating season by switching from single
pane to double pane windows become

Quave = QuaveAt = (3.772KW)(7x 30 24 h) =19,011kWh
Money savings = (Energy saved)(Unit cost of energy) = (19,011 kWh)($0.08/kWh) = $1521
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3-35 The wall of a refrigerator is constructed of fiberglass insulation sandwiched between two layers of
sheet metal. The minimum thickness of insulation that needs to be used in the wall in order to avoid

condensation on the outer surfaces is to be determined.

Assumptions 1 Heat transfer through the refrigerator walls is steady since the temperatures of the food
compartment and the kitchen air remain constant at the specified values. 2 Heat transfer is one-dimensional.
3 Thermal conductivities are constant. 4 Heat transfer coefficients account for the radiation effects.

Properties The thermal conductivities are given to be k = 15.1 W/m-°C for sheet metal and 0.035 W/m-°C

for fiberglass insulation.

Analysis The minimum thickness of insulation can be determined
by assuming the outer surface temperature of the refrigerator to be
10°C. In steady operation, the rate of heat transfer through the
refrigerator wall is constant, and thus heat transfer between the
room and the refrigerated space is equal to the heat transfer
between the room and the outer surface of the refrigerator.
Considering a unit surface area,

Q =Ny A(Tyoom — Tsour) = (9 W/ m?.°C)(1 m?)(25-20)°C=45W 1 mm

——————

insulation

1 mm

Using the thermal resistance network, heat transfer between the
room and the refrigerated space can be expressed as

T T

room ~ ! refrig

Rtotal Ri
Troom _Trefrig Troom

I
—+ 2 — +| — +—
ho k metal k insulation hi

(25-3)°C

Q/A=

Substituting,
45 W/ m? =

Ry

Rins

1 2x0.001m L

1

2 o + 20 + 2 o + 2 o
9W/m?.°C 151W/m’.°C 0035W/m*.°C 4 W/m?.°C

Solv ing for L, the minimum thickness of insulation is determined to be
L =0.0045m=0.45cm

3-18
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3-36

"GIVEN"

k_ins=0.035 "[W/m-C], parameter to be varied"
L_metal=0.001 "[m]"

k_metal=15.1 "[W/m-C], parameter to be varied"
T _refrig=3 "[C]"

T_kitchen=25 "[C]"

h_i=4 "[W/m~2-C]"

h_0=9 "[W/m"2-C]"

T_s out=20 "[C]"

"ANALYSIS"

A=1"[m"2], a unit surface area is considered"
Q_dot=h_o*A*(T_kitchen-T_s_out)
Q_dot=(T_kitchen-T_refrig)/R_total
R_total=R_conv_i+2*R_metal+R_ins+R_conv_o
R_conv_i=1/(h_i*A)
R_metal=L_metal/(k_metal*A)

R_ins=(L_ins*Convert(cm, m))/(k_ins*A) "L_ins is in cm"

R_conv_o=1/(h_o*A)

kins [VV/mC] I—ins [Cm]
0.02 0.2553
0.025 0.3191
0.03 0.3829
0.035 0.4468
0.04 0.5106
0.045 0.5744
0.05 0.6382
0.055 0.702
0.06 0.7659
0.065 0.8297
0.07 0.8935
0.075 0.9573
0.08 1.021
kmetal [W/mC] I—ins [Cm]

10 0.4465
30.53 0.447
51.05 0.4471
71.58 0.4471
92.11 0.4471
112.6 0.4472
133.2 0.4472
153.7 0.4472
174.2 0.4472
194.7 0.4472
215.3 0.4472
235.8 0.4472
256.3 0.4472
276.8 0.4472
297.4 0.4472
317.9 0.4472
338.4 0.4472
358.9 0.4472
379.5 0.4472
400 0.4472
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11 T T T T T T T T T

1.
0.9-
0.8-
0.7-
0.6-

0.5

Lins [cM]

0.4

0.3

0.2 L 1 L 1 L 1 L 1 L 1 L
0.02 0.03 0.04 0.05 0.06 0.07 0.08
k.o [W/m-C]

0.4473 — T T T

0.4471} E

0.44691 e

I-ins [Cm]

0.4467} e

0.4465 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
0 50 100 150 200 250 300 350 400

[W/m-C]

I(metal
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3-37 Heat is to be conducted along a circuit board with a copper layer on one side. The percentages of
heat conduction along the copper and epoxy layers as well as the effective thermal conductivity of the
board are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional since heat transfer
from the side surfaces is disregarded 3 Thermal conductivities are constant.

Properties The thermal conductivities are given to be k = 386 W/m-°C for copper and 0.26 W/m-°C for
epoxy layers.

Analysis We take the length in the direction of heat transfer to be L and the width of the board to be w.
Then heat conduction along this two-layer board can be expressed as

L : AT AT AT
Q = Qcopper + eroxy = (kATJ + (kATj = [(kt) copper + (kt) epoxy ]\NT
copper epoxy

Heat conduction along an “equivalent” board of thickness t = teopper + tepoxy and thermal conductivity Kes
can be expressed as

AT

: AT
Q= (kA_j = I(eff (tcopper +tepoxy JW—
board L

Setting the two relations above equal to each other and solving for the effective conductivity gives

(kt)copper + (kt)epoxy
I(eﬁ‘ (tcopper +tepoxy) = (kt)copper + (kt)epoxy keff = t
copper + tepoxy

Note that heat conduction is proportional to kt. Substituting, the fractions of heat conducted along the
copper and epoxy layers as well as the effective thermal conductivity of the board are determined to be

(Kt) opper = (386 W/ m.>C)(0.0001 m) = 0.0386 W/°C

Copper
(Kt) epoxy = (026 W/ m.°C)(0.0012 m) = 0.000312 W/°C /
(Kt) otar = (KE) copper + (Kt gpoyy = 0.0386+0.000312 = 0.038912 W/°C |
_ (Kepoyy _ 0000312 _ oo o a0 Epoxy
PO (Kt)m 0038912
kt
chpper = ( )COpper = 00386 =0992=99.2%
(kt)yey  0.038912
o T,
and 0 = (386 00001+026x00012) W/°C _ 0 o 1/ o - oo
(0.0001+0.0012) m
Q
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3-38E A thin copper plate is sandwiched between two layers of epoxy boards. The effective thermal
conductivity of the board along its 9 in long side and the fraction of the heat conducted through copper
along that side are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional since heat transfer
from the side surfaces are disregarded 3 Thermal conductivities are constant.

Properties The thermal conductivities are given to be k = 223 Btu/h-ft-°F for copper and 0.15 Btu/h-ft-°F for
epoxy layers.

Analysis We take the length in the direction of heat transfer to be L and the width of the board to be w.
Then heat conduction along this two-layer plate can be expressed as (we treat the two layers of epoxy as a
single layer that is twice as thick)

L : AT AT AT
Q = Qcopper + eroxy = (kAT] + (kATj = [(kt) copper + (kt) epoxy ]‘NT
copper epoxy

Heat conduction along an “equivalent” plate of thick ness t = teopper + tepoxy and thermal conductivity ket can

be expressed as
. AT AT
Q= (kA_j = Kefr (tcopper +tep0xy )WT
board

Setting the two relations above equal to each other and solving for the effective conductivity gives

(kt) + (kt)
keff (tcopper +tepoxy) = (kt)copper + (kt)epoxy keff = e o

tcopper + tepoxy
Note that heat conduction is proportional to kt. Substituting, the fraction of heat conducted along the copper
layer and the effective thermal conductivity of the plate are determined to be

(Kt) opper = (223 Btu/ h.ft.°F)(0.03/12 ft) = 05575 Btu/ h.°F

(Kt) epoxy = 2(015 Btu/ h.ft.°F)(0.1/12 ft) = 0.0025 Btu/ h.°F Copper
(K totar = (KU copper + (Kt poxy = (05575 +0.0025) = 056 Btu/ h.°F 7[ -
and Epoxy Epoxy
_ (kt)copper + (kt)epoxy
eff —
t +1

copper epoxy
~ 0.56 Btu/h.°F
[(0.03/12) +2(0.1/12)] ft

¢ (t)copper _ 05575
PP (K o 056

=29.2 Btu/h.ft? .°F

L7 1
tepoxy tcopper /2 tepoxy

=0.996 = 99.6%
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Thermal Contact Resistance

3-39C The resistance that an interface offers to heat transfer per unit interface area is
called thermal contact resistance, R,. The inverse of thermal contact resistance is called
the thermal contact conductance.

3-40C The thermal contact resistance will be greater for rough surfaces because an
interface with rough surfaces will contain more air gaps whose thermal conductivity is
low.

3-41C An interface acts like a very thin layer of insulation, and thus the thermal contact
resistance has significance only for highly conducting materials like metals. Therefore,
the thermal contact resistance can be ignored for two layers of insulation pressed against
each other.

3-42C An interface acts like a very thin layer of insulation, and thus the thermal contact
resistance is significant for highly conducting materials like metals. Therefore, the
thermal contact resistance must be considered for two layers of metals pressed against
each other.

3-43C Heat transfer through the voids at an interface is by conduction and radiation.
Evacuating the interface eliminates heat transfer by conduction, and thus increases the
thermal contact resistance.

3-44C Thermal contact resistance can be minimized by (1) applying a thermally
conducting liquid on the surfaces before they are pressed against each other, (2) by
replacing the air at the interface by a better conducting gas such as helium or hydrogen,
(3) by increasing the interface pressure, and (4) by inserting a soft metallic foil such as
tin, silver, copper, nickel, or aluminum between the two surfaces.

3-45 The thickness of copper plate whose thermal resistance is equal to the thermal
contact resistance is to be determined.
Properties The thermal conductivity of copper is given to be k = 386 W/m-°C (Table A-
2).
Analysis Noting that thermal contact resistance is the inverse of thermal contact
conductance, the thermal contact resistance is determined to be

1 1

Ry =—=———"———=5556x10" m*.°C/W
he 18,000 W/m?.°C

For a unit surface area, the thermal resistance of a flat plate is defined as R =f 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 =kR, = (386 W/ m.°C)(5.556 x10™°> m?.°C/W) = 00214 m = 2.14 cm

Therefore, the interface between the two plates offers as much resistance to heat transfer as a 2.14 cm thick
copper. Note that the thermal contact resistance in this case is greater than the sum of the thermal
resistances of both plates.
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3-46 Six identical power transistors are attached on a copper plate. For a maximum case temperature of
85°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 approximated as
being one-dimensional, although it is recognized that heat conduction 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 conductivity 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 transistors 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-°C. The
contact conductance at the interface of copper-aluminum plates for the case of 1.3-1.4 um
roughness and 10 MPa pressure is h, = 49,000 W/m?.°C (Table 3-2).

Analysis The contact area between the case and the plate is given to be 9 cm? and the
plate area for each transistor is 100 cm?. The thermal resistance network of this problem
consists of three resistances in series (contact, plate, and convection) which are
determined to be

1 1

R = = =0.0227 °C/W
et T ho A (49,000 W/ m2.°C)(Ox 1074 m?)
L 0012 m
R, =—= =0.0031°C/W Plate
Pl T KA (386 W/ m.°C)(0.01 m?)
L
R o ! =3333°C/W
convegction hOA (30 W/ mz.OC)(O.Ol m2) ’ '
The total thermal resistance is then Q
Reotal = Reontact T Rptate + Reonvection = 0:0227 +0.0031+3333= 3359 °C/W
Note that the thermal resistance of copper plate is very small and can be ignored all Then the rate
of heat transfer is determined to be
Q B AT B (85_15)0 C 3 20 8 W Rnnnfnr‘f Rnl::fn Rrvnn\/
Row 3.359°C/W Teace AWM T-

Therefore, the power transistor should not be operated at power levels greater than 20.8
W if the case temperature is not to exceed 85°C.

The temperature jump at the interface is determined from
ATinterface = QRcontact = (208 W)(0.0227 °C/W) = 0.47°C

which is not very large. Therefore, even if we eliminate the thermal contact resistance at the interface
completely, we will lower the operating temperature of the transistor in this case by less than 1°C.

3-24



Chapter 3 Steady Heat Conduction

3-47 Two cylindrical aluminum bars with ground surfaces are pressed against each other
in an insulation sleeve. For specified top and bottom surface temperatures, the rate of heat
transfer along the cylinders and the temperature drop at the interface are to be
determined.

Assumptions 1 Steady operating conditions exist. 2

Heat transfer is one-dimensional in the axial Interface
direction since the lateral surfaces of both cylinders

are well-insulated. 3 Thermal conductivit>i/es are AT G
constant. Bar Bar

Properties The thermal conductivity of aluminum SE@aEEEsy
bars is given to be k = 176 W/m-°C. The contact

conductance at the interface of aluminum-aluminum

plates for the case of ground surfaces and of 20 atm Ri Ratace Ra

~ 2 MPa pressure is h. = 11,400 W/m?-°C (Table 3- T+ “WWWMW~AWWAV—AWWWW- T-
2).

Analysis (a) The thermal resistance network in this

case consists of two conduction resistance and the

contact resistance, and are determined to be

1 1
heAc (11,400 W/m2.°C)[(0.05 m)? /4]

contact = =0.0447 °C/W
L 015m

L ——=04341°C/W
KA~ (176 W/ m.°C)[x(0.05 m)2 / 4]

Rplate =

Then the rate of heat transfer is determined to be

G AT _ AT ~ (150 20)°C
Riow  Roonact + 2Rpar  (0.0447 +2x0.4341) °C/W

=142.4 W

Therefore, the rate of heat transfer through the bars is 142.4 W.
(b) The temperature drop at the interface is determined to be

AT nterface = (.?FlcomaCt =(142.4 W)(0.0447°C/W) =6.4°C
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3-48 A thin copper plate is sandwiched between two epoxy boards. The error involved in
the total thermal resistance of the plate if the thermal contact conductances are ignored is
to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional
since the plate is large. 3 Thermal conductivities are constant.

Properties The thermal conductivities are given to be k = 386 W/m-°C for copper plates
and k = 0.26 W/m-°C for epoxy boards. The contact conductance at the interface of
copper-epoxy layers is given to be h, = 6000 W/m?-°C.

Analysis The thermal resistances of different layers for

unit surface area of 1 m” are Copp

1 1 er
R = = =0.00017°C/W
contact hoA, (6000 W/mZ°C)(1m?) Ebox | Ebox

|
L_ 0001 m —=26x107° °C/W
kKA (386 W/m.°C)(1 m?)

plate =

Repory = — = 00BM_____go1923°C/w "Q
KA (0.26 W/ m.°C)(1 m*) 5mm |5 mm

The total thermal resistance is
Rtotal = 2Rcontact + Rplalte + 2Repoxy

=2x0.00017 +2.6x10~® +2x0.01923 = 0.03914 °C/W

Then the percent error involved in the total thermal resistance of the plate if
the thermal contact resistances are ignored is determined to be

2R .
%ErrOI’ = contact X 100 = 2 X O 00017 X 100 = 0.87% Rnnr\vu Rplate Rnnnvw

R 005914 T AWANAMAAWAW- T

which is negligible.

Rnnnfnr‘f Rrvnnfnr\f

Generalized Thermal Resistance Networks

3-49C Parallel resistances indicate simultaneous heat transfer (such as convection and
radiation on a surface). Series resistances indicate sequential heat transfer (such as two
homogeneous layers of a wall).

3-50C The thermal resistance network approach will give adequate results for multi-
dimensional heat transfer problems if heat transfer occurs predominantly in one direction.

3-51C Two approaches used in development of the thermal resistance network in the x-
direction for multi-dimensional problems are (1) to assume any plane wall normal to the
x-axis to be isothermal and (2) to assume any plane parallel to the x-axis to be adiabatic.
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3-52 A wall consists of horizontal bricks separated by plaster layers. There are also
plaster layers on each side of the wall, and a rigid foam on the inner side of the wall. The
rate of heat transfer through the wall is to be determined.

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2
Heat transfer through the wall is one-dimensional. 3 Thermal conductivities are constant.
4 Heat transfer by radiation is disregarded.

Properties The thermal conductivities are given to be k = 0.72 W/m-°C for bricks, k =
0.22 W/m-°C for plaster layers, and k = 0.026 W/m-°C for the rigid foam.

Analysis We consider 1 m deep and 0.33 m high portion of wall which is representative
of the entire wall. The thermal resistance network and individual resistances are

Rs

Toor T,
Ri:Rconvl:i: 2 L 7 =0.303°C/W
T A (10W/m*.°C)(0.33x1m*)
Ry = Rigan = - = 02 m —=233°C/W
KA (0.026 W/ m.°C)(0.33x1m*)
R, =Rg = Rplaster :L = 002 m 7T = 0.303°C/W
side kA (022 W/m.°C)(0.30x1m?)
R3=Rs = Rplaster = - = 018 m 7o = 5455°C/W
center hoA (0.22 W/ m.OC)(0.015>< 1m )
R4 = Roriek = L. 018 m >—=0833°C/W
KA (072 W/m.°C)(0.30x1m"?)
R ! L =0152 °C/W

0 = Reonv2 = h,A (20 W/m.°C)(0.33x1 m?)
11,1 1 1 1 1
Ryg Rs R, Ry 5455 0833 5455
Rital = Ri + Ry + 2R, + Ry + R, = 0.303+2.33+2(0.303) + 081+ 0152

=4201°C/W
The steady rate of heat transfer through the wall per 033 m? is

o Tu=T _ [22-(4)C
Rl 4201°C/W

>Ryjg =081°C/W

=619 W

Then steady rate of heat transfer through the entire wall becomes

(4% 6)m?

oszm2 0 W

Qtotal = (6-19 W)
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3-53

"GIVEN"

A=4*6 "[m"2]"

L_brick=0.18 "[m]"
L_plaster_center=0.18 "[m]"
L_plaster_side=0.02 "[m]"
"L_foam=2 [cm], parameter to be varied"
k_brick=0.72 "[W/m-C]"
k_plaster=0.22 "[W/m-C]"
k_foam=0.026 "[W/m-C]"
T_infinity_1=22 "[C]"
T_infinity_2=-4 "[C]"
h_1=10 "[W/m"2-C]"
h_2=20 "[W/m"2-C]"

"ANALYSIS"

R_conv_1=1/(h_1*A_1)

A_1=0.33*1 "[m"2]"

R_foam=(L_foam*Convert(cm, m))/(k_foam*A_1) "L_foam is in cm"
R_plaster_side=L_plaster_side/(k_plaster*A_2)

A 2=0.30*1 "[m"2]"
R_plaster_center=L_plaster_center/(k_plaster*A_3)

A_3=0.015*1 "[m"2]"

R_brick=L_brick/(k_brick*A_2)

R_conv_2=1/(h_2*A_1)

1/R_mid=2*1/R_plaster_center+1/R_brick
R_total=R_conv_1+R_foam+2*R_plaster_side+R_mid+R_conv_2
Q_dot=(T_infinity_1-T_infinity_2)/R_total
Q_dot_total=Q_dot*A/A_1

L foam [CM] Qrotal [W]
623.1
450.2
352.4
289.5
245.7
213.4
188.6
168.9
153
139.8

OO|INOO |01 (WIN|F-

=
o
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3-54 A wall is to be constructed of 10-cm thick wood studs or with pairs of 5-cm thick
wood studs nailed to each other. The rate of heat transfer through the solid stud and
through a stud pair nailed to each other, as well as the effective conductivity of the nailed
stud pair are to be determined.

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 The thermal contact resistance
between the two layers is negligible. 4 Heat transfer by radiation is disregarded.

Properties The thermal conductivities are given to be k = 0.11 W/m-°C for wood studs
and k =50 W/m-°C for manganese steel nails.

Analysis (a) The heat transfer area of the stud is A = (0.1 m)(2.5 m) = 0.25 m?. The
thermal resistance and heat transfer rate through the solid stud are

Stud
Rowd = = - 01m -~ =3.636 °C/W .
kA (0.11W/m.°C)(0.25m*) !
6= 5C ___oow
Rg 3.636°C/W >
(b) The thermal resistances of stud pair and nails are in parallel T
’ 2 “ T,
Anails =50 TEIZ = 50]: TC(0.004 m) :| =0.000628 m2
nails :L: 0.1m 7 =3.18°C/W R
kA (50 W/m.°C)(0.000628 m*) et
L 0.Lm ) T awwwwe T
stud = 0 T 7 =3.65°C/W
kA (0.11W/m.°C)(0.25-0.000628 m*)
.ttt Riotal =1.70 °C/W
Rtotal Rstud Rnails 3.65 3.18
AT 8°C

Q= =47W

Ryg L70°C/W

(c) The effective conductivity of the nailed stud pair can be determined from

AT QL (47W)(0.1m)

)=k AD Kyt =—— = =0.235 W/m.°C
Q = Ket T ATA T (8°C)(0.25m?)

L
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3-55 A wall is constructed of two layers of sheetrock spaced by 5 cm x 12 cm wood
studs. The space between the studs is filled with fiberglass insulation. The thermal
resistance of the wall and the rate of heat transfer through the wall are to be determined.
Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2
Heat transfer through the wall is one-dimensional. 3 Thermal conductivities are constant.
4 Heat transfer coefficients account for the radiation heat transfer.
Properties The thermal conductivities are given to be k = 0.17 W/m-°C for sheetrock, k =
0.11 W/m-°C for wood studs, and k = 0.034 W/m-°C for fiberglass insulation.
Analysis (a) The representative surface area is A=1x065=065m?. The thermal resistance
network and the individual thermal resistances are

R, R, R

R R AANA—
Ta — AAA—AA » FAMA—AN, — T,

1 1
' A (8.3W/m2.°C)(0.65m?)
L 0.01m
KA (0.17 W/m.°C)(0.65 m?)
L 0.12m
KA (0.11W/m.°C)(0.05m?)
L 0.12m
KA (0.034 W/m.°C)(0.60 m?)
R, - 1 1
hoA (34 W/m?.°C)(0.65m?)
1 1 1 1 1
=—+—= +
Rmg R, R; 21818 5.882
R = Ri + Ry +Rpig + Ry + R, =0.185+0.090 + 4.633+0.090 + 0.045 = 4.858 °C/W (for a1m x 0.65 m section)
Q= Ter —Top _[20-(H)IC
Reotal 4.858°C/W
(b) Then steady rate of heat transfer through entire wall becomes

: (12m)(5m)
=06.15W)—————==475W
Qtotal ( ) 0.65m 2

=0.185°C/W

=0.090 °C/W

Ri =Ry = Repeetrock =

=21.818°C/W

Ry =Rgug =

=5.882°C/W

Ry = Rfiberglass =

=0.045°C/W

=515W
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3-56E A wall is to be constructed using solid bricks or identical size bricks with 9 square
air holes. There is a 0.5 in thick sheetrock layer between two adjacent bricks on all four
sides, and on both sides of the wall. The rates of heat transfer through the wall
constructed of solid bricks and of bricks with air holes are to be determined.

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2
Heat transfer through the wall is one-dimensional. 3 Thermal conductivities are constant.
4 Heat transfer coefficients account for the radiation heat transfer.

Properties The thermal conductivities are given to be k = 0.40 Btu/h-ft-°F for bricks, k =
0.015 Btu/h-ft-°F for air, and k = 0.10 Btu/h-ft-°F for sheetrock.

Analysis (a) The representative surface area is A= (75/12)(7.5/12) = 0.3906 ft>. The thermal

resistance network and the individual thermal resistances if the wall is constructed of
solid bricks are

RZ
R Ry - Rs Ro
3
L. —\N\VA—VA VW —V\,— T2
4
1

R = = . — ~1.7068 h°F/Btu
hA (15 Btuh.ft2.°F)(0.3006 ft?)
R1 =Rs = Ryaster :L: 05/121t 3 =1.0667 h°F/Btu
KA~ (0.10 Btu/h.ft.°F)(0.3906 ft)
R2 = Roplaster = L o/1ett > = 288 h°F/Btu
KA~ (0.10 Btu/h.ft°F)[(7.5/12) x (0.5/12)]ft
Ry = Ryjager = = S/121t = 308.57 h°F/Btu
KA~ (0.10 Btwh.ft.° F)[(7/12) x (05/12)]ft
R4 = Rbrick =L= 9/12 ft 2 =551h°F/BtU
KA~ (0.40 BtUh.ftoF)[(7/12)x (7/12)]ft
R, = —— = - _— 064 h°F/Btu
hoA (4 Btu/h.ft?.°F)(0.3906 ft2)
t 1, .t 1 Ry = 5.3135 h°F/Btu

Rmg R, R, R, 288 30857 551

Retal = Ri + Ry +Rpig +Rg + R, =1.7068+1.0667 +5.3135+1.0667 + 0.64 = 9.7937 h°F/Btu
o= T.1—T. _ (80-30)°F

Rot  9-7937 h°F/Btu

Then steady rate of heat transfer through entire wall becomes

(30ft)(10ft)

0.3906m?

=5.1053Btu/h

Qo = (5.1053 Btu/h) 3921Btu/h
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(b) The thermal resistance network and the individual thermal resistances if the wall is
constructed of bricks with air holes are

RZ
Ri Rl R Rg Ry
Ti —AAA—AAA— 3 T2
RS

Airmotes = 9(1.25/12) x (1.25/12) = 0.0977 ft?
Apriors = (7112 ft)2 —0.0977 = 0.2426 ft?

R4 = Rairhotes = L = S/12t 7= 511.77 h°F/Btu
kA (0.015 Btu/h.ft.°F)(0.0977 ft“)
Rs = Ryrick = L = S/121t N 7.729 h°F/Btu
KA (0.40 Btu/h.ft.°F)(0.2426 ft)
1 1 1 1 1 1 1 1 1

=t —+—+—=——x+ + + Rpig = 7-244 h°F/Btu
Rma R, Rs; R, Rs 288 30857 511.77 7.729

Ry =Ry + Ry + Ry +Rg + R, =1.7068+1.0667 +7.244 +1.0677 +0.64 = 11.7252 h°F/Btu
6 To-To __ (80-30)F
Row 117252 h°F/Btu

=4.2643 Btu/h

Then steady rate of heat transfer through entire wall becomes
(30 ft)(10 ft)

) o = (4.2643 Btu/h =
Quotar = ( ) 0.3906 ft2

3275Btu/h
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3-57 A composite wall consists of several horizontal and vertical layers. The left and
right surfaces of the wall are maintained at uniform temperatures. The rate of heat
transfer through the wall, the interface temperatures, and the temperature drop across the
section F are to be determined.

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2
Heat transfer through the wall is one-dimensional. 3 Thermal conductivities are constant.
4 Thermal contact resistances at the interfaces are disregarded.

Properties The thermal conductivities are given to be ka = ke = 2, kg = 8, ke = 20, kp =
15, ke = 35 W/m-°C.

Analysis (a) The representative surface area is A=012x1=012 m?. The thermal resistance
network and the individual thermal resistances ¢ e

R Rs Ry
1 R,
L —AAA— VAN T
4
R, =R, =[LJ - 00Im _____o.04°ciw
kAJ, ~ (2W/m.°C)(0.12m?)
R, =R, =R = LJ = 005m g 06°cw
kAJe ~ (20 W/m.°C)(0.04 m?)
R, =Ry =(ij - 005m o 16°ciw
kAJs ~ (8 W/m.°C)(0.04m?)
Rs =Ry :(Lj - Mm______g11ecw
kAo~ (15W/m.°C)(0.06 m?)
R6=RE=(L) - 0Im 05 °ciw
kAJe (35 W/m.°C)(0.06 m?)
R, =R, =(LJ - 000m _____p2s°ciw
kKAJe  (2W/m.°C)(0.12m?)

1 1 1 1 1
—+—= + +
Rz R, R, R, 006 016 0.06

1 1 1
=—4+—= +
Rus2 Rs Rg 011 0.05
Rioa = Ry + Rpig1 + Rinig 2 + Ry =0.04 +0.025 + 0.034 + 0.25 = 0.349 °C/W
T,,-T,, (300-100)°C

Ryig 1 = 0.025°C/W

> Ry » = 0.034°C/W

total

Q= =572 W (fora 0.12 m x1m section)

Riotal 0.349°C/W
Then steady rate of heat transfer through entire wall becomes
Ot = 672W) E™EM g 07,105 w
0.12m

(b) The total thermal resistance between left surface and the point where the sections B,
D, and E meet is

R = Ry + Ry =0.04 +0.025 = 0.065°C/W
Then the temperature at the point where the sections B, D, and E meet becomes
Q= SIS T, = QR = 300°C — (572 W)(0.065 °C/W) = 263°C
total

(c) The temperature drop across the section F can be determined from
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o é_T s AT =OR; = (572 W)(0.25°C/W) = 143°C
F
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3-58 A composite wall consists of several horizontal and vertical layers. The left and
right surfaces of the wall are maintained at uniform temperatures. The rate of heat
transfer through the wall, the interface temperatures, and the temperature drop across the
section F are to be determined.

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2
Heat transfer through the wall is one-dimensional. 3 Thermal conductivities are constant.
4 Thermal contact resistances at the interfaces are to be considered.

Properties The thermal conductivities of various materials used are given to be ka = kg =
2, kB =8, kc = 20, kD =15, and kE =35 W/m-°C.

Analysis The representative surface area is A=012x1=012 m?

RZ
R, = Rs R; Rg
3
— AAA— . —[M—/\/\/\/—/\/\/\/—
(a) The thermal resistance network and the individual thermal resistances are
R, =R, =(Lj - 00Im _____o.04°ciw
KA), (2W/m.°C)(0.12m*)
R, =R, =Re :(Lj - 00Mm _____o.06°c/w
kA). (20 W/m.°C)(0.04 m?)
R; =Rg —(Lj 005m _____o16°ciw
KA)g  (8W/m.°C)(0.04m*)

(Lj 0.1m ~0.11°C/W
kA)p (15 W/m.° C)(0.06 m?)

_ :(Lj 0.1m 05 °C/W
E

KAJe  (35W/m.°C)(0.06m?)
R, =R, = ( ) 000m _____p2s°ciw
KA (2 W/m.°C)(0.12 m?)
20
R, = 0.00012m 2C/w — 0.001°C/W
0.12m
t ..ttt LR -0025°C/W
Rwg: R, Ry R, 006 016 006 *
t .11 Rya o =0.034°C/W
Rws2 Rs Rg 011 0.05
Riotat = Ri + Ruig 1 + Ruig 2 + Ry + Rg =0.04 +0.025 + 0.034 + 0.25 + 0.001
=0.350°C/W
Q= Ty =Tep  (300-100°C _ ooy (for a 0.12 mx1m section)
Rita 0.350 °C/W
Then steady rate of heat transfer through entire wall becomes
(5m)8m)

Qutar = (B71W) =1.90x10° W

0.12m?
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(b) The total thermal resistance between left surface and the point where the sections B,
D, and E meet is
Rioa = Ry + Rpyig1 =0.04 +0.025=0.065°C/W

Then the temperature at the point where The sections B, D, and E meet becomes

. T =T )
Q=1 5T =T, - QR =300°C— (571 W)(0.065°C/W) = 263°C

total
(c) The temperature drop across the section F can be determined from
Q- é—T—>AT — OR. = (571W)(0.25°C/W) = 143°C
F

3-59 A coat is made of 5 layers of 0.1 mm thick synthetic fabric separated by 1.5 mm
thick air space. The rate of heat loss through the jacket is to be determined, and the result
is to be compared to the heat loss through a jackets without the air space. Also, the
equivalent thickness of a wool coat is to be determined.

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2
Heat transfer through the jacket is one-dimensional. 3 Thermal conductivities are
constant. 4 Heat transfer coefficients account for the radiation heat transfer.

Properties The thermal conductivities are given to be k = 0.13 W/m-°C for synthetic
fabric, k = 0.026 W/m-°C for air, and k = 0.035 W/m-°C for wool fabric.

Analysis The thermal resistance network and the individual thermal resistances are

Ry R, R. R, Rs Rs R; Rg Ry Ro
T, — A~ MAAMN—AMN— WAV AVN—WN—VWN—WNV— T,

L 00001 m
kA (013 W/m.°C)(L1 m?)
L 00015 m

~ kA (0026 W/ m.°C)(L1 m?)

=0.0007 °C/W

Riaric =Ri =R3 =Rs =R; =Ry

Rar = Ry = Ry = Rg = Ry = 00524 °C/W

1 1
Ro=1,= 2 2
hA (25 W/m?2.°C)(LL m?)
Rital =5Riapric + 4Ry + Ry = 5% 0.0007 +4 x 0.0524 + 0.0364 = 0.2495 °C / W

=00364 °C/W

and
Ta—Teo _[(28-(9I°C
Row  02495°C/W
If the jacket is made of a single layer of 0.5 mm thick synthetic fabric, the rate of heat
transfer would be
9= Ta-Too _ Ta-Tp _ [(28-(-9I°C
Roa 5% Rpapric TR, (5% 0.0007 +0.0364) °C/W

The thickness of a wool fabric that has the same thermal resistance is determined from

L 1
Riotal = Ruool + Ro = —+—
ol e KA hA

=132.3 W

Q=

=827 W

0.2495°C/W = >—+0.0364—— L = 000820 m=8.2 mm
(0.035W/m.°C)(L1 m*)
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3-60 A coat is made of 5 layers of 0.1 mm thick cotton fabric separated by 1.5 mm thick
air space. The rate of heat loss through the jacket is to be determined, and the result is to
be compared to the heat loss through a jackets without the air space. Also, the equivalent
thickness of a wool coat is to be determined.

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2
Heat transfer through the jacket is one-dimensional. 3 Thermal conductivities are
constant. 4 Heat transfer coefficients account for the radiation heat transfer.

Properties The thermal conductivities are given to be k = 0.06 W/m-°C for cotton fabric,
k =0.026 W/m-°C for air, and k = 0.035 W/m-°C for wool fabric.

Analysis The thermal resistance network and the individual thermal resistances are

Ry R, Ra Ry Rs Re Rq Re

R, Ra
T — A~ WAV NN VN~ T,

L 0.0001 m
kA (006 W/ m.cC)(L1 m?)
L 00015 m

kA (0026 W/m.C)(L1l m?)

=0.00152 °C/W

Reotton = Ri =Rz =Rs =R; =Ry

=0.0524 °C/W

Rar =R, =Ry =Rg =Rg

1 1
Ry =+—= 2 2
hA (25 W/m?2.°C)(LL m?)
Rutal = 5Rapric + 4Ryjr + Ry = 5x 0.00152 + 4 x 00524 + 0.0364 = 0.2536 °C / W

=00364 °C/W

and
. Ty -T —(=5)]°
Q _ sl 02 — [(28 ( 5)] C — 130W
Row  0.2536 °C/W

If the jacket is made of a single layer of 0.5 mm thick cotton fabric, the rate of heat
transfer will be
Ta-Too _ Ta-Tep [(28-(-HI°C

Rotal 5% Rpapric + Ry (5% 0.00152 +0.0364) °C/W

=750 W

Q =
The thickness of a wool fabric for that case can be determined from
1
Riotal = R +Ry=—+—
total gg(r)ilc 0 KA hA
L

02536 °C/W = > +00364—— L =00084 m=8.4 mm
(0.035W/m.°C)(L1 m*)
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3-61 A kiln is made of 20 cm thick concrete walls and ceiling. The two ends of the kiln
are made of thin sheet metal covered with 2-cm thick styrofoam. For specified indoor and
outdoor temperatures, the rate of heat transfer from the kiln is to be determined.

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2
Heat transfer through the walls and ceiling is one-dimensional. 3 Thermal conductivities
are constant. 4 Heat transfer coefficients account for the radiation heat transfer. 5 Heat
loss through the floor is negligible. 6 Thermal resistance of sheet metal is negligible.

Properties The thermal conductivities are given to be k = 0.9 W/m-°C for concrete and k
=0.033 W/m-°C for styrofoam insulation.

Analysis In this problem there is a question of which surface area to use. We will use the
outer surface area for outer convection resistance, the inner surface area for inner
convection resistance, and the average area for the conduction resistance. Or we could
use the inner or the outer surface areas in the calculation of all thermal resistances with
little loss in accuracy. For top and the two side surfaces:

Ri Rf‘r\nrrotn Rn

T AV T

i = L - 5 : =0.0067x10~* °C/W
hi A (3000 W/m?.°C)[(40 m)(13-0.6) m]
Reoncrete = L 02m =4.37x107* °C/W
kAye (0.9 W/m.°C)[(40 m)(13—0.3) m]
1 1

o= = - =0.769x10~* °C/W
hoA, (25 W/m?.°C)[(40 m)(13m)]

Riotal = Ri + Regnerete + R = (0.0067 +4.37 +0.769) x10™* =5.146x10~* °C/W
. T, —T. [40 - (-4)]°C
and Oropscides = —0—0Ut — =85,500 W
PSS T Rom 51461074 °C/W

Heat loss through the end surface of the kiln with styrofoam:

Ri Rchlrnfnn Rn

Too AW T

ot . ! = 0.201x10 SC/W
hiAi (3000 W/m?.°C)[(4—0.4)(5-0.4) m?]
Rstyrofoam = - - 292 —=0.0332°C/W
KAye  (0.033W/m.°C)[(4—0.2)(5—-0.2) m?]
1 1

=0.0020 °C/W

®hyA,  (25W/m2.°C)[4x5m?]
Riotat = Ri + Rayrpoam + Ro = 0.201x10~* +0.0332 +0.0020 = 0.0352 °C/W
. T -T [40-(-4)]°C
and =—n__out _ =1250 W
Qend surface Rtotal 0.0352 °C/W
Then the total rate of heat transfer from the kiln becomes

Quotal = Quop-sides + 2Qsige = 85,500+ 2 x 1250 = 88,000 W

3-62
"GIVEN"
width=5 "[m]"
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height=4 "[m]"

length=40 "[m]"

L_wall=0.2 "[m], parameter to be varied"
k_concrete=0.9 "[W/m-C]"

T_in=40 "[C]"

T_out=-4 "[C]"

L_sheet=0.003 "[m]"

L_styrofoam=0.02 "[m]"
k_styrofoam=0.033 "[W/m-C]"

h_i=3000 "[W/m~2-C]"

"h_o0=25 [W/m"2-C], parameter to be varied"
"ANALYSIS"

R_conv_i=1/(h_i*A_1)
A_1=(2*height+width-3*L_wall)*length
R_concrete=L_wall/(k_concrete*A_2)
A_2=(2*height+width-1/2*3*L_wall)*length
R_conv_o=1/(h_o*A_3)
A_3=(2*height+width)*length

R_total_top_sides=R_conv_i+R_concrete+R_conv_o

Chapter 3 Steady Heat Conduction

Q_dot_top_sides=(T_in-T_out)/R_total top_sides "Heat loss from top and the

two side surfaces"

R_conv_i_end=1/(h_i*A_4)
A_4=(height-2*L_wall)*(width-2*L_wall)
R_styrofoam=L_styrofoam/(k_styrofoam*A_5)
A_5=(height-L_wall)*(width-L_wall)
R_conv_o_end=1/(h_o*A_6)
A_6=height*width

R_total_end=R_conv_i_end+R_styrofoam+R_conv_o_end

Q_dot_end=(T_in-T_out)/R_total_end "Heat loss from one end surface

Q_dot_total=Q _dot_top_sides+2*Q_dot_end

I—wall [m] Qtotal [W]

0.1 152397
0.12 132921
0.14 117855
0.16 105852
0.18 96063
0.2 87927
0.22 81056
0.24 75176
0.26 70087
0.28 65638
0.3 61716
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h, [W/m®.C] Qtotal [W]
5 55515
10 72095
15 80100
20 84817
25 87927
30 90132
35 91776
40 93050
45 94065
50 94894
160000 . . . . . . . . . .
140000+ i
120000+ i
2
_ 100000} _
&
80000t i
60000 T S Wl
0.08 0.12 0.16 0.2 0.24 0.28 0.32
I‘WaII [m]
95000 T T T T T T T T T T T T T T T T
90000} ]
85000: ]
80000: ]
Eg 75000% )
g 70000: -
S I l
"o 65000% 4
60000k ]
55000 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
5 10 15 20 25 30 35 40 45 50
h, [Wm?cC]

3-63E The thermal resistance of an epoxy glass laminate across its thickness is to be
reduced by planting cylindrical copper fillings throughout. The thermal resistance of the
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epoxy board for heat conduction across its thickness as a result of this modification is to
be determined.
Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the plate is one-
dimensional. 3 Thermal conductivities are constant.
Properties The thermal conductivities are given to be k = 0.10 Btu/h-ft-°F for epoxy glass
laminate and k = 223 Btu/h-ft-°F for copper fillings.
Analysis The thermal resistances of copper fillings and the epoxy board are in parallel.
The number of copper fillings in the board and the area they comprise are

A = (6/121f)(8/12ft) =0.333m*?

2
_ 0.33ft 13,333 (number of copper fillings)

n
COPPEr (0,06 /12 f)(0.06 /12 ft)

2 2
Acopper =N ”% = 13,333% = 0.0201ft? Reopper

Acpoxy = Avotal — Acopper = 0-3333-0.0291=0.3042 ft2
The thermal resistances are evaluated to be

copper = L = 0.05/121t N 0.00064 h.°F/Btu Repoxy
KA (223 Btu/h.ft.°F)(0.0291ft?)
L 0.05/12 ft

=0.137 h.°F/Btu

R =— =
Y KA (0.10 Btu/h.ft.°F)(0.3042 ft2)

Then the thermal resistance of the entire epoxy board becomes
1 1 1 1 1
— + — +
R 0.00064 0.137

Rygarg = 0.00064 h.°F/Btu

Rboard Rcopper epoxy
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Heat Conduction in Cylinders and Spheres

3-64C When the diameter of cylinder is very small compared to its length, it can be
treated as an indefinitely long cylinder. Cylindrical rods can also be treated as being
infinitely long when dealing with heat transfer at locations far from the top or bottom
surfaces. However, it is not proper to use this model when finding temperatures near the
bottom and the top of the cylinder.

3-65C Heat transfer in this short cylinder is one-dimensional since there will be no heat
transfer in the axial and tangential directions.

3-66C No. In steady-operation the temperature of a solid cylinder or sphere does not
change in radial direction (unless there is heat generation).
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3-67 A spherical container filled with iced water is subjected to convection and radiation
heat transfer at its outer surface. The rate of heat transfer 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-°C. The heat of
fusion of water at 1 atm is h; =333.7 kJ/kg. The outer surface of the tank is black and thus
its emissivity is € = 1.
Analysis (a) The inner and the outer surface areas of sphere are

A, =7D;? = z(5m)? =78.54m? A, =D,2 = 7(5.03m)? =79.49 m?
We assume the outer surface temperature T, to be 5°C after comparing convection heat

transfer coefficients at the inner and the outer surfaces of the tank. With this assumption,
the radiation heat transfer coefficient can be determined from

Nrag = EO-(TZZ +Tsurr2)(T2 +Tourr)
=1(5.67x10" W/m?2 K*)[(273+5K)? +(273+30 K)?](273+30 K)(273+5 K)] =5.570 W/m 2 K
The individual thermal resistances are

Ri T]_ R1 rad
i —AAMA—— WA R f— Tz
1 1 .
Rognyj = —— = 5 -~ =0.000159 °C/W
"7 h A (80 W/m2.°C)(78.54m?)
Ry = Regpere =—2 L = (2515-2.5)m —0.000013°C/W
4zkrr, 4z (15W/m.°C)(2.515m)(2.5m)
conv,0 — L = 5 L o= 0.00126 °C/W
° " hyA  (10W/mZ2.°C)(79.49 m?)
Ry == - ! = 0.00226 °C/W
hag A (5.57 W/m?2.°C)(79.54 m?)
1 = ! + ! = 1 + L » Reqy = 0.000809 °C/W
R R R 0.00126 0.00226

eqv conv,0 rad

Reotal = Reonv,i + Re + Regy = 0.000159 +0.000013+0.000809 = 0.000981°C/W

Then the steady rate of heat transfer to the iced water becomes
6= T —Teo _ (30-0)°C
Rotal 0.000981°C/W

(b) The total amount of heat transfer during a 24-hour period and the amount of ice that
will melt during this period are
Q = QAt = (30.581kJ/s)(24 x 3600 s) = 2.642x10° kJ
o _Q _2642x10° ki
“ hy  333.7klkg
Check: The outer surface temperature of the tank is
; Q 30,581 W
Q =heonvirad Ao Ty =Ts) 5T =Ty ———————=30°C - =5,
conv+rad 00— 1 s) s 1 hconv+rad Ao (10+5.57 W/m2.°C)(79.54m2)

which is very close to the assumed temperature of 5°C for the outer surface temperature used in the
evaluation of the radiation heat transfer coefficient. Therefore, there is no need to repeat the calculations.

=30,581W

=7918kg

(o]
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3-68 A steam pipe covered with 3-cm thick 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 center
line and no variation in the axial direction. 3 Thermal conductivities are constant. 4 The
thermal contact resistance at the interface is negligible.

Properties The thermal conductivities are given to be k = 15 W/m-°C for steel and k =
0.038 W/m-°C for glass wool insulation

Analysis The inner and the outer surface areas of the insulated

pipe per unit length are
A = 7D, L = 7(0.05 m)(1 m) = 0157 m?

A, = D, L = 7(0.055+0.06 m)(1 m) = 0.361 m?

Ri R R»> Ra
The individual thermal resistances are T AWM WA= T

1 1

== - —=0.08°C/W
hiAi (80 W/m?.°C)(0.157 m?)
R R. - In(ry /1ry) _ In(2.75/2.5) — 0.00101°C/W
LTURR T ok L 22(1I5WimeC)Im)
R _InCsiry) _ InG.75/275) o ooecnw
2 7 insulation =75 L 27(0.038W/meC)Am)
L L =0.1847 °C/W

° " hoA,  (15W/mZ2.°C)(0.361m?)
Rotal = Ri + Ry + R, + R, =0.08+0.00101+3.089 + 0.1847 = 3.355 °C/W
Then the steady rate of heat loss from the steam per m. pipe length becomes

o T,.-T,, (320-5°C

- ~93.9W
Row  3.355°C/W

The temperature drops across the pipe and the insulation are
ATpige = QRyipe = (939 W)(0.00101 °C/W) = 0.095°C
ATinsulation = QRinsuIation = (939 W)(3.089 °C/W) = 290°C
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"GIVEN"
T_infinity_1=320 "[C]"
T_infinity_2=5 "[C]"
k_steel=15 "[W/m-C]"
D_i=0.05 "[m]"
D_0=0.055 "[m]"
r_1=D_i/2

r 2=D_o/2

"t_ins=3 [cm], parameter to be varied"
k_ins=0.038 "[W/m-C]"
h_o=15 "[W/m"2-C]"
h_i=80 "[W/m"2-C]"
L=1"[m]"

"ANALYSIS"

A _i=pi*D_i*L
A_o=pi*(D_o+2*t_ins*Convert(cm, m))*L
R_conv_i=1/(h_i*A i)
R_pipe=In(r_2/r_1)/(2*pi*k_steel*L)
R_ins=In(r_3/r_2)/(2*pi*k_ins*L)
r_3=r_2+t_ins*Convert(cm, m) "t_ins is in cm"
R_conv_o=1/(h_o*A_o0)
R_total=R_conv_i+R_pipe+R_ins+R_conv_o
Q_dot=(T_infinity_1-T_infinity_2)/R_total
DELTAT_ pipe=Q_dot*R_pipe

DELTAT _ins=Q_dot*R_ins

Tins [Cm] Q [W] ATins [C]
1 189.5 246.1
2 121.5 278.1
3 93.91 290.1
4 78.78 296.3
5 69.13 300
6 62.38 302.4
7 57.37 304.1
8 53.49 305.4
9 50.37 306.4
10 47.81 307.2
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180 300
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. L 280
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Hns [cm]
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3-70 A 50-m long section of a steam pipe passes through an open space at 15°C. The rate
of heat loss from the steam pipe, the annual cost of this heat loss, and the thickness of
fiberglass insulation needed to save 90 percent of the heat lost 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 center
line and no variation in the axial direction. 3 Thermal conductivity is constant. 4 The
thermal contact resistance at the interface is negligible. 5 The pipe temperature remains
constant at about 150°C with or without insulation. 6 The combined heat transfer
coefficient on the outer surface remains constant even after the pipe is insulated.
Properties The thermal conductivity of fiberglass insulation is given to be k = 0.035
W/m-°C.

Analysis (a) The rate of heat loss from the steam pipe is

A, = DL = 7(0.1m)(50 m) =15.74m? E
Qbare = No A(Tg — T, ) = (20W/m?2 °C)(15.71m?)(150-15)°C = 42,412 W

(b) The amount of heat loss per year is
Q = QAt = (42.412 kJ/s)(365x 24 x 3600s/yr) =1.337 x 10° k/yr

The amount of gas consumption from the natural gas furnace that has an efficiency of
75% is

Quas = 0.75 105,500 kJ

The annual cost of this energy lost is
Energy cost = (Energy used)(Unit cost of energy)
= (16,903 therms/yr)($0.52/ therm) = $8790/yr

(c) In order to save 90% of the heat loss and thus to reduce it to 0.1x42,412 =
4241 W, the thickness of insulation needed is determined from

9
1.337x10 kJ/yr( 1therm j:16,903therms/yr

Q- ated = Ts —Tair _ Ts —Tair
eulate Ro + Rinsu]ation 1 + In(r2 /rl) Rir\clllnfinn Rn
hoA, 2kl T AT
Substituting and solving for r,, we get
~ (150 -15)°C B
4241W = 1 In(r, /0.05) >r, =0.0692 m

(20 W/m? °C)[ (2, (50 m)] " 22(0.035 W/m.°C)(50 m)

Then the thickness of insulation becomes
tin5u|ati0n = r2 - rl = 692—5 = 192 cm
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3-71 An electric hot water tank is made of two concentric cylindrical metal sheets with
foam insulation in between. The fraction of the hot water cost that is due to the heat loss
from the tank and the payback period of the do-it-yourself insulation kit 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 center
line and no variation in the axial direction. 3 Thermal conductivities are constant. 4 The
thermal resistances of the water tank and the outer thin sheet metal shell are negligible. 5
Heat loss from the top and bottom surfaces is negligible.
Properties The thermal conductivities are given to be k = 0.03 W/m-°C for foam
insulation and k =0.035 W/m-°C for fiber glass insulation
Analysis We consider only the side surfaces of the water heater for simplicity, and
disregard the top and bottom surfaces (it will make difference of about 10 percent). The
individual thermal resistances are

A, = 7D, L = 7(0.46 m)(2 m) = 2.89 m?

L : =0.029°C/W Reaam R

" hoA 2w’ 20289 m?) Tor ANV~ T

n(ry /) In(23/20)
AT 2L 272(0.03W/mZ.°C)(2m)
Riotal = Ro + Roam = 0.029+0.37 = 0.40°C/W
The rate of heat loss from the hot water tank is
o= To—Tep _ (85-27)°C
Rots  0.40°C/W
The amount and cost of heat loss per year are
Q = QAt = (0.07 kW)(365x 24 h/ yr) = 6132 kWh / yr
Cost of Energy = (Amount of energy)(Unit cost) = (613.2 kWh)($0.08/ kwWh) = $49.056
p 2349056 1955 17506
$280
If 3 cm thick fiber glass insulation is used to wrap the entire tank, the individual
resistances becomes

A, =D, L = 7(0.52m)(2 m) = 3.267 m?

=0.37°C/W

=70W

0 = 1 — - 1 5 — 0026 OC/W annm Rfihnrnln Rn
hoA, (12 W/m?2.°C)(3.267 m?) Tor AW T
R o = In(r, /1)) _ In(23/20) — 0371°C/W
@ 2nk L 27(0.03W/m?.°C)(2m)
In(rs /ry) In(26/ 23) o
Rfiberglass = 27[3k LZ = =0.279°C/W
2

21(0.035 W/m?.°C)(2 m)
Rtotal = RO + R foam + R fiberglass = 0026 + 037l+ 0279 = 0676 O(:/W

The rate of heat loss from the hot water heater in this case is
Q=TW T2 _(85-21)°C _ 1 oy
Riw  0.676°C/W
The energy saving is
saving =70 - 41.42 = 28.58 W
The time necessary for this additional insulation to pay for its cost of $30 is then
determined to be
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Cost = (0.02858 kW)(Time period)($0.08/ kwh) = $30
Then, Time period =13121hours =547 days ~ 1.5 years
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3-72

"GIVEN"

L=2 "[m]"

D_i=0.40 "[m]"

D_0=0.46 "[m]"

r_1=D_i/2

r 2=D o0/2

"T_w=55 [C], parameter to be varied"
T_infinity_2=27 "[C]"

h_i=50 "[W/m~2-C]"

h_o=12 "[W/m"2-C]"
k_ins=0.03 "[W/m-C]"
Price_electric=0.08 "[$/kWh]"
Cost_heating=280 "[$/year]"

"ANALYSIS"

A_i=pi*D_i*L

A_o=pi*D_o*L

R_conv_i=1/(h_i*A i)
R_ins=In(r_2/r_1)/(2*pi*k_ins*L)
R_conv_o=1/(h_o*A_o)
R_total=R_conv_i+R_ins+R_conv_o
Q_dot=(T_w-T _infinity_2)/R_total
Q=(Q_dot*Convert(W, kW))*time
time=365*24 "[h/year]"
Cost_HeatLoss=Q*Price_electric

f HeatLoss=Cost_HeatlLoss/Cost_heating*Convert(, %)

Tw [C] fHeatLoss [%]
40 7.984
45 11.06
50 14.13
95 17.2
60 20.27
65 23.34
70 26.41
75 29.48
80 32.55
85 35.62
90 38.69
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3-73 A cold aluminum canned drink that is initially at a uniform temperature of 3°C is
brought into a room air at 25°C. The time it will take for the average temperature of the
drink to rise to 10°C with and without rubber insulation is to be determined.

Assumptions 1 The drink is at a uniform temperature at all times. 2 The thermal
resistance of the can and the internal convection resistance are negligible so that the can
is at the same temperature as the drink inside. 3 Heat transfer is one-dimensional since
there is thermal symmetry about the centerline and no variation in the axial direction. 4
Thermal properties are constant. 5 The thermal contact resistance at the interface is
negligible.

Properties The thermal conductivity of rubber insulation is given to be k = 0.13 W/m-°C.
For the drink, we use the properties of water at room temperature, p = 1000 kg/m® and Co
= 4180 J/kg.°C.

Analysis This is a transient heat conduction, and the rate of heat transfer will decrease as
the drink warms up and the temperature difference between the drink and the
surroundings decreases. However, we can solve this problem approximately by assuming
a constant average temperature of (3+10)/2 = 6.5°C during the process. Then the average
rate of heat transfer into the drink is

D2 7(0.06 m)?

A, = 2D, L + 2T = 7(0.06 m)(0125 m) +2 =0.0292 m?

Qbare.ave = Mo ATair —Teanave) = (10 W/m?.°C)(0.0292 m? )(25 - 6.5)°C = 5.40 W

The amount of heat that must be supplied to the drink to raise its temperature to 10°C is
m= pV = par?L = (1000 kg/ m*)z(0.03 m)? (0125 m) = 0.353 kg
Q =mC, 4T = (0.353 kg)(4180 J / kg)(10-3)°C = 10,329 J

Then the time required for this much heat transfer to take place is
Q 10,329

Q 541/s

We now repeat calculations after wrapping the can with 1-cm thick rubber insulation, except the top
surface. The rate of heat transfer from the top surface is

=1912 s=31.9 min

Qtop,ave = ho Atop (Tair _Tcan,ave) =(1ow/ mz .°C)[~(0.03 m)Z](25_ 6.5)°C=0.52 W

Heat transfer through the insulated side surface is
A, = 2D, L = 7(0.08 m)(0125 m) = 0.03142 m?
1 1
® T hyA, (L0 W/mZ2.°C)(0.03142 m?)
Rinsulation side = In(2r72zk/|_r1) = In(tl ) =2.818°C/wW
27(0.13 W/m?.°C)(0.125 m)

Rital = Ro + Rinsutation = 3183+ 2.818 = 6.001°C/W

3 Tair _Tcan ave (25_65)0(: Rinelllnfinn Rn
. = ! = :308W i
Qsce Reomo  6.001°C/W T AN T
The ratio of bottom to the side surface areas is (ar?)/(2arL) =r/(2L) =3/(2x125) = 012.
Therefore, the effect of heat transfer through the bottom surface can be accounted for
approximately by increasing the heat transfer from the side surface by 12%. Then,

Qinsulated = Qside+boﬁom + Qtop =112x308+052 =397 W

=3.183°C/W

Then the time of heating becomes
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Q_10329J _ ~e0p 5= 43.4min

"0 397J/s
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3-74 A cold aluminum canned drink that is initially at a uniform temperature of 3°C is
brought into a room air at 25°C. The time it will take for the average temperature of the
drink to rise to 10°C with and without rubber insulation is to be determined.
Assumptions 1 The drink is at a uniform temperature at all times. 2 The thermal
resistance of the can and the internal convection resistance are negligible so that the can
is at the same temperature as the drink inside. 3 Heat transfer is one-dimensional since
there is thermal symmetry about the centerline and no variation in the axial direction. 4
Thermal properties are constant. 5 The thermal contact resistance at the interface is to be
considered.

Properties The thermal conductivity of rubber insulation is given to be k = 0.13 W/m-°C.
For the drink, we use the properties of water at room temperature, p = 1000 kg/m® and Co
= 4180 J/kg.°C.

Analysis This is a transient heat conduction, and the rate of heat transfer will decrease as
the drink warms up and the temperature difference between the drink and the
surroundings decreases. However, we can solve this problem approximately by assuming
a constant average temperature of (3+10)/2 = 6.5°C during the process. Then the average
rate of heat transfer into the drink is

aD? 7(0.06 m)?

Ao = D, L+2=— = (006 m)(0125 m) +2 = 00292 m?

Quare.ave = Mo ATair = Tean.ave) = (10 W/ m?.°C)(0.0292 m*)(25-65)°C =5.40 W

The amount of heat that must be supplied to the drink to raise its temperature to 10°C is
m= pV = par?L = (1000 kg/ m*)z(0.03 m)? (0125 m) = 0.353 kg
Q =mC,AT = (0.353 kg)(4180 J / kg)(10-3)°C = 10,329 J

Then the time required for this much heat transfer to take place is

2. = 10,329 J =1912 s=31.9 min
Q 541J/s

We now repeat calculations after wrapping the can with 1-cm thick rubber insulation, except the top
surface. The rate of heat transfer from the top surface is

At =

Qtop,ave = ho Atop (Tair _Tcan,ave) =(@aow/ m2 .°C)[~(0.03 m)z](zs_ 6.5)°C=0.52 W

Heat transfer through the insulated side surface is Rosnta Rinetatin R-
A, = 2D, L = 7(0.08 m)(0.125 m) = 0.03142 m? Tear AN T
R, = — - 1 — =3.183°C/W
h,A, (10 W/m?.°C)(0.03142 m?)
R _ In(r /) In(4/3) _2818°C/W

insulation,side

2nkL  27(0.13W/m2.°C)(0.125 m)

~0.00008 m?.°C/W

contaet ™ 11(0.06 m)(0.125 m)

Riotal = Ro + Rinsutation + Reontact = 3-183+ 2.818+ 0.0034 = 6.004 °C/W

_ Tair _Tcan,ave _ (25—6.5)°C

S Rewo  6.004°C/W

The ratio of bottom to the side surface areas is (ar?)/(2arL) =r/(2L) =3/(2x12.5) =0.12.

Therefore, the effect of heat transfer through the bottom surface can be accounted for
approximately by increasing the heat transfer from the side surface by 12%. Then,
Qinsulated = Qside+bottom + Qtop =112x308+052 =397 W

Then the time of heating becomes

=0.0034 °C/W

=3.08W
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=2:M=2602 s=43.4 min
Q 3971J/s

Discussion The thermal contact resistance did not have any effect on heat transfer.
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3-75E A steam pipe covered with 2-in thick fiberglass insulation is subjected to
convection on its surfaces. The rate of heat loss from the steam per unit length and the
error involved in neglecting the thermal resistance of the steel pipe in calculations 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 center
line and no variation in the axial direction. 3 Thermal conductivities are constant. 4 The
thermal contact resistance at the interface is negligible.

Properties The thermal conductivities are given to be k = 8.7 Btu/h-ft-°F for steel and k =
0.020 Btu/h-ft-°F for fiberglass insulation.
Analysis The inner and outer surface areas of the insulated pipe are

A = 7D, L = 7(35/12 ft)(1 ft) = 0.916 ft?

A, = D, L = 7(8/12 ft)(1 ft) = 2.094 ft? Ri Rnina Rincitation R

T A=A WA T

The individual resistances are

R——L - - L —=0.036h-°F/Btu
hiAi (30 Btu/h.ft2.°F)(0.916 ft?)
R -R. = In(r, /1) _ In(2/1.75) 0002 h-°F/Biu
LU T oak L 27(8.7 BtuhftoF)(ALft)
R, =R N5 /r) _ In(4/2) =5.516 h-°F/Btu
2 Vinsdation T oL 27(0.020 Bt/ ftoF)(Af)
1 1

=0.096 h-°F/Btu

° hoA,  (5Btuh.ft?.°F)(2.004ft2)
Rl = Ri + Ry +R, + R, =0.036+0.002+5.516 +0.096 = 5.65 h - °F/Btu

Then the steady rate of heat loss from the steam per ft. pipe length becomes
- T —T.o _ (450 -55)°F
Rootal 5.65 h°F/Btu

If the thermal resistance of the steel pipe is neglected, the new value of total thermal
resistance will be
Rotal = Ri + R, +R, =0.036+5.516 +0.096 = 5.648 h°F/Btu

=69.91Btu/h

Then the percentage error involved in calculations becomes
(565-5.648)h°F/ Btu
565 h°F/ Btu

which is insignificant.

error% = x100=0.035%
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3-76 Hot water is flowing through a 3-m section of a cast iron pipe. The pipe is exposed
to cold air and surfaces in the basement. The rate of heat loss from the hot water and the
average velocity of the water in the pipe as it passes through the basement 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 center
line and no variation in the axial direction. 3 Thermal properties are constant.

Properties The thermal conductivity and emissivity of cast iron are given to be k = 52
W/m-°C and ¢ = 0.7.

Analysis The individual resistances are
Ri Rpipe R

A=ADL=7(004 IS M =1885m" £ i A AW T -

A, = 2D, L = 7(0.046 m)(15 m) = 2168 m?

i = L _ > L — =0.0044°C/W
hiAi (120 W/m?.°C)(1.885m?)
R _ In(ry /ry) In(2.3/2) — 0.00003°C/W

Pive = oak, L 27(52 W/m.°C)(15 m)

The outer surface temperature of the pipe will be somewhat below the water temperature.
Assuming the outer surface temperature of the pipe to be 80°C (we will check this
assumption later), the radiation heat transfer coefficient is determined to be

hrad = go-(Tzz +Tsurr2 )UZ +Tsurr)
=(0.7)(5.67x1078 W/m? K *)[(353K)? + (283 K)?](353 + 283) = 5.167 W/m?.K

Since the surrounding medium and surfaces are at the same temperature, the radiation and convection heat
transfer coefficients can be added and the result can be taken as the combined heat transfer coefficient.
Then,

heombined = Nrag +Neony 2 = 5.167 +15 = 20.167 W/m? .°C
Ry == 21 — =0.0229 °C/W
Neompined Ao (20.167 W/m? .°C)(2.168 m*?)
Riotal = Ri +Rypipe + R, =0.0044+0.00003+0.0229 = 0.0273°C/W

The rate of heat loss from the hot water pipe then becomes
G- T —T.p _ (90-10)°C
Riotal 0.0273°C/W

For a temperature drop of 3°C, the mass flow rate of water and the average velocity of
water must be

=2927TW

0 2927 JIs

Q =mC AT m= = =0.233kg/s
C,AT (4180 J/kg.°C)(3°C)

=pVA, — >V = 2 - 0.233kgls ~=0.186m/s
PR 1000 kg/m?) (004 M)

Discussion The outer surface temperature of the pipe is
(90-T,)°C
Ri + R pipe (0.0044 +0.00003)°C/W

which is very close to the value assumed for the surface temperature in the evaluation of the radiation
resistance. Therefore, there is no need to repeat the calculations.

. T, -T
Q=—31 = 5,207W-=

—T, =77°C
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3-77 Hot water is flowing through a 15 m section of a copper pipe. The pipe is exposed to cold air and
surfaces in the basement. The rate of heat loss from the hot water and the average velocity of the water in
the pipe as it passes through the basement 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 Thermal properties are constant.
Properties The thermal conductivity and emissivity of copper are given to be k = 386
W/m-°C and & =0.7.

Analysis The individual resistances are

A = 7D, L = 7(0.04 m)(15 m) = 1885 m? R, Rpipe R.
A, = D, L = 7(0.046 m)(15 m) = 2.168 m? T AW~ T-o
Ry == > : —=0.0044°C/W
hi A (120 W/m?.°C)(1.885 m?)
_In(r ') In(23/2) — 0.0000038 °C/W

PPe T 2mkl  2m(386 W/m.°C)(15 m)

The outer surface temperature of the pipe will be somewhat below the water temperature.
Assuming the outer surface temperature of the pipe to be 80°C (we will check this
assumption later), the radiation heat transfer coefficient is determined to be
Nrag = EO-(TZZ +Tsurr2)(T2 +Tsurr )
=(0.7)(5.67x1078 W/m? K *)[(353K)? + (283 K)?](353 + 283) = 5.167 W/m?*.K

Since the surrounding medium and surfaces are at the same temperature, the radiation and convection heat
transfer coefficients can be added and the result can be taken as the combined heat transfer coefficient.
Then,

Neompined = Nrad +Neone 2 = 5167 +15 = 20.167 W/im?2.°C
1 1

° hyA,  (20.167 W/mZ2.°C)(2.168 m?)

R = R; + Ry, + R, = 0.004 +0.0000038 +0.0229 = 0.0273 °C/W

=0.0229 °C/W

pipe
The rate of heat loss from the hot tank water then becomes
o= T —T.o _ (90-10)°C

Riotal 0.0273°C/W

For a temperature drop of 3°C, the mass flow rate of water and the average velocity of
water must be

=2930 W

Q =MC AT o9 _ 293?/ S - 0.234kgls
C,AT  (41801/kg.° C)(3 °C)
f=pVA, — >V =1 0234 kgfs ~0.186m/s

PR wooo kg/m3){ﬂ(0'oj m’ }

Discussion The outer surface temperature of the pipe is

. T =T 90-T,)°C
Q=—2 "5 _52930W = ( s)
Ri + Ripipe (0.0044 +0.0000)°C/W

which is very close to the value assumed for the surface temperature in the evaluation of the radiation
resistance. Therefore, there is no need to repeat the calculations.

T, =77°C

3-59



Chapter 3 Steady Heat Conduction

3-78E 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 tubes. For specified heat
transfer coefficients, the length of the tube required to condense steam at a rate of 400
Ibm/h is 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 center
line and no variation in the axial direction. 3 Thermal properties are constant. 4 Heat
transfer coefficients are constant and uniform over the surfaces.

Properties The thermal conductivity of copper tube is given to be k = 223 Btu/h-ft-°F.
The heat of vaporization of water at 100°F is given to be 1037 Btu/lbm.

Analysis The individual resistances are
Ri Rpipe R-

A = 7D, L = 7(04/12 ft)(1 ft) = 0105 ft? T A=A T

A, = D, L = z(0.6/12 ft)(1 ft) = 0157 ft?

N S - = 0.272110°F/Btu
h A (35Btu/h.ft?.°F)(0.105t2)
(/) In(3/2) — 0.00029 h°F/Btu
PP 2mkL  2m(223Btu/h.ftoF)(Aft)
1 1 — 0.00425 h°F/Btu

° “hyA, (1500 Btu/h.ft? °F)(0.157 ft2)

Retal = Ri + Ryipe + Ry =0.27211+0.00029 + 0.00425 = 0.27665 h°F/Btu

The heat transfer rate per ft length of the tube is
9= T.1-T.,  (100-70)°F

- =108.44 Btu/h
Rew  0.27665°F/Btu

The total rate of heat transfer required to condense steam at a rate of 400 Ibm/h and the
length of the tube required is determined to be

Quotal = Mhy = (120 Ibm/h)(1037 Btu/lbm) = 124,440 Btu/h

Quwm _ 124,440
) 108.44

Tube length = =1148 ft
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3-79E 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 tubes. For specified heat
transfer coefficients and 0.01-in thick scale build up on the inner surface, the length of
the tube required to condense steam at a rate of 400 Ibm/h is 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 Thermal properties are constant. 4
Heat transfer coefficients are constant and uniform over the surfaces.

Properties The thermal conductivities are given to be k = 223 Btu/h-ft-°F for copper tube
and be k = 0.5 Btu/h-ft-°F for the mineral deposit. The heat of vaporization of water at
100°F is given to be 1037 Btu/lbm.

Analysis When a 0.01-in thick layer of deposit forms on the inner surface of the pipe, the

inner diameter of the pipe will reduce from 0.4 in to 0.38 in. The individual thermal
resistances are

Ri Rdeposit Rpipr Ro
Tt AMAMAAWMAAMAMAAAN- T2
A = 7D, L = (0.4 /12 ft)(1 ft) = 0105 ft?
A, = D, L = z(0.6/12 ft)(1 ft) = 0157 ft?

R =L - _ 1 = 0.2711h°F/Btu
hiA  (35Btu/h.ft2.°F)(0.105 ft?)
o _In(r /) _ In372) — 0.00029 h°F/Btu
pipe 2rkL  2n(223Btu/h.fteF)(Lft)
Ragpont = o/ Taep) ___I0(021019) 1655y opypyy
ot T 2mk,L  2n(0.5Btuh.ftoR)Lf) '
1 1

.= = : — =0.00425 h°F/Btu
hoeA, (1500 Btu/h.ft2.°F)(0.157 ft?)

Reotat = Ri + Ripipe + Ragposit + Ro = 0.27211+0.00029 +0.01633 + 0.00425 = 0.29298 h°F/Btu

The heat transfer rate per ft length of the tube is
- T.-T.,  (100-70)°F

= =102.40 Btu/h
Row  0.29298°F/Btu

The total rate of heat transfer required to condense steam at a rate of 400 Ibm/h and the
length of the tube required can be determined to be

Quiar =My = (120 Ibm/h)(1037 Btu/lbm) = 124,440 Btu/h

Quial 124,440

Tube length =
102.40

=1215ft
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3-80E

"GIVEN"

T_infinity_1=100 "[F]"

T_infinity_2=70 "[F]"

k_pipe=223 "[Btu/h-ft-F], parameter to be varied"
D_i=0.4 "[in]"

"D_0=0.6 [in], parameter to be varied"
r 1=D i/2

r 2=D_o/2

h_fg=1037 "[Btu/lbm]"

h_0=1500 "[Btu/h-ft"2-F]"

h_i=35 "[Btu/h-ft"2-F]"

m_dot=120 "[lbm/h]"

"ANALYSIS"

L=1 "[ft], for 1 ft length of the tube"
A_i=pi*(D_i*Convert(in, ft))*L
A_o=pi*(D_o*Convert(in, ft))*L
R_conv_i=1/(h_i*A i)
R_pipe=In(r_2/r_1)/(2*pi*k_pipe*L)
R_conv_o=1/(h_o*A_o)
R_total=R_conv_i+R_pipe+R_conv_o
Q_dot=(T_infinity_1-T_infinity_2)/R_total
Q_dot_total=m_dot*h_fg

L _tube=Q_dot_total/Q_dot

kpipe Ltube [ft]
[Btu/h.ft.F]

10 1176
30.53 1158
51.05 1155
71.58 1153
92.11 1152
112.6 1152
133.2 1151
153.7 1151
174.2 1151
194.7 1151
215.3 1151
235.8 1150
256.3 1150
276.8 1150
297.4 1150
317.9 1150
338.4 1150
358.9 1150
379.5 1150

400 1150
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Do[in] L tube [ft]
0.5 1154
0.525 1153
0.55 1152
0.575 1151
0.6 1151
0.625 1150
0.65 1149
0.675 1149
0.7 1148
0.725 1148
0.75 1148
0.775 1147
0.8 1147
0.825 1147
0.85 1146
0.875 1146
0.9 1146
0.925 1146
0.95 1145
0.975 1145
1 1145
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3-81 A 3-m diameter spherical tank filled with liquid nitrogen at 1 atm and -196°C is
exposed to convection and radiation with the surrounding air and surfaces. The rate of
evaporation of liquid nitrogen in the tank as a result of the heat gain from the
surroundings for the cases of no insulation, 5-cm thick fiberglass insulation, and 2-cm
thick superinsulation 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 The combined heat transfer coefficient is
constant and uniform over the entire surface. 4 The temperature of the thin-shelled
spherical tank is said to be nearly equal to the temperature of the nitrogen inside, and thus
thermal resistance of the tank and the internal convection resistance are negligible.
Properties The heat of vaporization and density of liquid nitrogen at 1 atm are given to be
198 kJ/kg and 810 kg/m?®, respectively. The thermal conductivities are given to be k =
0.035 W/m-°C for fiberglass insulation and k = 0.00005 W/m-°C for super insulation.
Analysis (a) The heat transfer rate and the rate of evaporation of the liquid without
insulation are

A=7D? = 7(3m)? = 2827 m?

R, = ! = > ! > =0.00101°C/W
ho A" (35W/m*.°C)(28.27 m*?) Ro
. Ty -T —(~196)]° T
Q= s1 2 _ [15 ( 196)] C — 208,910 W Sl_/v\Nv\/v\,_Tooz
R, 0.00101°C/W
Qthfg __)m:i:w:1.055kg/s

hy  198klkg

(b) The heat transfer rate and the rate of evaporation of the liquid with a 5-cm thick layer
of fiberglass insulation are

A=7D? = 7(31 m)? = 3019 m?
1 ”( )1 Rinsulation Ro

Ta1 T
= = =0.000946 °C/W s —’V\/W\N\/—"\MA" 02
° hyA (35W/mZ2.°C)(30.19 m?)

r,-n (1.55-1.5)m

Rinsuaion = 1 = 42(0.035 Wim.°C) (L5 m)(L5 m)
1f2 : : : :
Riotal = Ro + Rinsulation = 0-000946 +0.0489 = 0.0498 °C/W
Ta-T,o  [15-(-196)]°C
Row  0.0498°C/W
. Q 4233kl
“hy  198kJkg
(c) The heat transfer rate and the rate of evaporation of the liquid with 2-cm thick layer of
superinsulation is

A= 7D? = 7(3.04 m)? = 29.03 m?
1 1 Rinsulation Ro

T T
R, = = =0.000984 °C/W s1 —’\/\N\/\N\/—‘MM” 02
° heA (35W/m?2.°C)(29.03m?)

. - 1.52-1.5)m
nsulation ™ g7k, r,  47(0.00005 W/m.°C)(1.52 m)(1.5 m)
Riotal = Ro + Rinsutation = 0.000984+13.96 =13.96 °C/W

=0.0489 °C/W

=4233W

Q=

Q =rihy, ——>m =0.0214 kg/s

=13.96 °C/W
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Ta—Tap _ [15-(-196)]°C
Row  13.96°C/W

Q:mhfgﬁmzizw:o.oooom kg/s
hy 198 kl/kg

Q= —1511W
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3-82 A 3-m diameter spherical tank filled with liquid oxygen at 1 atm and -183°C is
exposed to convection and radiation with the surrounding air and surfaces. The rate of
evaporation of liquid oxygen in the tank as a result of the heat gain from the surroundings
for the cases of no insulation, 5-cm thick fiberglass insulation, and 2-cm thick
superinsulation 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 The combined heat transfer coefficient is
constant and uniform over the entire surface. 4 The temperature of the thin-shelled
spherical tank is said to be nearly equal to the temperature of the oxygen inside, and thus
thermal resistance of the tank and the internal convection resistance are negligible.
Properties The heat of vaporization and density of liquid oxygen at 1 atm are given to be
213 kJ/kg and 1140 kg/m?®, respectively. The thermal conductivities are given to be k =
0.035 W/m-°C for fiberglass insulation and k = 0.00005 W/m-°C for super insulation.
Analysis (a) The heat transfer rate and the rate of evaporation of the liquid without
insulation are

A=7D? = 7(3m)? = 2827 m?

R, = ! 5 ! -—=0.00101°C/W
h, A (35W/m?.°C)(28.27 m*?) - Ro
,_Ta T, _[5-(189P AMAWNT-
R, 0.00101°C/W
S =i . Q _196.040k¥/s _ 0.920kg’s

htg 213kJ/kg

(b) The heat transfer rate and the rate of evaporation of the liquid with a 5-cm thick layer
of fiberglass insulation are
A=7D? = 7(31 m)? = 3019 m?
1 1 0.000946 “C/W T Rinsulation Ro T
= = = U. ° sl 02
° " h,A  (35W/mZ2.°C)(30.19 m?) A A et U
Rineuiation = ~2 L = 1.5 -15)m —0.0489 °C/W
4rkr,r,  47(0.035W/m.°C)(1.55 m)(1.5m)
Riotal = Ro + Rinsulation = 0-000946 +0.0489 = 0.0498 °C/W
Ty-T., [15-(-183)]°C
Rootal 0.0498 °C/W
~ Q 3976kJ/s
~hy  213kJ/kg
(c) The heat transfer rate and the rate of evaporation of the liquid with a 2-cm
superinsulation is

A= 7D? = 7(3.04 m)? = 29.03 m?
1 1 Rinsulation R0

R, =—= =0.000984 °C/W Ta To2
° hyA (35W/m2.°C)(29.03m?) NNV
r,—n (2.52-1.5)m
Rinsulation = = o
47kr,r,  47(0.00005 W/m.°C)(1.52 m)(L.5 m)
Riotal = Ro + Rinsuiation = 0.000984 +13.96 =13.96 °C/W

=3976 W

Q=

Q=rhhyy —>m =0.0187 kg/s

=13.96 °C/W
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Ta—T.p _[15-(-183)]°C
Row  13.96°C/W

Q = mhy, — om= 2 OOMIBKITS 550067 kgis
hy  213kJ/kg

0= =1418 W
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Critical Radius Of Insulation

3-83C In a cylindrical pipe or a spherical shell, the additional insulation increases the conduction resistance
of insulation, but decreases the convection resistance of the surface because of the increase in the outer
surface area. Due to these opposite effects, a critical radius of insulation is defined as the outer radius that
provides maximum rate of heat transfer. For a cylindrical layer, it is defined as r,, =k /h where Kk is the

thermal conductivity of insulation and h is the external convection heat transfer coefficient.

3-84C It will decrease.

3-85C Yes, the measurements can be right. If the radius of insulation is less than critical radius of
insulation of the pipe, the rate of heat loss will increase.

3-86C No.

3-87C For a cylindrical pipe, the critical radius of insulation is defined as r,, =k /h. On windy days, the

external convection heat transfer coefficient is greater compared to calm days. Therefore critical radius of
insulation will be greater on calm days.

3-88 An electric wire is tightly wrapped with a 1-mm thick plastic cover. The interface 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 Thermal properties are constant. 4 The thermal contact resistance at the interface is negligible.
5 Heat transfer coefficient accounts for the radiation effects, if any.

Properties The thermal conductivity of plastic cover is given to be k = 0.15 W/m-°C.

Analysis In steady operation, the rate of heat transfer from the wire is equal to the heat generated within the
wire,

Q=W, =VI=(8V)(10A)=80W Rpsic  Reon
The total thermal resistance is T _/V\N\/\N\/_/WV\,— T
Reonv = L = 2 L =0.3316°C/W
h,A, (24 W/m<.°C)[(0.004 m)(10 m)]
In(r,/n, In(2/1)

plastic = = =0.0735°C/W
27kl 27(0.15 W/m.°C)(10 m)

Riotal = Reonv *+ Rplastic = 0.3316+0.0735 = 0.4051°C/W
Then the interface temperature becomes

. T, -T .
Q=122 5T, =T, + QR = 30°C + (80 W)(0.4051°C/W) = 62.4°C

Rtotal
The critical radius of plastic insulation is
ry, =% = QWM _ 00625 m = 6.25 mm
h  24W/m*.°C

Doubling the thickness of the plastic cover will increase the outer radius of the wire to 3 mm, which is less
than the critical radius of insulation. Therefore, doubling the thickness of plastic cover will increase the rate
of heat loss and decrease the interface temperature.
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3-89E An electrical wire is covered with 0.02-in thick plastic insulation. It is to be determined if the plastic
insulation on the wire will increase or decrease heat transfer from the wire.

Assumptions 1 Heat transfer from the wire 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 Thermal properties are constant. 4 The thermal contact resistance at the interface is
negligible.

Properties The thermal conductivity of plastic cover is given to be k = 0.075 Btu/h-ft-°F.

Analysis The critical radius of plastic insulation is

° Wire
_k _OOSBWNLF _ ) b3t~ 0.36in > r, (= 0.0615in)

h  2.5Btu/h.ft?.°F

Insulation
Since the outer radius of the wire with insulation is smaller than critical radius \E ]
of insulation, plastic insulation will increase heat transfer from the wire.

cr

3-90E An electrical wire is covered with 0.02-in thick plastic insulation. By considering the effect of
thermal contact resistance, it is to be determined if the plastic insulation on the wire will increase or
decrease heat transfer from the wire.

Assumptions 1 Heat transfer from the wire 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 Thermal properties are constant

Properties The thermal conductivity of plastic cover is given to be k = 0.075 Btu/h-ft-°F.

Analysis Without insulation, the total thermal resistance is (per ft length of the wire)

Riot = Reonv = L = 2 ! =18.4 h.°F/Btu
h,A,  (2.5Btu/h.ft*.°F)[z(0.083/12 ft)(1ft)] Wire
With insulation, the total thermal resistance is Insulation
Reonv = L = 7 ! =12.42 h.°F/Btu x ]
hoA, (2.5 Btu/h.ft*.°F)[n(0.123/12 ft)(1ft)]
| . .
Roplastic = N /) In0.128/0.083) __ gapp opymyy
27kL 27(0.075 Btu/h.ft.°F)(1ft) R R R
plastic interface conv

h 25
= Traossiiz e~ OB T A —WWAA T

R. =
interface A;  [n(0.083/12 ft)(1ft)]
Riotal = Reonv + Rpfastic + Rintertace =12.42+0.835+0.046 =13.30 h.°F/Btu

Since the total thermal resistance decreases after insulation, plastic insulation will increase heat transfer
from the wire. The thermal contact resistance appears to have negligible effect in this case.
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3-91 A spherical ball is covered with 1-mm thick plastic insulation. It is to be determined if the plastic
insulation on the ball will increase or decrease heat transfer from it.

Assumptions 1 Heat transfer from the ball 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 midpoint. 3 Thermal properties
are constant. 4 The thermal contact resistance at the interface is negligible.

Properties The thermal conductivity of plastic cover is given to be k = 0.13 W/m-°C. Insulation

Analysis The critical radius of plastic insulation for the spherical ball is
2k 2(013W/m.°C)
“ h  20w/m?eC

Since the outer temperature of the ball with insulation is smaller than critical
radius of insulation, plastic insulation will increase heat transfer from the wire.

=0013m=13mm>r,(=7 mm)
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3-92

"GIVEN"

D_1=0.005 "[m]"

"t_ins=1 [mm], parameter to be varied"
k_ins=0.13 "[W/m-C]"

T_ball=50 "[C]"

T_infinity=15 "[C]"

h_0=20 "[W/m"2-C]"

"ANALYSIS"
D_2=D_1+2*_ins*Convert(mm, m)
A_o=pi*D_2"2
R_conv_o=1/(h_o0*A_0)
R_ins=(r_2-r_1)/(4*pi*r_1*r_2*k_ins)

R__tota_I: R_conv_o+R_ins
Q_dot=(T_ball-T_infinity)/R_total

tins [Mm] QW]
0.5 0.07248
1.526 0.1035
2.553 0.1252

3.579 0.139
4.605 0.1474
5.632 0.1523
6.658 0.1552
7.684 0.1569
8.711 0.1577
9.737 0.1581
10.76 0.1581

11.79 0.158
12.82 0.1578
13.84 0.1574
14.87 0.1571
15.89 0.1567
16.92 0.1563
17.95 0.1559
18.97 0.1556
20 0.1552
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Q [W]

0.16

0.15-
0.14-
0.13-
0.12-
0.11-

0.1-
0.09-
0.08-

0.07
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ins

20
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Heat Transfer From Finned Surfaces

3-93C Increasing the rate of heat transfer from a surface by increasing the heat transfer surface area.

3-94C The fin efficiency is defined as the ratio of actual heat transfer rate from the fin to the ideal heat
transfer rate from the fin if the entire fin were at base temperature, and its value is between 0 and 1. Fin
effectiveness is defined as the ratio of heat transfer rate from a finned surface to the heat transfer rate from
the same surface if there were no fins, and its value is expected to be greater than 1.

3-95C Heat transfer rate will decrease since a fin effectiveness smaller than 1 indicates that the fin acts as
insulation.

3-96C Fins enhance heat transfer from a surface by increasing heat transfer surface area for convection heat
transfer. However, adding too many fins on a surface can suffocate the fluid and retard convection, and
thus it may cause the overall heat transfer coefficient and heat transfer to decrease.

3-97C Effectiveness of a single fin is the ratio of the heat transfer rate from the entire exposed surface of
the fin to the heat transfer rate from the fin base area. The overall effectiveness of a finned surface is
defined 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.

3-98C Fins should be attached on the air side since the convection heat transfer coefficient is lower on the
air side than it is on the water side.

3-99C Fins should be attached to the outside since the heat transfer coefficient inside the tube will be
higher due to forced convection. Fins should be added to both sides of the tubes when the convection
coefficients at the inner and outer surfaces are comparable in magnitude.
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3-100C Welding or tight fitting introduces thermal contact resistance at the interface, and thus retards heat
transfer. Therefore, the fins formed by casting or extrusion will provide greater enhancement in heat
transfer.

3-101C If the fin is too long, the temperature of the fin tip will approach the surrounding temperature and
we can neglect heat transfer from the fin tip. Also, if the surface area of the fin tip is very small compared
to the total surface area of the fin, heat transfer from the tip can again be neglected.

3-102C Increasing the length of a fin decreases its efficiency but increases its effectiveness.

3-103C Increasing the diameter of a fin will increase its efficiency but decrease its effectiveness.

3-104C The thicker fin will have higher efficiency; the thinner one will have higher effectiveness.

3-105C The fin with the lower heat transfer coefficient will have the higher efficiency and the higher
effectiveness.

3-106 A relation is to be obtained 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 h. The relation is to be simplified for circular fin of diameter D and for a rectangular fin
of thickness t.

Assumptions 1 The fins are sufficiently long so that the temperature of the fin at the tip is nearly T, . 2
Heat transfer from the fin tips is negligible.

Analysis Taking the temperature of the fin at the base to be T, and using the heat transfer relation for a long
fin, fin efficiency for long fins can be expressed as

Actual heat transfer rate from the fin
Ideal heat transfer rate from the fin h, T,
if the entire fin were at base temperature 5

o 0

~ JhpkA (T, -T,)  JJhpkA, 1 kA,
) B “ LY ph p= D

hA:, (T, -T, hpL
flr‘l( b w) p AC:TED2/4

Mfin =

This relation can be simplified for a circular fin of diameter D
and rectangular fin of thickness t and width w to be

~ 1 k(ﬂD /14) /kD
77f|n circular — ph L )h 2L

_ KA. i k(Wt) - k(Wt _1 E
ﬂflnrectangular— ph L\2w+th TVowh  LV2n
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3-107 The maximum power rating of a transistor whose case temperature is not to exceed 80°C is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The transistor case is isothermal at 80°C.

Properties The case-to-ambient thermal resistance is given to be 20

°C/W.
Analysis The maximum power at which this transistor can be operated
safely is R
6o AT Teae=T. (80-40)C_, . T

- [e]
Rcase—ambient Rcase—ambient 25°CIW

3-108 A commercially available heat sink is to be selected to keep the case temperature of a transistor
below 90°C in an environment at 20°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 thermal resistance between the transistor attached to the

sink and the ambient air is determined to be R
Q _ AT R bient = Ttransistor _Toc _ (90_ ZO)OC =1.75°C/W T
case—ampilen 3 "
Rcase—ambient Q 40 W

The thermal resistance of the heat sink must be below 175 °C/W. Table 3-4 reveals that HS6071 in
vertical position, HS5030 and HS6115 in both horizontal and vertical position can be selected.

3-109 A commercially available heat sink is to be selected to keep the case temperature of a transistor
below 80°C in an environment at 35°C.

Assumptions 1 Steady operating conditions exist. 2 The transistor case is isothermal at 80°C. 3 The contact
resistance between the transistor and the heat sink is negligible.

Analysis The thermal resistance between the transistor

attached to the sink and the ambient air is determined to be R
o T
Q’ _ AT R bient = Ttransistor _Toc _ (80_35) C —15°C/W
7 "\case—ambient — 3 - =
Rcase—ambient Q 30 W

The thermal resistance of the heat sink must be below 15 °C/W . Table 3-4 reveals that HS5030 in both
horizontal and vertical positions, HS6071 in vertical position, and HS6115 in both horizontal and vertical
positions can be selected.
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3-110 Circular aluminum fins are to be attached to the tubes of a heating system. The increase in heat
transfer from the tubes per unit length as a result of adding fins is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat transfer coefficient is constant and uniform
over the entire fin surfaces. 3 Thermal conductivity is constant. 4 Heat transfer by radiation is negligible.

Properties The thermal conductivity of the fins is given to be k = 186 W/m-°C.
Analysis In case of no fins, heat transfer from the tube per meter of its length is 180°C
Ao fin = 7D L = 7(0.05 m)(1 m) = 01571 m?
Qrofin = A in (T, = T..) = (40 W/ m?.°C)(01571 m?)(180 - 25)°C = 974 W
The efficiency of these circular fins is, from the efficiency curve,
25°C
L=(D, - D,)/2=(0.06—0.05)/2=0.005m

r, +(t/2) 0.03+(0.001/2)
I, 0.025

20
(HLJ\/E:(ODOMO.OMJ 40 W/m2°C 008
2 )V kt 2 (186 W/m®°C)(0.001m)

Heat transfer from a single fin is
A, =27(r," —1,%) + 27r,t = 272(0.03% — 0.025%) + 277(0.03)(0.001) = 0.001916 m?
inn = ﬂfinQﬁn,max = NinNAin Ty —T,)
=0.97(40 W/m?.°C)(0.001916 m?)(180 — 25)°C

=11.53W
Heat transfer from a single unfinned portion of the tube is

A utin = D8 = 7(0.05 m)(0.003 m) = 0.0004712 m?
Quatin = A (T —T..) = (40 W/m?.°C)(0.0004712 m?)(180 — 25)°C = 2.92 W

There are 250 fins and thus 250 interfin spacings per meter length of the tube. The total heat transfer from
the finned tube is then determined from

Quotatfin = N(Qsin + Quasin) = 250(11.53 + 2.92) =3613 W

Therefore the increase in heat transfer from the tube per meter of its length as a result of the addition of the
fins is

=1.22 Nein =0.97

Qincrease = Qtotal,fin - Qno fin = 3613 - 974 =2639 W
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3-111E The handle of a stainless steel spoon partially immersed in boiling water extends 7 in. in the air
from the free surface of the water. The temperature difference across the exposed surface of the spoon
handle is to be determined.

Assumptions 1 The temperature of the submerged portion of the spoon is equal to the water temperature. 2
The temperature in the spoon varies in the axial direction only (along the spoon), T(x). 3 The heat transfer
from the tip of the spoon is negligible. 4 The heat transfer coefficient is constant and uniform over the
entire spoon surface. 5 The thermal properties of the spoon are constant. 6 The heat transfer coefficient
accounts for the effect of radiation from the spoon..

Properties The thermal conductivity of the spoon is given to be k = 8.7 Btu/h-ft-°F.

Analysis Noting that the cross-sectional area of the spoon is constant and measuring x from the free surface
of water, the variation of temperature along the spoon can be expressed as
T(x)-T, cosha(L-x) h T
T, - T, coshalL

where n
p=2(05/12 ft +0.08/12 ft) = 0.0967 ft To

A, = (05/12 ft)(0.08/12 ft) = 0.000278 ft L=7in

2o
a_ hp | (3Btu/h.ft*.°F)(0.0967 1‘t)2 1095 fil
kA (8.7 Btu/ h.ft.°F)(0.000278 ft°)

Noting that x = L = 7/12=0.583 ft at the tip and substituting, the tip temperature
of the spoon is determined to be

=T, +(, -T,) et

cosh aL
cosh 0

= 75°F + (200 - 75) = 75°F + (200~ 75) —— = 75.4°F
cosh(10.95x 0.583) 296

Therefore, the temperature difference across the exposed section of the spoon handle is
AT =T, - T, = (200—-75.4)°F = 124.6°F

tip
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3-112E The handle of a silver spoon partially immersed in boiling water extends 7 in. in the air from the
free surface of the water. The temperature difference across the exposed surface of the spoon handle is to
be determined.

Assumptions 1 The temperature of the submerged portion of the spoon is equal to the water temperature. 2
The temperature in the spoon varies in the axial direction only (along the spoon), T(x). 3 The heat transfer
from the tip of the spoon is negligible. 4 The heat transfer coefficient is constant and uniform over the
entire spoon surface. 5 The thermal properties of the spoon are constant. 6 The heat transfer coefficient
accounts for the effect of radiation from the spoon..

Properties The thermal conductivity of the spoon is given to be k = 247 Btu/h-ft-°F.

Analysis Noting that the cross-sectional area of the spoon is constant and measuring x from the free surface
of water, the variation of temperature along the spoon can be expressed as

T(X)-T, _ cosha(L—x)

T, - T, coshalL h, T
where
p=2(05/12 ft+008/12 ft) = 0.0967 ft T
A, = (05/12 ft)(0.08/12 ft) = 0.000278 ft? C=7m

2,
a_ hp (3 Btu/ h.ft*.°F)(0.0967 ft)2 _ 2055 ft'l
KA, (247 Btu/ h.ft.°F)(0.000278 ft~)
Noting that x = L = 0.7/12=0.583 ft at the tip and substituting, the tip
temperature of the spoon is determined to be
cosha(L-L)
T(L) =T, +(T, -T, ) —————=
( ) o (Tb oc) cosh al
cosh0

= 75°F + (200 - 75) = 75°F + (200~ 75)— = 144.1°F
cosh(2.055x 0.583) 1.81

Therefore, the temperature difference across the exposed section of the spoon handle is
AT =T, - T, = (200-144.1)°C =55.9°F

tip
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3-113
"GIVEN"

k_spoon=8.7 "[Btu/h-ft-F], parameter to be varied"

T_w=200 "[F]"
T_infinity=75 "[F]"
A_c=0.08/12*0.5/12 "[ft*2]"

"L=7 [in], parameter to be varied"

h=3 "[Btu/h-ft"2-F]"

"ANALYSIS"
p=2*(0.08/12+0.5/12)
a=sqrt((h*p)/(k_spoon*A_c))

Chapter 3 Steady Heat Conduction

(T_tip-T_infinity)/(T_w-T_infinity)=cosh(a*(L-x)*Convert(in, ft))/cosh(a*L*Convert(in, ft))

x=L "for tip temperature"
DELTAT=T_w-T_tip

Kepoon [BU/N.TLF] AT [F]
5 124.9
16.58 1226
28.16 117.8
39.74 1125
51.32 107.1
62.89 102
74.47 97.21
86.05 92.78
97.63 88.69
109.2 84.91
120.8 81.42
132.4 78.19
143.9 75.19
155.5 72.41
167.1 69.82
178.7 67.4
190.3 65.14
2018 63.02
213.4 61.04
225 59.17
Kepoon [BU/N.TLF] AT [F]
5 1224
55 1234
6 124
6.5 1243
7 1246
75 1247
8 124.8
8.5 124.9
9 124.9
95 125
10 125
10.5 125
11 125
115 125
12 125
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125.5

125

124.5

124

123.5

123

122.5

122

AT [F]

130

120

110

100

90

80

70

60

50
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45 90

135

180 225

k [Btu/h-ft-F]

spoon

9 10
L [in]

3-82

11

12



Chapter 3 Steady Heat Conduction

3-114 A circuit board houses 80 logic chips on one side, dissipating 0.04 W each through the back side of
the board to the surrounding medium. The temperatures on the two sides of the circuit board are to be
determined for the cases of no fins and 864 aluminum pin fins on the back surface.

Assumptions 1 Steady operating conditions exist. 2 The temperature in the board and along the fins varies
in one direction only (normal to the board). 3 All the heat generated in the chips is conducted across the
circuit board, and is dissipated from the back side of the board. 4 Heat transfer from the fin tips is
negligible. 5 The heat transfer coefficient is constant and uniform over the entire fin surface. 6 The thermal
properties of the fins are constant. 7 The heat transfer coefficient accounts for the effect of radiation from
the fins.

Properties The thermal conductivities are given to be k = 20 W/m-°C for the circuit board, k = 237 W/m-°C
for the aluminum plate and fins, and k = 1.8 W/m-°C for the epoxy adhesive.

Analysis (a) The total rate of heat transfer dissipated by the chips is
Q=80x (004 W)=32W . 2¢m
The individual resistances are

Rboard I:Qe[)oxv RAIuminum I:Qconv
T A=A WA AR~ T
T2

A = (012 m)(018 m) = 0.0216 m?

L 0003 m = 000694 °C/W ([L I—

R = —=

Poard KA T (20 W/ m.°C)(0.0216 m?)
1 1
hA (50 W/m?.°C)(0.0216 m?)
Ruiotal = Rogard + Reony = 0.00694 +0.9259 = 093284 °C /W

The temperatures on the two sides of the circuit board are
Q= Ll SN T, = T, + QRygar = 40°C + (32 W)(0.93284 °C/ W) = 43.0°C
total

Tl — T2

=09259 °C/W

conv —

0= — 5T, =T, - ORyourg = 430°C— (32 W)(0.00694 °C /W) = 405—002 = 43.0°C

board
Therefore, the board is nearly isothermal.

(b) Noting that the cross-sectional areas of the fins are constant, the efficiency of the circular fins can be
determined to be

20
Ao E:\/_h”D _ A | ABOWImMTC) jgag
kA, VkzD?/4 VkD V(237 W/m.°C)(0.0025 m)
tanhal  tanh(18.37 m™ x 0.02 m)

aL 1837 m* x0.02 m

The fins can be assumed to be at base temperature provided that the fin area is modified by multiplying it
by 0.957. Then the various thermal resistances are

=0.957

Mfin =

Repory = — = 00002M ____ _00051°C/W
KA~ (18 W/m.°C)(0.0216 m?)
L 0002 m

=0.00039 °C/W

kA (237 W/m.°C)(0.0216 m?)
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Asinned = 1N 7DL = 0,957 x 8647(0.0025 m)(0.02 m) = 0130 m?

2 2
Aunfinnea = 0.0216 864”% — 00216864 x w — 00174 W2
Atotal,with fins = Afinned + Aunfinned = 0130+ 0.017 = 0147 m?
Reonv = : : =01361°C/W

DA otat with fins (50 W/ m?.°C)(0147 m?)

Rtotal = Rboard + Repoxy + Raluminum + Rconv
=0.00694 + 0.0051+0.00039 + 0.1361= 01484 °C/W

Then the temperatures on the two sides of the circuit board becomes
Q= Ll SN T, = T,p + QRig = 40°C + (32 W)(0.1484 °C/W) = 40.5°C
total

9==T2 1 T _ Ry = 405°C— (32 W)(0.00694 °C /W) = 405002 = 40.5°C

board

3-115 A circuit board houses 80 logic chips on one side, dissipating 0.04 W each through the back side of
the board to the surrounding medium. The temperatures on the two sides of the circuit board are to be
determined for the cases of no fins and 864 copper pin fins on the back surface.

Assumptions 1 Steady operating conditions exist. 2 The temperature in the board and along the fins varies
in one direction only (normal to the board). 3 All the heat generated in the chips is conducted across the
circuit board, and is dissipated from the back side of the board. 4 Heat transfer from the fin tips is
negligible. 5 The heat transfer coefficient is constant and uniform over the entire fin surface. 6 The thermal
properties of the fins are constant. 7 The heat transfer coefficient accounts for the effect of radiation from
the fins.

Properties The thermal conductivities are given to be k = 20 W/m-°C for the circuit board, k = 386 W/m-°C
for the copper plate and fins, and k = 1.8 W/m-°C for the epoxy adhesive.

Analysis (a) The total rate of heat transfer dissipated by the chips is 2cm
Q=80x(0.04 W) =32 W ]
The individual resistances are M

Rboard ReDoxv Rconoer Rconv
T A AR~ T ——
T I
A= (012 m)(018 m) = 0.0216 m? —
Rboard = L. 0.003 m =0.00694 °C/W A
kA (20 W/m.°C)(0.0216 m?)
R R L =0.9259 °C/W

™ hA (50 W/ m?.°C)(0.0216 m?) I

Riotal = Rboard + Reony = 0.00694 +0.9259 = 0.93284 °C /W
The temperatures on the two sides of the circuit board are
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Q= TlR_ﬁ——ﬁl =T, + QR = 40°C + (32 W)(0.93284 °C/ W) = 43.0°C
total
Q= ﬂ——ﬁz =T, — QRyarg = 430°C— (32 W)(0.00694 °C/W) = 405-0.02 = 43.0°C

board
Therefore, the board is nearly isothermal.

(b) Noting that the cross-sectional areas of the fins are constant, the efficiency of the circular fins can be
determined to be

20
a— [0 _ | haD _ Jah | AGOW/MTC) 00t
kA, VkaD?/4 \VkD (386 W/m.°C)(0.0025 m)

tanhal  tanh(14.40 m™ x0.02 m
77ﬁn = = ( 1 ) = 0973
aL 1440 m™ x0.02 m

The fins can be assumed to be at base temperature provided that the fin area is modified by multiplying it
by 0.973. Then the various thermal resistances are

Reoory = 1 = Q0002m _____g0051°c/w
kA~ (18 W/m.°C)(0.0216 m?)
L 0002 m

=0.00024 °C/W

copper —

KA~ (386 W/ m.°C)(0.0216 m?)
Asimed = 5N DL = 0.973x 8647(0.0025 m)(0.02 m) = 0132 m?
aD? 7(0.0025)2

Aunfinned = 0.0216—864T =0.0216 864 x =00174 m?
ATotal,with fins = Afinned + Aunfinned =0132+0017 = 0149 m2
conv = L = > 1 N 01342 °C/W
hAtarwithins (50 W/ m*.°C)(0149 m?)
Rtotal = Rboard + Repoxy + Rcopper + Rconv
=0.00694 + 0.0051+ 0.00024 + 01342 = 0.1465 °C/W
Then the temperatures on the two sides of the circuit board becomes
Q= TlR"ﬂ——ﬁl =T, + QRy = 40°C + (32 W)(01465 °C/W) = 40.5°C
total
Q= E_—Tz—ﬂz =T, — QRyarg = 405°C — (3.2 W)(0.00694 °C /W) = 405-0.02 = 40.5°C
board
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3-116 A hot plate is to be cooled by attaching aluminum pin fins on one side. The rate of heat transfer from
the 1 m by 1 m section of the plate and the effectiveness of the fins are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The temperature along the fins varies in one direction
only (normal to the plate). 3 Heat transfer from the fin tips is negligible. 4 The heat transfer coefficient is
constant and uniform over the entire fin surface. 5 The thermal properties of the fins are constant. 6 The
heat transfer coefficient accounts for the effect of radiation from the fins.

Properties The thermal conductivity of the aluminum plate and fins is given to be k = 237 W/m-°C.

Analysis Noting that the cross-sectional areas of the fins are constant, the efficiency of the circular fins can
be determined to be

20
ac | P _ \/_h”D A | AGSWImMTSC) g
kA, VkzD?/4 VkD (237 W/m.°C)(0.0025 m)

tanhal _ tanh(1537 m™ x 0.03 m)

= =0.935
o = "o 1537 m™1x 003 m
The number of fins, finned and unfinned surface areas, and heat transfer rates from those areas are
1m?

=27,777

"= 0006 m)(0.006 m)

2 2
A, = 27777{7:DL +”%} = 27777{;;(0.0025)(0.03) + M} =6.68m?
2 2
Aunfinned =1— 27777{£j =1- 27777{M} =0.86 m? — 3cm
4 4 ——1D=025cm
Qfinned = MfinQin,max = sinPin (To = Too) ]
= 0.935(35 W/m?.°C)(6.68 m?)(100 — 30)°C —
=1 W
| >300 2 2 —
Qunfinned = Munfinned (Tp — Too) = (35 W/m*.°C)(0.86 m“)(100 - 30)°C ]
=2107 W
Then the total heat transfer from the finned plate becomes |
Qotatfin = Qinned + Qunfinned =15,300+2107 =1.74x10* W =17.4 kW I—

The rate of heat transfer if there were no fin attached to the plate would be
Ao fin = (A m)A M) =1m? ]
Qrofin = hAu in (T, = T..) = (35 W/ m?.°C)(1 m?)(100 - 30)°C = 2450 W

Then the fin effectiveness becomes

Qsn 17,400
Qno fin 2450

=7.10

Efin =
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3-117 A hot plate is to be cooled by attaching aluminum pin fins on one side. The rate of heat transfer from
the 1 m by 1 m section of the plate and the effectiveness of the fins are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The temperature along the fins varies in one direction
only (normal to the plate). 3 Heat transfer from the fin tips is negligible. 4 The heat transfer coefficient is
constant and uniform over the entire fin surface. 5 The thermal properties of the fins are constant. 6 The
heat transfer coefficient accounts for the effect of radiation from the fins.

Properties The thermal conductivity of the aluminum plate and fins is given to be k = 237 W/m-°C.

Analysis Noting that the cross-sectional areas of the fins are constant, the efficiency of the circular fins can
be determined to be

20
Ao E:\/_h”D _ A ABSWIMTPC) o0t
kA, VkzD?/4 VkD (386 W/m.°C)(0.0025 m)

tanhal _ tanh(12.04 m™ x 0.03 m)

= =0.959
Tin = AL 1204 m1 %003 m
The number of fins, finned and unfinned surface areas, and heat transfer rates from those areas are
2
n- tm 27777
(0.006 m)(0.006 m)
2 2
Aqy = 27777[7:DL + “'Z } - 27777{75(0.0025)(0.03) +M} -6.68m?
D2 7(0.0025)2 ) — 3cm
A =1-27777 —— |=1-27777) ——— | =0.86m
Hnfinned { 4 J { 4 A 1D=0.25¢cm
innned = Mfin Qﬁn,max =Nfin Asin (T = To0) I A—
— 0.959(35 W/mZ2.°C)(6.68 m2)(100 —30)°C I
=15,700 W I
Quainned = Mynfinnes (Tp —T..) = (35 W/m? °C)(0.86 m?)(100—-30)°C = 2107W | [
Then the total heat transfer from the finned plate becomes I
Qotatfin = Qinned + Qunfinned =15,700+2107 =1.78x10* W =17.8 W I
The rate of heat transfer if there were no fin attached to the plate would be —
Ano fin = (1 m)(l m) =1 m2

Quofin = Mo sin (T, = T..) = (35 W/ m?.°C)(1 m?)(100-30)°C = 2450 W
Then the fin effectiveness becomes

_ Qgy 17800

Efin = = =7.27
Qnofin 2450
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3-118
"GIVEN"

k_spoon=8.7 "[Btu/h-ft-F], parameter to be varied"

T_w=200 "[F]"
T_infinity=75 "[F]"
A_c=0.08/12*0.5/12 "[ft"2]"

"L=7 [in], parameter to be varied"

h=3 "[Btu/h-ft"2-F]"

"ANALYSIS"
p=2*(0.08/12+0.5/12)
a=sqrt((h*p)/(k_spoon*A_c))

Chapter 3 Steady Heat Conduction

(T_tip-T_infinity)/(T_w-T_infinity)=cosh(a*(L-x)*Convert(in, ft))/cosh(a*L*Convert(in, ft))

x=L "for tip temperature"
DELTAT=T_w-T_tip

Kspoon [BEU/N.FL.F] AT [F]
5 124.9
16.58 1226
28.16 117.8
39.74 1125
51.32 107.1
62.89 102
74.47 97.21
86.05 92.78
97.63 88.69
109.2 84.91
120.8 81.42
132.4 78.19
143.9 75.19
155.5 72.41
167.1 69.82
178.7 67.4
190.3 65.14
201.8 63.02
213.4 61.04
225 59.17
Kepoon [BEU/N.TL.F] AT [F]
5 1224
5.5 1234
6 124
6.5 1243
7 1246
75 124.7
8 1248
8.5 124.9
9 124.9
9.5 125
10 125
105 125
11 125
115 125
12 125
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130 . : : T T T " T

120-
110-
100-
90-

80

AT [F]

70

60

50 L 1 L 1 L 1 L 1 L
0 45 90 135 180 225
k [Btu/h-ft-F]

spoon

125.5 . T . T T T " T T T T

125¢

1245

124

123.5

123

122.5

122 ! | ! | ! | ! | ! | ! |
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3-119 Two cast iron steam pipes are connected to each other through two 1-cm thick flanges exposed to
cold ambient air. The average outer surface temperature of the pipe, the fin efficiency, the rate of heat
transfer from the flanges, and the equivalent pipe length of the flange for heat transfer are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The temperature along the flanges (fins) varies in one
direction only (normal to the pipe). 3 The heat transfer coefficient is constant and uniform over the entire
fin surface. 4 The thermal properties of the fins are constant. 5 The heat transfer coefficient accounts for
the effect of radiation from the fins.

Properties The thermal conductivity of the cast iron is given to be k = 52 W/m-°C.
Analysis (a) We treat the flanges as fins. The individual thermal resistances are
A =D, L = 7(0.092 m)(6 m) =173 m R, Reong R

0
Ao = Dol = (02 m)(6 m) =188 m’ Tt AW T
Tz

1 1 T
R=— = . ——=0.0032°C/W
hi Al (180 W/m<.°C)(1.73m*)
cond = In(ra /1) _ In(5/4.6) = 0.00004°C/W
2L 27(52Wim.°C)(6 m)
! ! —0.0213°C/W

° hyA,  (25W/m2.°C)(1.88m?)
Rt = Ri + Regng + Ry = 0.0032 +0.00004 + 0.0213 = 0.0245 °C/W

The rate of heat transfer and average outer surface temperature of the pipe are

T -T -12)°

Gt Tur _ (200-12)°C _ o\

Riotal 0.0245°C
. T, -T .
Q= %—ﬁz =T,, +QR, =12°C + (7673 W)(0.0213°C/W) = 174.8°C
(o]

(b) The fin efficiency can be determined from Fig. 3-70 to be

r +£ 0.1+—O'02

2 _ 2 _223

20
§:(L+lj\/E:(0.05m+0'02 mj 25Wm=C 5
2 Wkt 2 (52 W/m°C)(0.02 m)

Ay = 27(r,2 —12) + 271,t = 27[(01 m)? — (0.05 m)?]+27(01 m)(0.02 m) = 0.0597 m?
The heat transfer rate from the flanges is

innned = fin inn,max = Mfin hAfin (rb _Too)
=0.88(25 W/m?.°C)(0.0597 m?)(174.7 -12)°C = 214 W

(c) A 6-m long section of the steam pipe is losing heat at a rate of 7673 W or 7673/6 = 1279 W per m
length. Then for heat transfer purposes the flange section is equivalent to

Equivalent legth = _214W =0.167m=16.7cm

1279 W/m
Therefore, the flange acts like a fin and increases the heat transfer by 16.7/2 = 8.35 times.
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Heat Transfer In Common Configurations

3-120C Under steady conditions, the rate of heat transfer between two surfaces is expressed as
Q = Sk(T, - T,) where S is the conduction shape factor. It is related to the thermal resistance by S=1/(kR).

3-121C It provides an easy way of calculating the steady rate of heat transfer between two isothermal
surfaces in common configurations.

3-122 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 k = 0.9 W/m-°C. 5°C
Analysis Since z>1.5D, the shape factor for this f

configuration is given in Table 3-5 to be
g__ 2 _ 27(20m) _3407m
In(4z/D)  In[4(0.8m)/(0.08 m)] 80 cm 50°C
Then the steady rate of heat transfer from the pipe r—
becomes _( I ( )
. — D=8
Q = Sk(T, —T,) = (34.07 m)(0.9 W/m.® C)(60— 5)°C = 1686 W o

L=20m
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3-123
"IPROBLEM 3-123"

"GIVEN"

L=20 "[m]"

D=0.08 "[m]"

"z=0.80 [m], parameter to be varied"
T_1=60"[C]"

T_2=5"[C]"

k=0.9 "[W/m-C]"

"ANALYSIS"
S=(2*pi*L)/In(4*z/D)
Q_dot=S*k*(T_1-T_2)

Chapter 3 Steady Heat Conduction

z[m] QW]
02 2701
0.38 2113
0.56 1867
074 1723
0.92 1625
11 1552
1.28 1496
1.46 1450
1.64 1412
1.82 1379
2 1351
2800 ——
2600
2400
2200
g; 2000
Oy 1800
1600
1400
1200 1+ .

0.2 04 0.6

0.8 1 12 14 16 1.8 2

z [m]
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3-124 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 T, =60°C

be k =0.75 W/m-°C.

Analysis The shape factor for this configuration is given in T,=15°C
Table 3-5 to be
= ZZTEL 2 2
cosh -1 m
2D,D, D=5cm
z=40cm
- 2n(8 m) ~9.078m g m
cosh-1 4(0.4m)? - (0.05m)? — (0.05m)?
2(0.05m)(0.05m)

Then the steady rate of heat transfer between the pipes becomes
Q = Sk(T, -T,) = (9.078 m)(0.75 W/m.°C)(60 —15)°C = 306 W
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3-125
"IPROBLEM 3-125"
"GIVEN"

T 2=15"[C]"
k=0.75 "[W/m-C]"

"ANALYSIS"
S=(2*pi*L)/(arccosh((4*z"2-D_172-D_2"2)/(2*D_1*D_2)))
Q_dot=S*k*(T_1-T_2)

z[m] QW]
0.1 644.1
0.2 411.1
0.3 342.3
0.4 306.4
0.5 283.4
0.6 267
0.7 254.7
0.8 244.8
0.9 236.8
1 230
650
600
550
500
__ 450
=
— 400
O
350
300
250
200 L ! L 1 L 1 I 1 L 1 I 1 L 1 ) 1 L
0.1 02 03 04 05 06 07 08 0.9 1
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3-126E A row of used uranium fuel rods are buried in the ground parallel to each other. The rate of heat

transfer from the fuel rods to the atmosphere through the soil 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 k = 0.6 Btu/h-ft-°F.

Analysis The shape factor for this configuration is given in

Table 3-5 to be r T, =60°F
2nL A
Stotal =4x oW 2_TEZ T. = 350°F

In(Dsinh j 1=

T 2Zﬂ 15 i
= 4x m30) ~ 05298 L

2(8/121t) ., 2=(15ft) D=1in

In sinh ) 4
nU/12f) " (8/12ft) L =3t

Then the steady rate of heat transfer from the fuel rods
becomes

8in

Q = S o K(T, —T,) = (0.5298 ft)(0.6 Btu/h.ft.°F)(350 — 60)°C = 92.2 Btu/h

3-127 Hot water flows through a 5-m long section of a thin walled hot water pipe that passes through the
center of a 14-cm thick wall filled with fiberglass insulation. The rate of heat transfer from the pipe to the
air in the rooms and the temperature drop of the hot water as it flows through the pipe are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (ho change in the
axial direction). 3 Thermal conductivity of the fiberglass insulation is constant. 4 The pipe is at the same

temperature as the hot water.

Properties The thermal conductivity of fiberglass insulation is given to be k = 0.035 W/m-°C.

Analysis (a) The shape factor for this configuration is given in Table 3-5 to be

g 2t _ 2m(m) .

| (82 j { 8(0.07 m) }
nf — In| ———~
D 7(0.025 m)

Then the steady rate of heat transfer from the pipe becomes

Q = Sk(T, - T,) = (16 m)(0.035 W/ m.°C)(60-18)°C =23.5 W

(b) Using the water properties at the room temperature, the
temperature drop of the hot water as it flows through this 5-m section

of the wall becomes

D

=2.5¢cm

5m

~
-~

— 60°C

[- 18°C

Q=mC AT .
AT = Q = Q = Q = 23.5\]/5 = U.UZ C
mC, pVC
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Chapter 3 Steady Heat Conduction

3-128 Hot water is flowing through a pipe that extends 2 m in the ambient air and continues in the ground
before it enters the next building. The surface of the ground is covered with snow at 0°C. The total rate of
heat loss from the hot water and the temperature drop of the hot water in the pipe are 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 ground is constant. 4 The pipe is at the same temperature as
the hot water.

Properties The thermal conductivity of the ground is given to be k = 1.5 W/m-°C.

Analysis (a) We assume that the surface temperature of the tube is equal to the temperature of the water.
Then the heat loss from the part of the tube that is on the ground is

A, = 7DL = 7(0.05m)(2 m) = 0.3142 m?

Q = hAs (Ts _Too) 8°C 0°C
= (22 W/m?.°C)(0.3142 m?)(80—8)°C = 498 W '
Considering the shape factor, the heat loss for vertical part
of the tube can be determined from 3m
27 27(3m)
S= = =3.44m 80°C
20m
|n(4Lj in| 23 M) '
D (0.05m)

Q = Sk(T, - T,) = (344 m)(15 W/ m.°C)(80-0)°C = 413 W
The shape factor, and the rate of heat loss on the horizontal part that is in the ground are

o_ 2d _ 2x(0m)

|n[4zj i 4@m)
D (0.05m)

Q= Sk(T, = T,) =(22.9 m)(15 W/ m.°C)(80—-0)°C = 2748 W
and the total rate of heat loss from the hot water becomes

Qtom =498+413+ 2748 =3659 W

(b) Using the water properties at the room temperature, the temperature drop of the hot water as it flows
through this 25-m section of the wall becomes

Q=mC,AT

AT = Q _ Q _ Q 3659 J/s - 0.30°C

MCp  (VICp  (PVAIC) (1000 kg/m3)(1.5m/s){n(0'04m)2}(4180J/kg.°C)
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3-129 The walls and the roof of the house are made of 20-cm thick concrete, and the inner and outer
surfaces of the house are maintained at specified temperatures. The rate of heat loss from the house through
its walls and the roof is to be determined, and the error involved in ignoring the edge and corner effects is

to be assessed.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer at the edges and corners is two-or three-
dimensional. 3 Thermal conductivity of the concrete is constant. 4 The edge effects of adjoining surfaces

on heat transfer are to be considered.
Properties The thermal conductivity of the concrete is given to be k = 0.75 W/m-°C.

Analysis The rate of heat transfer excluding the edges and corners is
first determined to be

f

3°C

A = (12—-04)(12-04) +4(12 - 04)(6 - 0.2) = 4037 m? | 1 I
o 2
Q= —kA‘Ii"a' (T,-T,) = OB W/ ”SZC)(4O3'7 M) (15-3)°C 18167 W 15°C J
Z M

The heat transfer rate through the edges can be determined using the
shape factor relations in Table 3-5,

S =4 xcorners+4xedges = 4x0.15L + 4 x 0.54w
=4x0.15(0.2m) + 4x0.54(12m) = 26.04 m
Qcorners+9dges = S comers+edges K(T1 —T2) = (26.04 m)(0.75 W/m.°C)(15 - 3)°C = 234 W

corners+edges

and Quoe =18167+ 234 =1.840x10% W =18.4kW
Ignoring the edge effects of adjoining surfaces, the rate of heat transfer is determined from
Aot = (12)(12) +4(12)(6) = 432 m*

. kA : ° 2
Q=—w (T _T,)= (0.75 Wim.“C)(432m") (15-3)°C =1.94x10* =19.4 kW
L 0.2m
The percentage error involved in ignoring the effects of the edges then becomes
19.4-18.4

%error = T><100 =5.6%

A
A

3-130 The inner and outer surfaces of a long thick-walled concrete duct are maintained at specified

temperatures. The rate of heat transfer through the walls of the duct is to be determined.
Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-

15°C
dimensional (no change in the axial direction). 3 Thermal conductivity of F

the concrete is constant.

Properties The thermal conductivity of concrete is given to be k = 0.75 J
wW/m-°C. 100°C
Analysis The shape factor for this configuration is given in Table 3-5 to be
%=%=0.8<1.41 g4 ___ 2”(1? M __3587m
0_785|n(a) 0.785In0.8
b 16 cm

Then the steady rate of heat transfer through the walls of the duct becomes

Q = Sk(T, -T,) = (358.7 m)(0.75 W/m.°C)(100 —15)°C = 2.29x10* W =22.9 kW 20 cm
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3-131 A spherical tank containing some radioactive material is buried in the ground. The tank and the
ground surface are maintained at specified temperatures. The rate of heat transfer from the tank 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 ground is constant.

Properties The thermal conductivity of the ground is given to
be k =1.4 W/m-°C.

—

T, =15°C

Analysis The shape factor for this configuration is given in
Table 3-5 to be

5-_ 2 == 27(3 rg)m ~2183m
1-025°2 1-025>M
z 55m

Then the steady rate of heat transfer from the tank becomes

z=55m

T, =140°C

Q = Sk(T, —-T,) = (21.83m)(1.4 W/m.°C)(140—15)°C = 3820 W
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3-132
"IPROBLEM 3-132"

"GIVEN"

"D=3 [m], parameter to be varied"

k=1.4 "[W/m-C]"
h=4 "[m]"
T_1=140"[C]
T 2=15"[C]

"ANALYSIS"

z=h+D/2
S=(2*pi*D)/(1-0.25*D/z)
Q_dot=S*k*(T_1-T_2)

Chapter 3 Steady Heat Conduction

D [m] Q[W]
0.5 566.4
1 1164
1.5 1791
2 2443
2.5 3120
3 3820
3.5 4539
4 5278
4.5 6034
5 6807
7000
6000
5000
4000
=)
3000
(O
2000
1000
0 1 | 1 | 1 | 1 | | 1 | 1 | 1
0.5 1 1.5 2 2.5 3.5 4 4.5 5
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3-133 Hot water passes through a row of 8 parallel pipes placed vertically in the middle of a concrete wall
whose surfaces are exposed to a medium at 20°C with a heat transfer coefficient of 8 W/m2.°C. The rate of
heat loss from the hot water, and the surface temperature of the wall are 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 concrete is constant.

Properties The thermal conductivity of concrete is given to be k = 0.75 W/m-°C.
Analysis The shape factor for this configuration is given in Table 3-5 to be

_onk _ 2n(Am) . %
8z 8(0.075m) 7\
o) "™ oo0sm 85°C
nD 7(0.03m) s z
Then rate of heat loss from the hot water in 8 parallel pipes becomes ( D () —X—
Q =8Sk(T, —T,) =8(13.58 m)(0.75 W/m °C)(85—32)°C = 4318 W L=4m z
The surface temperature of the wall can be determined from Y

A, =2(4m)@m)=64m? (from both sides)

37.6°C

Q.:hAS(TS _Too)—)Ts :Toc+ Q =32°C+ 4318W 5 —
hA (12W/m?.°C)(64 m?)
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Special Topic: Heat Transfer Through the Walls and
Roofs

3-134C The R-value of a wall is the thermal resistance of the wall per unit surface area. It is the same as
the unit thermal resistance of the wall. It is the inverse of the U-factor of the wall, R = 1/U.

3-135C The effective emissivity for a plane-parallel air space is the “equivalent” emissivity of one surface
for use in the relation Q. = Eetrective@s (T —T;*) that results in the same rate of radiation heat transfer
between the two surfaces across the air space. It is determined from

t _t. 1y

Eeffective &1 &

where ¢; and ¢, are the emissivities of the surfaces of the air space. When the effective emissivity is
known, the radiation heat transfer through the air space is determined from the Q,,, relation above.

3-136C The unit thermal resistances (R-value) of both 40-mm and 90-mm vertical air spaces are given to
be the same, which implies that more than doubling the thickness of air space in a wall has no effect on
heat transfer through the wall. This is not surprising since the convection currents that set in in the thicker
air space offset any additional resistance due to a thicker air space.

3-137C Radiant barriers are highly reflective materials that minimize the radiation heat transfer between
surfaces. Highly reflective materials such as aluminum foil or aluminum coated paper are suitable for use
as radiant barriers. Yes, it is worthwhile to use radiant barriers in the attics of homes by covering at least
one side of the attic (the roof or the ceiling side) since they reduce radiation heat transfer between the
ceiling and the roof considerably.

3-138C The roof of 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 still have an effect on heat transfer through
the ceiling since the roof in this case will act as a radiation shield, and reduce heat transfer by radiation.
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3-139 The R-value and the U-factor of a wood frame 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 3-6.

Analysis The schematic of the wall as well as the different elements used in its construction are shown
below. Heat transfer through the insulation and through the studs will meet 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 = (Ufarea )insulation + (Ufarea )stud

and the value of the area fraction f,., is 0.80 for insulation section and 0.20 for 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 3-6 and calculating others, the total R-values for each section is determined in the table below.

4b R-value, m?.°C/W
Construction Between At studs
studs

1. Outside surface, 12 km/h wind 0.044 0.044
2. Wood bevel lapped siding 0.14 0.14
3. Fiberboard sheathing, 25 mm 0.23 0.23

4a. Mineral fiber insulation, 140 mm 3.696 --
4b. Wood stud, 38 mm by 140 mm -- 0.98
| '\\ ] g ?ypdsum v]\c/allboa_rﬁ, }3 mm 00.01729 0601729

¥ . Inside surface, still air . .
4a >
3
1

Total unit thermal resistance of each section, R (in m?.°C/W) 4.309 1.593
The U-factor of each section, U = 1/R, in W/m?.°C 0.232 0.628
Area fraction of each section, faea 0.80 0.20

Overall U-factor, U = Xf,e.U; = 0.80x0.232+0.20x0.628 0.311 W/m2.°C

Overall unit thermal resistance, R = 1/U 3.213 m2.°C/W

Therefore, the R-value and U-factor of the wall are R = 3.213 m?.°C/W and U = 0.311 W/m?.°C.
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3-140 The change in the R-value of a wood frame wall due to replacing fiberwood sheathing in the wall by
rigid foam sheathing is 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 3-6.

Analysis The schematic of the wall as well as the different elements used in its construction are shown
below. Heat transfer through the insulation and through the studs will meet 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 = (Ufarea )insulation + (Ufarea )stud

and the value of the area fraction f.,., is 0.80 for insulation section and 0.20 for 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 3-6 and calculating others, the total R-values for each section of the existing wall is determined in the
table below.

4b
R-value, m?.°C/W
Construction Between At studs
studs

1. QOutside surface, 12 km/h wind 0.044 0.044
2. Wood bevel lapped siding 0.14 0.14
3. Fiberboard sheathing, 25 mm 0.23 0.23

4a. Mineral fiber insulation, 140 mm 3.696 --
4b. Wood stud, 38 mm by 140 mm -- 0.98
w‘\\ﬁ 5. Gypsum wallboard, 13 mm 0.079 0.079
5 6. Inside surface, still air 0.12 0.12

\ L 4a
<1 2

Total unit thermal resistance of each section, R (in m?.°C/W) 4.309 1.593
The U-factor of each section, U = 1/R, in W/m?.°C 0.232 0.628
Area fraction of each section, fa.a 0.80 0.20

Overall U-factor, U = Xf,e,iU; = 0.80x0.232+0.20x0.628 0.311 W/m?.°C

Overall unit thermal resistance, R = 1/U 3.213 m?.°C/W

Therefore, the R-value of the existing wall is R = 3.213 m?.°C/W.

Noting that the R-values of the wood fiberboard and the rigid 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

RI’]EW = R0|d - Rremoved + Radded = 3213_ 023+ 098 = 3963 m2 .OC/W

Then the change in the R-value becomes
AR-value  3.963-3.213
R —value, old 3.963

3-141E 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 3-6.

Analysis The schematic of the wall as well as the different elements used in its construction are shown
below. Heat transfer through the air space and through the studs will meet 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 air space and stud sections are available, the overall average thermal resistance for the
entire wall can be determined from

%Change = =0.189 (or18.9%)
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Roverall = 1/U0verall where Uoverall = (Ufarea )airspace + (Ufarea )stud

and the value of the area fraction f.., is 0.80 for air space and 0.20 for the ferrings and similar structures.
Using the available R-values from Table 3-6 and calculating others, the total R-values for each section of

the existing wall is determined in the table below.

5b R-value, h.ft2.°F/Btu
Construction Between At
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, 4-in 151 1.51
5a. Air space, 3/4-in, nonreflective 291 --
\ 5b. Nominal 1 x 3 vertical ferring -- 0.94
6 ' | 6.Gypsum wallboard, 0.5 in 0.45 0.45
) 5a 7. Inside surface, still air 0.68 0.68
3
. 1?2
Total unit thermal resistance of each section, R 6.25 4.28
The U-factor of each section, U = 1/R, in Btu/h.ft*.°F 0.160 0.234
Area fraction of each section, fa.a 0.80 0.20

Overall U-factor, U = Xf,eqU; = 0.80x0.160+0.20x0.234

0.175 Btu/h.ft?.°F

Overall unit thermal resistance, R = 1/U

5.72 h.ft>.°F/Btu

Therefore, the overall unit thermal resistance of the wall is R = 5.72 h.ft%.°F/Btu and the overall U-factor is

U = 0.118 Btu/h.ft*.°F. These values account for the effects of the vertical ferring.
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3-142 The winter R-value and the U-factor of a flat ceiling with an air space are to be determined for the
cases of air space with reflective and nonreflective surfaces.
Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the ceiling is one-dimensional. 3
Thermal properties of the ceiling and the heat transfer coefficients are constant.
Properties The R-values are given in Table 3-6 for different materials, and in Table 3-9 for air layers.
Analysis The schematic of the ceiling as well as the different elements used in its construction are shown
below. Heat transfer through the air space and through the studs will meet 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 air space and stud sections are available, the overall average thermal resistance for the
entire wall can be determined from

Roverall = 1/Uoverall where Uoverall = (Ufarea )air space + (Ufarea )stud
and the value of the area fraction f,. is 0.82 for air space and 0.18 for stud section since the headers
which constitute a small part of the wall are to be treated as studs.

1 1

= =082
e +1/e,-1 1/09+1/09-1

(a) Nonreflective surfaces, ¢; = ¢, =09 and thus &gfective =

R-value, m.°C/W
Construction Between | At studs
studs
1. Still air above ceiling 0.12 0.044
2. Linoleum (R = 0.009 m2.°C/W) 0.009 0.14
3. Felt (R = 0.011 m2.°C/W) 0.011 0.23
4. Plywood, 13 mm 0.11
5. Wood subfloor (R = 0.166 m2.°C/W) 0.166
6a. Air space, 90 mm, nonreflective 0.16
6b. Wood stud, 38 mm by 90 mm 0.63
7. Gypsum wallboard, 13 mm 0.079 0.079
I 8. Still air below ceiling 0.12 0.12
Total unit thermal resistance of each section, R (in m2.°C/W) 0.775 1.243
The U-factor of each section, U = 1/R, in W/m%.°C 1.290 0.805
Area fraction of each section, faea 0.82 0.18
Overall U-factor, U = Xf,eqU; = 0.82x1.290+0.18x0.805 1.203 W/m?.°C
Overall unit thermal resistance, R = 1/U 0.831 m?.°C/W
1 1

(b) One-reflective surface, &, =0.05and ¢, =0.9 = Eatective = 0.05

1/ +1/6,-1 1/005+1/09-1

In this case we replace item 6a from 0.16 to 0.47 m*.°C/W. It gives R = 1.085 m*.°C/W and U = 0.922 W/
m?.°C for the air space. Then,

Overall U-factor, U = Efye,iUi = 0.82x1.085+0.18x0.805 1.035 W/m?.°C

Overall unit thermal resistance, R = 1/U 0.967 m%.°C/W

! = 1 =003
1/e+1/e,-1 1/005+1/005-1

In this case we replace item 6a from 0.16 to 0.49 m?.°C/W. It gives R = 1.105 m?.°C/W and U = 0.905 W/
m?.°C for the air space. Then,

(c) Two-reflective surface, ¢ =€, =005 —  Egfrective =

Overall U-factor, U = Xf,,iUi = 0.82x1.105+0.18x0.805 1.051 W/m?.°C

Overall unit thermal resistance, R = 1/U 0.951 m%.°C/W

3-143 The winter 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 3-6.

Analysis The schematic of the wall as well as the different elements used in its construction are shown
below. Heat transfer through the air space and through the studs will meet different resistances, and thus we
need to analyze the thermal resistance for each path separately. Once the unit thermal resistances and the
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U-factors for the air space and stud sections are available, the overall average thermal resistance for the
entire wall can be determined from
Roverall = 1/Uoverall where Uoverall = (Ufarea )airspace + (Ufarea )stud

and the value of the area fraction f,., is 0.84 for air space and 0.16 for the ferrings and similar structures.
Using the available R-values from Tables 3-6 and 3-9 and calculating others, the total R-values for each
section of the existing wall is determined in the table below.

R-value, m?.°C/W
Construction Between At
furring furring
1. Outside surface, 24 km/h 0.030 0.030
2. Face brick, 100 mm 0.12 0.12
3. Air space, 90-mm, nonreflective 0.16 0.16
4. Concrete block, lightweight, 100-mm 0.27 0.27
5a. Air space, 20 mm, nonreflective 0.17 -
5b. Vertical ferring, 20 mm thick 0.94
6. Gypsum wallboard, 13 0.079 0.079
7. Inside surface, still air 0.12 0.12
L2
Total unit thermal resistance of each section, R 0.949 1.719
The U-factor of each section, U = 1/R, in W/m?.°C 1.054 0.582
Area fraction of each section, faea 0.84 0.16
Overall U-factor, U = Xf,e.U; = 0.84x1.054+0.16x0.582 0.978 W/m2.°C
Overall unit thermal resistance, R = 1/U 1.02 m2.°C/W

Therefore, the overall unit thermal resistance of the wall is R = 1.02 m2.°C/W and the overall U-factor is U
=0.978 W/m?.°C. These values account for the effects of the vertical ferring.
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3-144 The winter R-value and the U-factor of a masonry cavity wall with a reflective surface 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 3-6. The R-values of air spaces are given
in Table 3-9.

Analysis The schematic of the wall as well as the different elements used in its construction are shown
below. Heat transfer through the air space and through the studs will meet 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 air space and stud sections are available, the overall average thermal resistance for the
entire wall can be determined from

Roverall = 1/U0verall where Uoverall = (Ufarea )airspace + (Ufarea )stud

and the value of the area fraction f.., is 0.84 for air space and 0.16 for the ferrings and similar structures.
For an air space with one-reflective surface, we have &, =0.05and &, =0.9, and thus
1 1
Eeffective = = =
1/&+1/e,-1 1/005+1/09-1

Using the available R-values from Tables 3-6 and 3-9 and calculating others, the total R-values for each
section of the existing wall is determined in the table below.

0.05

R-value, m?.°C/W

Construction Between At
furring furring
1. Outside surface, 24 km/h 0.030 0.030
2. Face brick, 100 mm 0.12 0.12
3. Air space, 90-mm, reflective with ¢ = 0.05 0.45 0.45
4. Concrete block, lightweight, 100-mm 0.27 0.27
5a. Air space, 20 mm, reflective with ¢ =0.05 0.49 -—-
\ 5b. Vertical ferring, 20 mm thick — 0.94
6 6. Gypsum wallboard, 13 0.079 0.079
N 5a 7. Inside surface, still air 0.12 0.12
3
Total unit thermab resistance of each section, R 1.559 2.009
The U-factor of each section, U = 1/R, in W/m2.°C 0.641 0.498
Area fraction of each section, fa.s 0.84 0.16
Overall U-factor, U = Xf, ., ;U; = 0.84x0.641+0.16x0.498 0.618 W/m?.°C
Overall unit thermal resistance, R = 1/U 1.62 m2.°C/W

Therefore, the overall unit thermal resistance of the wall is R = 1.62 m?.°C/W and the overall U-factor is U
=0.618 W/m?.°C. These values account for the effects of the vertical ferring.

Discussion The change in the U-value as a result of adding reflective surfaces is

AU —value _0978-0618

= =0.368
U — value, nonreflective 0.978

Change =

Therefore, the rate of heat transfer through the wall will decrease by 36.8% as a result of adding a reflective
surface.

3-145 The winter R-value and the U-factor of a masonry 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 3-6.

Analysis Using the available R-values from Tables 3-6, the total R-value of the wall is determined in the
table below.

Tl 1] | | R-value, |
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Construction m?.°C/W

1. Qutside surface, 24 km/h 0.030

2. Face brick, 100 mm 0.075

3. Common brick, 100 mm 0.12

4. Urethane foam insulation, 25-mm 0.98

5. Gypsum wallboard, 13 mm 0.079

6. Inside surface, still air 0.12
Total unit thermal resistance of each section, R 1.404 m?.°C/W
The U-factor of each section, U = 1/R 0.712 W/mZ2.°C

Therefore, the overall unit thermal resistance of the wall is R = 1.404 m?.°C/W and the overall U-factor is
U =0.712 W/m?.°C.

3-146 The U-value of a wall under winter design conditions is given. The U-value of the wall under
summer design conditions is 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 except the one at the outer
surface.

Properties The R-values at the outer surface of a wall for summer (12 km/h winds) and winter (24 km/h
winds) conditions are given in Table 3-6 to be Ry, sunmer = 0.044 m2.°C/W and Ry, winter = 0.030 m?.°C/W.

Analysis The R-value of the existing wall is

20 i
Ruinter =1/ U yinter =1/155=0645m*-°C/W Winter Ro, winter
Noting that the added and removed thermal resistances are in series,

the overall R-value of the wall under summer conditions becomes

Rsummer = Rwinter - Ro,winter + Ro,summer
=0.645-0.030+0.044
=0.659m? -°C/W
Then the summer U-value of the wall becomes
Summer R
Reummer =1/ U gymmer =1/0.659 = 1.52 m2.°C/W 0, summer
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3-147 The U-value of a wall is given. A layer of face brick is added to the outside of a wall, leaving a 20-
mm air space between the wall and the bricks. The new U-value of the wall and the rate of heat transfer
through the wall is 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 U-value of a wall is given to be U = 2.25 W/m2.°C. The R - values of 100-mm face brick
and a 20-mm air space between the wall and the bricks various layers are 0.075 and 0.170 m%°C/W,
respectively.

Analysis  The R-value of the existing wall for the winter conditions is

R 1/U 1/2.25= 0444 m?.°C/W

existing wall = existing wall =

Noting that the added thermal resistances are in series, the overall
R-value of the wall becomes

Rmodified wall = I:zexisting wall T I:Qbrick + Rairlayer

=0.44+0.075+0.170 = 0.689 m? -°C/W
Then the U-value of the wall after modification becomes

Rmodified wall = 1/U modified wall = 1/0.689 =145 mZ.o C/wW
The rate of heat transfer through the modified wall is Existing
. I
Quant = UA) o (T; ~T) = (LASWIm? -°C)(Bx T m?)[22 - (-5)°C] =822 W~ Face '

brick

3-148 The summer and winter R-values of a masonry 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. 4 The air cavity does not have
any reflecting surfaces.

Properties The R-values of different materials are given in Table 3-6.

Analysis Using the available R-values from Tables 3-6, the total R-value of the wall is determined in the
table below.

R-value, m?.°C/W
Construction Summer | Winter

la. Outside surface, 24 km/h  (winter) 0.030

1b. QOutside surface, 12 km/h (summer) 0.044

2. Face brick, 100 mm 0.075 0.075

3. Cement mortar, 13 mm 0.018 0.018

4. Concrete block, lightweight, 100 mm 0.27 0.27

\ 5. Air space, nonreflecting, 40-mm 0.16 0.16

6 ' | 5. Plaster board, 20 mm 0.122 0.122

5 6. Inside surface, still air 0.12 0.12

4
Total unitvtﬁelrﬁgl i@sistance of each section (the R-value) , m?.°C/W | 0809 | 0795 |

Therefore, the overall unit thermal resistance of the wall is R = 0.809 m?.°C/W in summer and R = 0.795
mZ2.°C/W in winter.

3-149E The U-value of a wall for 7.5 mph winds outside are given. The U-value of the wall for the case of
15 mph winds outside is 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 except the one at the outer
surface.

Properties The R-values at the outer surface of a wall for summer (7.5 mph winds)
and winter (15 mph winds) conditions are given in Table 3-6 to be

Outside
Ro,75 mph = Ro, summer = 0.25 h.ft?.°F/Btu Inside 7.5 mph
WALL '

3-109



Chapter 3 Steady Heat Conduction
and Ro,15mph = Ro, winer = 0.17 h.ft?.°F/Btu
Analysis The R-value of the wall at 7.5 mph winds (summer) is
Rwall, 75 mph = 1/Uwall, 75 mph = 1/ 009 = 1111 h.ftz'o F/ Btu

Noting that the added and removed thermal resistances are in series, the overall R-value of the wall at 15
mph (winter) conditions is obtained by replacing the summer value of outer convection resistance by the
winter value,

Rwall, 15 mph = Rwall, 75 mph - RO, 75 mph + RO, 15 mph = 1111—025+ 017 = 1103 h.ftz'o F/ Btu
Then the U-value of the wall at 15 mph winds becomes
Rual, 15 mph =1/ Uwat 15 mpn =1/1103=0.0907 h. ft?*-°F / Btu nside %ﬂr;';?ﬁ
Discussion Note that the effect of doubling the wind velocity on the WALL
U-value of the wall is less than 1 percent since

AU —value ~ 0.0907 -0.09
U-value 009

Change = =0.0078 (or 0.78%)
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3-150 Two homes are identical, except that their walls are constructed differently. The house that is more
energy efficient is to be determined.

Assumptions 1 The homes are identical, except that their walls are constructed differently. 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 3-6.

Analysis Using the available R-values from Tables 3-6, the total R-value of the masonry wall is determined
in the table below.

b R-value,
| Construction m?.°C/W
\ 1. Outside surface, 24 km/h (winter) 0.030
\ 2. Concrete block, light weight, 200 mm 2x0.27=0.54
\ 3. Air space, nonreflecting, 20 mm 0.17
\ 5. Plasterboard, 20 mm 0.12
Y t | 6. Inside surface, still air 012
1 2 3 4 5 6
| Total unit thermal resistance (the R-value) | o098m’eciw |

which is less than 2.4 m?.°C/W. Therefore, the standard R-2.4 m?.°C/W wall is better insulated and thus it
is more energy efficient.

3-151 A ceiling consists of a layer of reflective acoustical tiles. The R-value of the ceiling is to be
determined for winter conditions.

Assumptions 1 Heat transfer through the ceiling is one-dimensional. 3 Thermal properties of the ceiling
and the heat transfer coefficients are constant.

Properties The R-values of different materials are given in Tables 3-6 and 3-7.
Analysis Using the available R-values, the total R-value of the ceiling is determined in the table below.

Highly
Reflective R-value,
foil Construction m?.°C/W
1. Still air, reflective horizontal R=1/h=1/4.32
surface facing up =0.23
2. Acoustic tile, 19 mm 0.32
3. Still air, horizontal surface, R=1/h=1/9.26
19 mm facing down =0.11
Acoustical
| Total unit thermal resistance (thgRgvalue) | o066miec/w |

Therefore, the R-value of the hanging ceiling is 0.66 m*.°C/W.
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Review Problems

3-152E Steam is produced in copper tubes by heat transferred from another fluid condensing outside the
tubes at a high temperature. The rate of heat transfer per foot length of the tube when a 0.01 in thick layer
of limestone is formed on the inner surface of the tube is 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 Thermal properties are constant. 4 Heat transfer coefficients are constant and uniform over the
surfaces.

Properties The thermal conductivities are given to be k = 223 Btu/h-ft-°F for copper tubes and k = 1.7
Btu/h-ft-°F for limestone.

Analysis The total thermal resistance of the new heat exchanger is Riotal. new HX

Tt
. T T, _(30-250 AN
Qnew = L=z, Rtotal,new =l =2 o (350-250)°F =0.005h.°F/Btu T

Rtotal,new Qnew - 2x 104 Btu/h

After 0.01 in thick layer of limestone forms, the new value of thermal
resistance and heat transfer rate are determined to be R
total. new HX Rlimestone

d T,
Riimestone,i = In(r /1) = In(05/049) =0.00189 h°F/ Btu 1 _/WVV\/V\/_/VVV\/— T
: 27KL 27(17 Btu/ h.ft.°F)(1 ft)
Riotat,witime = Riotal.new + Riimestonei = 0.005+0.00189 = 0.00689 h°F/ Btu

T.i-T. _ (350—250)°F

" 0.00689 h°F/Btu

ool

=1.45 x10“ Btu/h  (a decline of 27%)

Qw/lime =

Rtotal,w/lime

Discussion Note that the limestone layer will change the inner surface area of

the pipe and thus the internal convection resistance slightly, but this effect
should be negligible.
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3-153E Steam is produced in copper tubes by heat transferred from another fluid condensing outside the
tubes at a high temperature. The rate of heat transfer per foot length of the tube when a 0.01 in thick layer
of limestone is formed on the inner and outer surfaces of the tube is 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 Thermal properties are constant. 4 Heat transfer coefficients are constant and uniform over the
surfaces.

Properties The thermal conductivities are given to be k = 223 Btu/h-ft-°F for copper tubes and k = 1.7
Btu/h-ft-°F for limestone.

Analysis The total thermal resistance of the new heat exchanger is R
T total. new HX
: T,a-T T,-T - ° o
Qnew ==z, Rtotal,new =2 (350 4250) F =0.005h.°F/Btu —/WVV\/V\/_ Too
Riotal,new Quew  2x10% Btu/h

After 0.01 in thick layer of limestone forms, the new value of thermal resistance and heat transfer rate are
determined to be

Rlimestone. i Rtotal. new HX Rlimestone. )
T AW~ T
R. o In(r, /r;) _ In(05/0.49) ~ 000189 h.°F/ Btu
fimestoned = 22kl 27(L7 Btu/h.ft.o F)(1 ft)

R. o In(r, /1) _ In(0.66/0.65) — 000143 h.°F/Btu
fimestone.d =22kl 27(L17 Btu/h.ft.oF)(Lft) '
Rtotal,w/lime = Rtotal,new + Rlimestone,i + Rlimestone,o = 0005+000189 + 000143 = 000832 h.O F/ Btu
To1—Te2  (350-250)°F
Riotalwiime ~ 0-00832 h°F/Btu

=1.20x10* Btu/h (a decline of 40%)

Quwitime =

Discussion Note that the limestone layer will change the inner surface area of the pipe
and thus the internal convection resistance slightly, but this effect should be negligible.
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3-154 A cylindrical tank filled with liquid propane at 1 atm is exposed to convection and radiation. The
time it will take for the propane to evaporate completely as a result of the heat gain from the surroundings
for the cases of no insulation and 7.5-cm thick glass wool insulation are to be determined.

Assumptions 1 Heat transfer is steady. 2 Heat transfer is one-dimensional. 3 The combined heat transfer
coefficient is constant and uniform over the entire surface. 4 The temperature of the thin-shelled spherical
tank is said to be nearly equal to the temperature of the propane inside, and thus thermal resistance of the
tank and the internal convection resistance are negligible.

Properties The heat of vaporization and density of liquid propane at 1 atm are given to be 425 kJ/kg and
581 kg/m®, respectively. The thermal conductivity of glass wool insulation is given to be k = 0.038
W/m-°C.

Analysis (a) If the tank is not insulated, the heat transfer rate is determined to be
Ao = DL +27(AaD%/4) = 7(12 m)(6 m) + 27(1.2 m)2 / 4 = 24.88 m?
Q=hA (T;—T.,)=(25W/m?2.°C)(24.88 m?)[30 — (—42)]°C = 44,787 W

The volume of the tank and the mass of the propane are Propane

V = ar?L = (0.6 m)?(6 m) = 6.786 m* tank, -42°C
m = pV = (581kg/m?>)(6.786 m®) = 3942.6 kg
The rate of vaporization of propane is

Q 44787k R e
Q=tihy —m=—=22505 01054 kgis Reonv.o
hy  425kIkg T, T
Then the time period for the propane tank to empty becomes
m_ 39426K0 _ 7 4135 -10.4hours Reins. sices

“m 0.1054kgls
(b) We now repeat calculations for the case of insulated tank with 7.5-cm thick insulation.
A, = DL+ 27(2D?% | 4) = £(1.35m)(6 m) + 277(1.35m)? / 4 = 28.31m?

R - — ~0.001413°C/W
° T hyA, (25W/m?.°C)(28.31m?)
R In(r, /1r;) _ In(67.5/60) _ 0.08222°C/\W
nsulationsside =0 kL 27(0.038W/m.eC)(6m)
R _o L 2x0.075m —~3.0917°C/W

insulation,ends

KAne  (0.038W/m.°C)[x(L.275m)2 / 4]

Noting that the insulation on the side surface and the end surfaces are in parallel, the equivalent resistance
for the insulation is determined to be

-1 _1
Rinsulation = L + 1 = ( ! S + 10 j =0.08009°C/W
Rinsulation,side Rinsulation,ends 0.08222°C/W  3.0917 °C/W

Then the total thermal resistance and the heat transfer rate become
Riotat = Reonv.o + Rinsulation = 0-001413 +0.08009 = 0.081503 °C/W
: T, —Tg  [30-(-42)]°C
Q= Rew  0.081503°C/W
Then the time period for the propane tank to empty becomes
Q  0.8834 ks

=883.4W

Y=rthh,, >m=—=—"""""""_0,002079 kg/s
Q fo hy  425kikg J
at=T__39426K9 __, 596 7675 - 526.9 hours - 21.95 days
m  0.002079 kg/s
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3-155 Hot water is flowing through a 3-m section of a cast iron pipe. The pipe is exposed to cold air and
surfaces in the basement, and it experiences a 3°C-temperature drop. The combined convection and
radiation heat transfer coefficient at the outer surface of the pipe is to be determined.

Assumptions 1 Heat transfer is steady since there is no indication of any significant change with time. 2
Heat transfer is one-dimensional since there is thermal symmetry about the centerline and no significant
variation in the axial direction. 3 Thermal properties are constant.

Properties The thermal conductivity of cast iron is given to be k = 52 W/m-°C.

Analysis Using water properties at room temperature, the mass flow rate of
water and rate of heat transfer from the water are determined to be

M= pV, = pVA, = (1000 kg/ m3)(1.5 m/s)[7(0.03)? / 4]m? =106 kg /s
Q= MC,AT = (106 kg /s)(4180 J / kg.°C)(70-67)°C = 13,296 W
The thermal resistances for convection in the pipe and Reony i Roipe  Roombined o

epipetsel o e AN AR T--

e = In(r, /1)) _ In(175/15) 0000031 °C /W
27KL 27(52 W/ m.°C)(15 m)
1 1

Reonvi = 7= > >~ =0001768 °C/W
" WA (400 W/ m?.°C)[x(0.03)(15)]m

Using arithmetic mean temperature (70+67)/2 = 68.5°C for water, the heat transfer can be expressed as

Q _ Too,l,ave —Tooz _ Too,l,ave B Toc2 _ Too,l,ave B Toc2
Rtotal Rconv,i + Rpipe + Rcombined,o R S+ R +¥
conv,i pipe h ] Ao
combined
Substituting, 13,296 W = (685-19)°C 1

(0.000031 °C/W) +(0.001768 °C/W) + 5
hcombined [7(0.035)(15)]m

Solving for the combined heat transfer coefficient gives
heompined = 272.5 W/m? .°C
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3-156 An 10-m long section of a steam pipe exposed to the ambient is to be insulated to reduce the heat
loss through that section of the pipe by 90 percent. The amount of heat loss from the steam in 10 h and the
amount of saved per year by insulating the steam pipe.

Assumptions 1 Heat transfer through the pipe is steady and one-dimensional. 2 Thermal conductivities are
constant. 3 The furnace operates continuously. 4 The given heat transfer coefficients accounts for the
radiation effects. 5 The temperatures of the pipe surface and the surroundings are representative of annual
average during operating hours. 6 The plant operates 110 days a year.

Analysis The rate of heat transfer for the uninsulated case is
A, =D, L = 2(0.12 m)10 m) = 3.77 m? Tair =8°C
Q=hA, (T, -T,,) = (25W/m?.°C)(3.77 m?)(82—8)°C = 6974 W

The amount of heat loss during a 10-hour period is
Q = QAt = (6.974 kJ/s)(10x 3600s) = 2.511x10° kJ (per day)

The steam generator has an efficiency of 80%, and steam heating is used for 110 days a year.
amount of natural gas consumed per year and its cost are

2.511x10° kJ( 1therm

Fuel used =
0.80 105,500 kJ
Cost of fuel = (Amount of fuel)(Unit cost of fuel)

= (327.2 therms/yr)($0.60/therm) = $196.3/yr

Then the money saved by reducing the heat loss by 90% by insulation becomes
Money saved = 0.9 x (Cost of fuel) = 0.9x$196.3/yr = $177

Steam pipe

j(llO days/yr) = 327.2 therms/yr
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3-157 A multilayer circuit board dissipating 27 W of heat consists of 4 layers of copper and 3 layers of
epoxy glass sandwiched together. The circuit board is attached to a heat sink from both ends maintained at
35°C. The magnitude and location of the maximum temperature that occurs in the board is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer can be approximated as being one-
dimensional. 3 Thermal conductivities are constant. 4 Heat is generated uniformly in the epoxy layers of
the board. 5 Heat transfer from the top and bottom surfaces of the board is negligible. 6 The thermal contact
resistances at the copper-epoxy interfaces are negligible.

Properties The thermal conductivities are given to be k = 386 W/m-°C for copper layers and k = 0.26
W/m-°C for epoxy glass boards.

Analysis The effective conductivity of the multilayer circuit board is first determined to be
(Kt) copper = 4[(386 W/ m.°C)(0.0002 m)] = 0.3088 W/°C

Copper
(Kt) epoxy = 3[(0.26 W/ m.®C)(0.0015 m)] = 0.00117 W/°C
= (Kt) copper *+ (Kt) epoxy _ (03088+0.00117)W/°C _ 5848 W/ m.oC
teopper + Lepoxy [4(0.0002) + 3(0.0015)m
The maximum temperature will occur at the midplane of the board that is the
farthest to the heat sink. Its value is
A = 018[4(0.0002) + 3(0.0015)] = 0.000954 m?
. kg A
Q= ef[ (T1 _Tz)
T o =T, =T+ gy (2712 W)(018/2 m) __-56.8°C Epoxy
Kegr A (5848 W/ m.°C)(0.000954 m?)
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3-158 The plumbing system of a house involves some section of a plastic pipe exposed to the ambient air.
The pipe is initially filled with stationary water at 0°C. It is to be determined if the water in the pipe will
completely freeze during a cold night.

Assumptions 1 Heat transfer is transient, but can be treated as steady since the water temperature remains
constant during freezing. 2 Heat transfer is one-dimensional since there is thermal symmetry about the
centerline and no variation in the axial direction. 3 Thermal properties of water are constant. 4 The water in
the pipe is stationary, and its initial temperature is 0°C. 5 The convection resistance inside the pipe is
negligible so that the inner surface temperature of the pipe is 0°C.

Properties The thermal conductivity of the pipe is given to be k = 0.16 W/m-°C. The density and latent heat
of fusion of water at 0°C are p = 1000 kg/m?® and hj; = 333.7 kJ/kg (Table A-9).

Analysis We assume the inner surface of the pipe to be at 0°C at all times. The thermal resistances involved
and the rate of heat transfer are

o In(r, /1) _ In(12/1) 03627 °C/W
PRE 24kl 272(016 W/m.°C)(05m)
T =-5°C
Reonv,o = L = > ! =06631°C/W
' h,A (40 W/ m*.°C)[~(0.024 m)(05 m)]
Riotal = Rpipe + Reonv,o = 03627 +0.6631=10258 °C/W Water pipe
Q — TDOl _TOOZ — [O_ (_5)]OC =487 W
Riotal 1.0258 °C/W

The total amount of heat lost by the water during a 14-h period that night is Soil
Q= Quat = (487 J/s)(14 x 3600 s) = 245.65 kJ

The amount of heat required to freeze the water in the pipe completely is
m= pV = par?L = (1000 kg/ m*)z(0.01 m)? (05 m) = 0157 kg
Q = mh¢, = (0157 kg)(333.7 ki / kg) =52.4 kJ

The water in the pipe will freeze completely that night since the amount heat loss is greater than the
amount it takes to freeze the water completely (245.65 > 52.4) .
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3-159 The plumbing system of a house involves some section of a plastic pipe exposed to the ambient air.
The pipe is initially filled with stationary water at 0°C. It is to be determined if the water in the pipe will
completely freeze during a cold night.

Assumptions 1 Heat transfer is transient, but can be treated as steady since the water temperature remains
constant during freezing. 2 Heat transfer is one-dimensional since there is thermal symmetry about the
centerline and no variation in the axial direction. 3 Thermal properties of water are constant. 4 The water in
the pipe is stationary, and its initial temperature is 0°C. 5 The convection resistance inside the pipe is
negligible so that the inner surface temperature of the pipe is 0°C.

Properties The thermal conductivity of the pipe is given to be k = 0.16 W/m-°C. The density and latent heat
of fusion of water at 0°C are p = 1000 kg/m?® and hj; = 333.7 kJ/kg (Table A-9).

Analysis We assume the inner surface of the pipe to be at 0°C at all times. The thermal resistances involved
and the rate of heat transfer are

o In(r, /1) _ In(12/1) 03627 °C/W
PIPE 27kL 27(016 W/ m.°C)(05 m?)
Roonv,o = - - > L =26526 °C/W
©® hyA (10 W/m?.°C)[#(0.024 m)(05 m)] T, = -5°C
Riotal = Roipe + Reonv,o = 03627 +2.6526 = 30153 °C/ W

Water pipe

o Ta=T _ [0-(HIC

- — 1658 W
Rom  3.0153°C/W

Q = QAt = (1.658 J / 5)(14 x 3600 s) = 8357 kJ
The amount of heat required to freeze the water in the pipe completely is Soil

m=pV = par?L = (1000 kg/ m*)(0.01 m)? (05 m) = 0157 kg

Q = mhy, = (0157 kg)(3337 kI / kg) =524 kJ

The water in the pipe will freeze completely that night since the amount heat loss is greater than the
amount it takes to freeze the water completely (8357 >52.4).
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3-160E The surface temperature of a baked potato drops from 300°F to 200°F in 5 minutes in an
environment at 70°F. The average heat transfer coefficient and the cooling time of the potato if it is
wrapped completely in a towel are to be determined.

Assumptions 1Thermal properties of potato are constant, and can be taken to be the properties of water. 2
The thermal contact resistance at the interface is negligible. 3 The heat transfer coefficients for wrapped
and unwrapped potatoes are the same.

Properties The thermal conductivity of a thick towel is given to be k = 0.035 Btu/h-ft-°F. We take the
properties of potato to be those of water at room temperature, p = 62.2 Ibm/ft* and C, = 0.998 Btu/lbm-°F.

Analysis This is a transient heat conduction problem, and the rate of heat transfer will decrease as the
potato cools down and the temperature difference between the potato and the surroundings decreases.
However, we can solve this problem approximately by assuming a constant average temperature of
(300+200)/2 = 250°F for the potato during the process. The mass of the potato is

4 3
m=pV = ,05711’ Ts Riowel Reonv

AWM~ T
=(62.2 Ibm/ft3)%7r(1.5/12ft)3 =0.5089 Ibm

The amount of heat lost as the potato is cooled from 300 to 200°F is
Q =mC,AT = (05089 Ibm)(0.998 Btu/Ibm.°F)(300-200)°F =508 Btu
The rate of heat transfer and the average heat transfer coefficient between the
potato and its surroundings are
Q 508 Btu

0=—=2C"""_6094 Btu/h
At (5/60h)

. Q 609.4 Btu/h

T AT -T,)  z(3/12ft)2(250 - 70)°F
When the potato is wrapped in a towel, the thermal resistance and heat transfer rate are determined to be
rn-—r [(15+012) /12]ft — (L5/12)ft

Q=hA,(T,-T,) —17.2 Btu/h.ft2.°F

Riowel = = =13473 h°F/Btu
47krr,  47(0.035 Btu/ h.ft.° F)[(1L5+012) / 12]ft(15/12) ft
cony L . L ——=02539 h.°F/Btu
hA (172 Btu/h.ft2.°F)7(3.24/12)? ft
Rioml = Riowel + Roony = 13473+ 02539 = 16012 h°F/ Btu
. T.-T —70)° . .
Gots e o (S0=TOFF _11) 4 g at=Q 2 S08BW o= 27.1min

Ryw 16012 h°F/Btu " Q 1124Btuh

This result is conservative since the heat transfer coefficient will be lower in this case because of the
smaller exposed surface temperature.
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3-161E The surface temperature of a baked potato drops from 300°F to 200°F in 5 minutes in an
environment at 70°F. The average heat transfer coefficient and the cooling time of the potato if it is loosely
wrapped completely in a towel are to be determined.

Assumptions 1Thermal properties of potato are constant, and can be taken to be the properties of water. 2
The heat transfer coefficients for wrapped and unwrapped potatoes are the same.

Properties The thermal conductivity of a thick towel is given to be k = 0.035 Btu/h-ft-°F. The thermal
conductivity of air is given to be k = 0.015 Btu/h-ft-°F. We take the properties of potato to be those of water
at room temperature, p = 62.2 lom/ft* and C, = 0.998 Btu/lom-°F.

Analysis This is a transient heat conduction problem, and the rate of heat transfer will decrease as the
potato cools down and the temperature difference between the potato and the surroundings decreases.
However, we can solve this problem approximately by assuming a constant average temperature of
(300+200)/2 = 250°F for the potato during the process. The mass of the potato is

M=oV = p2ar®
=pVvV =p 3 Ts I:Qair Rtowel Rconv

AWM AT
=(62.2 Ibm/ft3)%7r(1.5/12ft)3 =0.5089 Ibm

The amount of heat lost as the potato is cooled from 300 to 200°F is
Q=mC,4T = (05089 1bm)(0.998 Btu/ Ibm. F)(300-200)° F = 508 Btu
The rate of heat transfer and the average heat transfer
coefficient between the potato and its surroundings are
Q 508 Btu

O=—- 2% _g494Btush
At (5/60h)

~ Q B 609.4 Btu/h
A (T -T,)  x(3/12 ft)?(250—70)°F
When the potato is wrapped in a towel, the thermal resistance and heat transfer rate are determined to be

Q=hA(T,-T,) —17.2 Btu/h.ft2.°F

Ro_f-h _ [(1.50+0.02) /12]ft — (1.50/12)ft _ 0.5584 h°F/BtL
" 4zkrr,  47(0.015Btu/h.ft.°F)[(1.50 +0.02) / 12]ft(1.50 / 12)ft
R _fh [(1.52+0.12) /12]ft — (1.52/12)ft 13134 hE/BL
oWl gakr,r,  47(0.035 Btu/h.ft.oF)[(1.52+0.12) / 12]ft(1.52/ 12)ft
1 1

=0.2477h.°F/Btu

conv —

hA ~ (17.2 Btuh ft2.°F)7(3.28/12) ft?
Riout = Rair + Rigel + Regny = 0.5584 +1.3134 1 0.2477 = 2.1195 h°F/Btu

o T,-T, (250-70)°F
Rom  2.1195h.°F/Btu

Q_ 508BW _ 001 - 359min

"9 849Bwh

This result is conservative since the heat transfer coefficient will be lower because of the smaller exposed
surface temperature.

=84.9Btu/h
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3-162 An ice chest made of 3-cm thick styrofoam is initially filled with 45 kg of ice at 0°C. The length of
time it will take for the ice in the chest to melt completely is 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. 3 Thermal conductivity is constant. 4 The inner
surface temperature of the ice chest can be taken to be 0°C at all times. 5 Heat transfer from the base of the
ice chest is negligible.

Properties The thermal conductivity of styrofoam is given to be k = 0.033 W/m-°C. The heat of fusion of
water at 1 atm is h; =333.7 ki /Kkg.

Analysis Disregarding any heat loss through the bottom of the ice chest, the total thermal resistance and the
heat transfer rate are determined to be

A, = 2(0.3-0.03)(0.4 —0.06) + 2(0.3—0.03)(0.5—0.06) + (0.4 — 0.06)(0.5— 0.06) = 0.5708 m>
A, = 2(0.3)(0.4) +2(0.3)(0.5) + (0.4)(0.5) = 0.74 m?

L 0.03m
R L _ ~1.5027 °CIW
kA, (0.033W/m.°C)(05708 m?) To Reet  Rany
-1 ! - 0.07508 °C/W

conv

hA, (18 W/mZ2.°C)(0.74 m?2)
Riotal = Rehest + Reony =1.5927 +0.07508 =1.6678 °C/W

9= T, -T, _ (30-0)°C
R 1.6678°C/W
The total amount of heat necessary to melt the ice completely is
Q =mh; = (45Kkg)(333.7 ki / kg) =15,0165 kJ

=20.99W

Then the time period to transfer this much heat to the cooler to melt the ice completely becomes
At = Q _15,016,500J

- =——"——=7155495=198.8h =8.28 days
Q  20.99kJ/s
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3-163 A wall is constructed of two large steel plates separated by 1-cm thick steel bars placed 99 cm apart.
The remaining space between the steel plates is filled with fiberglass insulation. The rate of heat transfer
through the wall is to be determined, and it is to be assessed if the steel bars between the plates can be
ignored in heat transfer analysis since they occupy only 1 percent of the heat transfer surface area.

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2 Heat transfer
through the wall can be approximated to be one-dimensional. 3 Thermal conductivities are constant. 4 The
surfaces of the wall are maintained at constant temperatures.

Properties The thermal conductivities are given to be k = 15 W/m-°C for steel plates and k = 0.035 W/m-°C
for fiberglass insulation.

Analysis We consider 1 m high and 1 m wide portion of the wall which is representative
of entire wall. Thermal resistance network and individual resistances are

R, R, R,
T AN T
R, =R, = Rypy = = 0:02m = 0.00133°C/W
kA (15W/m.°C)(1m?) 2cm. 20em  2cm
Ry = Rgteel = L = 02m > =1.333°C/W
KA (15 W/m.°C)(0.01m*?) kfim T
L 0.2m LA
R = R i =—= = 5772 OC/W e wi Y ||"I_ ﬁl;?;::--: Fie i
3 imslaton T (0,035 W/m.°C)(0.99 m?) Elsvvoaaniy
B A T
t 1,1 Req =1.083°C/W 6 w2222
Rqw Ro Ry 1333 5772 AR e [ovem
Riotar = Ry + Regy + Ry =0.00133+1.083+0.00133 = 1.0856 °C/W ;"-';fw;:'{-;f
The rate of heat transfer per m? surface area of the wall is _I'-_"lj-.i‘ : _I'-_*'EJ
. AT 22°C e vvvit b
0= - =20.26 W e o
Rew  1.0857°C/W LSS e

The total rate of heat transfer through the entire wall is then determined to be

Quotal = (4%6)Q = 24(20.26 W) = 486.3 W
If the steel bars were ignored since they constitute only 1% of the wall section, the Requiv Would simply be
equal to the thermal resistance of the insulation, and the heat transfer rate in this case would be

Q= AT AT _ 22°C
Rt Ri + Rinsutation + Ra (0.00133+5.772+0.00133)°C/W
which is mush less than 20.26 W obtained earlier. Therefore, (20.26-3.81)/20.26 = 81.2% of the heat

transfer occurs through the steel bars across the wall despite the negligible space that they occupy, and
obviously their effect cannot be neglected. The connecting bars are serving as “thermal bridges.”

=3.81W
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3-164 A circuit board houses electronic components on one side, dissipating a total of 15 W through the
backside of the board to the surrounding medium. The temperatures on the two sides of the circuit board
are to be determined for the cases of no fins and 20 aluminum fins of rectangular profile on the backside.
Assumptions 1 Steady operating conditions exist. 2 The temperature in the board and along the fins varies
in one direction only (normal to the board). 3 All the heat generated in the chips is conducted across the
circuit board, and is dissipated from the backside of the board. 4 Heat transfer from the fin tips is
negligible. 5 The heat transfer coefficient is constant and uniform over the entire fin surface. 6 The thermal
properties of the fins are constant. 7 The heat transfer coefficient accounts for the effect of radiation from
the fins.

Properties The thermal conductivities are given to be k = 12 W/m-°C for the circuit board, k = 237 W/m-°C
for the aluminum plate and fins, and k = 1.8 W/m-°C for the epoxy adhesive.

Analysis (a) The thermal resistance of the board and the
convection resistance on the backside of the board are
Rb d RCOI‘]V
Roors = o = 0002 m ~0011°C/W TL M T
KA~ (12 W/m.eC)(01 m)(015 m) —’V\NWV\/;’VW\/\N\F .
2
Rconv:i: : =1481°C/W
hA (45 W/m.°C)(01 m)(0.15 m)
Riotat = Rboard + Reony = 0.011+1481=1492 °C/W

Then surface temperatures on the two sides of the circuit board becomes

Q= TE_ T — T, =T, + QR = 37°C+ (15 W)(1.492 °C/ W) =59.4°C
total
. T _Oi . — 2Ccm
Q= é 2 T, =T, - QRyurq =59.4°C— (15 W)(0.011 °C/W) =59.2°C I
board
(b) Noting that the cross-sectional areas of the fins are constant, the (EL E—
efficiency of these rectangular fins is determined to be
Ao o [h2w) _ /z_h_ 2(45W/m? .°C) _1378m (EL I
kA, | k(tw) kt (237 W/m.°C)(0.002 m) ' I
tanhal  tanh(13.78 m™ x 0.02 m) T
MNtin = = 1 =0975
aL 1378 m™ x0.02 m I
The finned and unfinned surface areas are a—
Afinned = (20)2w{L +%) = (20)2(0.15)(0.02 + O'OOZJ =0.126 m?
Aunfinned = (0.1)(0.15) — 20(0.002)(0.15) = 0.0090 m?
Then’ Raluminum Reuoxv Rboard

Qeinned = 7finQfin max = 71inMAsin (Thase — T.o) T A=A AT
Qunfinned = hAunfinned (Tbase - Too)
Qtotal = Qunfinned + innned = h(Tbase _Too)(ﬂfin Afin + Aunfinned)
Substituting, the base temperature of the finned surfaces is determined to be

+ Qtotal
h(nfin Afin + Aunfinned )

=37°C+

Thase =T,

o0

15W _
(45 W/m? °C)[(0.975)(0.126 m?) + (0.0090 m?)]

Then the temperatures on both sides of the board are determined using the thermal resistance network to be

39.5°C
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L 0001 m —0.00028 °C/W
kA (237 W/m.°C)(01 m)(0.15 m)
Repoxy = L = 000015 m =0.00555°C/W
kA (18 W/m.°C)(01m)(015 m)
Q' — Tl _Tbase — (Tl B 39-5)00
Ratuminum + Repoxy + Rooara ~ (0.00028+0.00555 +0.011) °C/W
——T, =39.5°C + (15 W)(0.0168 °C/W) = 39.8°C
. T.-T .
Q="2—2— 5T, =T, ~QRpoar = 39.8°C — (15 W)(0.011°C/W) = 39.6°C

board

3-165 A circuit board houses electronic components on one side, dissipating a total of 15 W through the
backside of the board to the surrounding medium. The temperatures on the two sides of the circuit board
are to be determined for the cases of no fins and 20 copper fins of rectangular profile on the backside.

Assumptions 1 Steady operating conditions exist. 2 The temperature in the board and along the fins varies
in one direction only (normal to the board). 3 All the heat generated in the chips is conducted across the
circuit board, and is dissipated from the backside of the board. 4 Heat transfer from the fin tips is
negligible. 5 The heat transfer coefficient is constant and uniform over the entire fin surface. 6 The thermal
properties of the fins are constant. 7 The heat transfer coefficient accounts for the effect of radiation from
the fins.

Properties The thermal conductivities are given to be k = 12 W/m-°C for the circuit board, k = 386 W/m-°C
for the copper plate and fins, and k = 1.8 W/m-°C for the epoxy adhesive.

Analysis (a) The thermal resistance of the board and the
convection resistance on the backside of the board are Rboard Reonv

TAVWWWAMAWA- T
Rboard = L = 0002 m =0011°C/W T,
kA (12 W/m.°C)(01 m)(0.15 m)
Rconv:i: : =1481°C/W
hA (45 W/m.°C)(01 m)(015 m)

Riotal = Rboard + Reony = 0.011+1481=1492 °C/W

Then surface temperatures on the two sides of the circuit board becomes
Q= TlR_ T — T, =T, + QR = 37°C+ (15 W)(1.492 °C/W) =59.4°C
total

Q= ﬂ—nz =T, — QRyparg = 594°C — (15 W)(0.011 °C/W) =59.2°C

board

3-125



Chapter 3 Steady Heat Conduction

(b) Noting that the cross-sectional areas of the fins are constant, — 2cm
the efficiency of these rectangular fins is determined to be ]
a:\/h_T;\/@:\/z_T:J 245WM2.°C) oo (EL —
KA, k(tw) kt (386 W/m.°C)(0.002 m) I
. tanhal _ tanh(1080 m™ x 0.02 m) _ 0985 (EL ]
aL 1080 m™ x0.02 m I
The finned and unfinned surface areas are (EL |
Afinned = (20)2\A{L +%) = (20)2(0.15)[0.02 + 0.00ZJ =0.126 m? T
Aunfinned = (0.1)(0.15) — 20(0.002)(0.15) = 0.0090 m? (EE:I
Then, I
Qfinned = 7finQfinmax = TrinMin (Thase = Too)
Qunfinned = hAunfinned (Tbase - Too)
Quotal = Quitinned + Qtinned = N(Toase = Too) (7sin Atin + Aunfinned)
Substituting, the base temperature of the finned surfaces
determine to be
— Ot ; Reooner  Renoxv Ruoard .
P2 M@ A+ Aunfinned ) LAWWANWAANAMAA- T
—37°C+ oW 39.5°C

(45 W/m? .°C)[(0.985)(0.126 m?) + (0.0090 m?)] B

Then the temperatures on both sides of the board are determined using the thermal resistance network to be

Rcopper = L = 0001 m =0.00017 °C/W
kA (386 W/m.°C)(01m)(0.15 m)

Repory = — = 0.00015 m = 0.00555 °C /W
kA (18 W/m.°C)(01 m)(015 m)

Q' — Tl _Tbase — (rl _39-5)0C

Reopper + Repoxy *+ Rpoarg ~ (0.00017 +0.00555 +0.011) °C/W
——T, =39.5°C + (15 W)(0.0167 °C/W) = 39.8°C
. T.-T .
Q="2—2— 5T, =T, ~QRpoa = 39.8°C — (15 W)(0.011°C/W) = 39.6°C

board
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3-166 Steam passes through a row of 10 parallel pipes placed horizontally in a concrete floor exposed to
room air at 25°C with a heat transfer coefficient of 12 W/m?.°C. If the surface temperature of the concrete
floor is not to exceed 40°C, the minimum burial depth of the steam pipes below the floor surface 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-°C.
Analysis In steady operation, the rate of heat loss from the steam through the concrete floor by conduction
must be equal to the rate of heat transfer from the concrete floor to the room by combined convection and
radiation, which is determined to be
Q=hA, (T, -T,) = 12W/m?.°C)[(10 m)(5 m)](40 — 25)°C = 9000 W

Then the depth the steam pipes should be buried can be determined with the aid of shape factor for this
configuration from Table 3-5 to be
S Q 9000 W

nk(T,—-T,) 10(0.75W/m.°C)(150—-40)°C

Q=nSk(T,-T,) =1091m (per pipe)

W= a_ 10m =1m (center - to - center distance of pipes)
10 Room
_ o 10m 25°C
2w . 27z < >
In| —sinh——
D w f— 40°C
10.91m = 2z(5m) 2=0.205m =20.5cm
| 2am) . 2m 0]010]0)01010]1010)0)
7(0.06 m) @m)
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3-167 Two persons are wearing different clothes made of different materials with different surface areas.
The fractions of heat lost from each person’s body by respiration are to be determined.

Assumptions 1 Heat transfer is steady. 2 Heat transfer is one-dimensional. 3 Thermal conductivities are
constant. 4 Heat transfer by radiation is accounted for in the heat transfer coefficient. 5 The human body is
assumed to be cylindrical in shape for heat transfer purposes.

Properties The thermal conductivities of the leather and synthetic fabric are given to be k = 0.159 W/m-°C
and k = 0.13 W/m-°C, respectively.

Analysis The surface area of each body is first determined from
A, = DL/ 2 = 1(0.25m)(1.7 m)/2 = 0.6675 m?
A, =2A, =2x0.6675=1.335m?

The sensible heat lost from the first person’s body is

leather — L = 0.001m =0.00942 °C/W Rieather Reonv
kA (0.159 W/m.°C)(0.6675m?) T, AN~ T.o
- L =0.09988 °C/W

conv T

hA  (15W/mZ.°C)(0.6675m?)
Riotal = Rieather + Reony = 0.00942 +0.09988 = 0.10930 °C/W

The total sensible heat transfer is the sum of heat transferred through the clothes and the skin

T,-T,, (32-30)°C
Rem  0.10930°C/W

T,-Te,  (32-30)°C
Ren  0.09988°C/W

Qsensible = Qelothes + Qskin =18.3+20=38.3W

Then the fraction of heat lost by respiration becomes

f Qrespiration _ Qtotal _Qsensible _ 60-38.3

=18.3W

chothes =

=20.0W

stin =

- - =0.362
Qtotal Qtotal 60

Repeating similar calculations for the second person’s body

synthetic — L = 0.001m N 0.00576 °C/W
kA (0.13W/m.°C)(1.335m*)

1 1 T Rsynthetic Rconv
cony == . — =0.04994°C/W L AMAANA- T

hA  (15W/m?.°C)(1.335m?)

Rital = Rieather + Roony = 0.00576+0.04994 = 0.05570 °C/W

T-Tp _ (32-30°C 0oy
Rgw  0.05570°C/W

Qsensible =

f Qrespiration _ Qtotal _Qsensible _ 60-35.9

- - =0.402
Qtotal Qtotal 60
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3-168 A wall constructed of three layers is considered. The rate of hat transfer through the wall and
temperature drops across the plaster, brick, covering, and surface-ambient air are to be determined.

Assumptions 1 Heat transfer is steady. 2 Heat transfer is one-dimensional. 3 Thermal conductivities are
constant. 4 Heat transfer by radiation is accounted for in the heat transfer coefficient.

Properties The thermal conductivities of the plaster, brick, and covering are given to be k = 0.72 W/m-°C, k
=0.36 W/m-°C, k = 1.40 W/m-°C, respectively.

Analysis The surface area of the wall and the individual resistances are I —
A=(6m)x(2.8m)=16.8m?
L .
Ry = Ryppger = —= = 0.01m —=0.00165°C/W
k,A  (0.36 W/m.°C)(16.8m?)
L )
R, =Ry =2 = 020M ______0,01653°C/W
k,A  (0.72W/m.°C)(16.8 m?)
L .
Ry = Ropuerng = — = 002M _____0.00085°C/W
keA (1.4 W/m.°C)(16.8m?)
1 1
R, =Ry =——= =0.00350°C/W T; o M—’V\/\N T..
o~ TemZ Th AT (17 W/m?.°C)(16.8 m?) NRV\' A
1 2 3 o]
Rua = Ri + Ry + Ry + Regny» =0.00165 + 0.01653 + 0.00085 + 0.00350 = 0.02253 °C/W

The steady rate of heat transfer through the wall then becomes
9= T,-T,,  (23-8)°C
Ry  0.02253°C/W
The temperature drops are
AT aster = QRp,aster =(665.8 W)(0.00165°C/W)=1.1°C
ATrick = QRbrick =(665.8 W)(0.01653°C/W) =11.0°C
AT covering = QRcovering =(665.8 W)(0.00085°C/W) =0.6°C
AT, = QRCOW = (665.8 W)(0.00350°C/W) =2.3°C

=665.8 W

conv
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3-169 An insulation is to be added to a wall to decrease the heat loss by 85%. The thickness of insulation
and the outer surface temperature of the wall are to be determined for two different insulating materials.

Assumptions 1 Heat transfer is steady. 2 Heat transfer is one-dimensional. 3 Thermal conductivities are
constant. 4 Heat transfer by radiation is accounted for in the heat transfer coefficient.

Properties The thermal conductivities of the plaster, brick, covering, polyurethane foam, and glass fiber are
given to be 0.72 W/m-°C, 0.36 W/m-°C, 1.40 W/m-°C, 0.025 W/m-°C, 0.036 W/m-°C, respectively.

Analysis The surface area of the wall and the individual resistances are
A=(6m)x(2.8m)=16.8m?

L .
Ry = Rojaster = —— = QOIM______o00165°Ccw
kiA  (0.36 W/m.°C)(16.8m?)
L .
R, = Ry = —2 = 220M o 01653°CIW
koA (0.72W/m.°C)(16.8 m?)
L .
Rs = Rcovering = = 0.02m =0.00085°C/W
ksA (1.4 W/m.°C)(16.8 m?)
1 1
R, =R = = =0.00350°C/W
°T M2 T AT (17 Wim2.°C)(16.8m?)
Rtotal,noins = Rl + R2 + RS + Rconv,z ]
=0.00165+0.01653+ 0.00085 + 0.00350
=0.02253°C/W
The rate of heat loss without the insulation is
A | 23-8)°C
Q — 1 02 — ( ) — 666 W
Riotal,noins ~ 0-02253°C/W
(a) The rate of heat transfer after insulation is
Qins = 0.15Q,5is = 0.15x666 =99.9 W -

The total thermal resistance with the foam insulation is

Ry R R; R
Riotal = Ry ¥ Ry + R3 + Regam + Reony 2 2 R3 ins o

T2 AN T2

L L
=0.02253°C/W + 4 —=0.02253°C/W + ———*———
(0.025 W/m.°C)(16.8 m*) (0.42 W.m/°C)
The thickness of insulation is determined from
: T,-T -8)°
Qins = —22 —599.9W = (23-8)°C i L, =0.054m =5.4cm
total 0.02253°C/W +—— 24—
(0.42 W.m/°C)
The outer surface temperature of the wall is determined from
Qins = To=Tua L gqqw-_(12-87C T, =8.3C
0.00350 °C/W

conv
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(b) The total thermal resistance with the fiberglass insulation is
Rtotal = Rl + R2 + RS + Rfiberglass +R

conv,2
L, L,
=0.02253°C/W + ——=0.02253 °C/W +
(0.036 W/m.°C)(16.8 m<) (0.6048 W.m/°C)
The thickness of insulation is determined from
Qins _DimTer . Jg9qw- (23-8)°C i L, =0.077m=7.7cm
total 0.02253°C/W + 4~
(0.6048 W.m/°C
The outer surface temperature of the wall is determined from
Qins = To=Tur _  g9q._ (T2 =8)]C T, =8.3°C
R 0.00350°C/W

conv
Discussion The outer surface temperature is same for both cases since the rate of heat transfer does not
change.

3-170 Cold conditioned air is flowing inside a duct of square cross-section. The maximum length of the
duct for a specified temperature increase in the duct is to be determined.

Assumptions 1 Heat transfer is steady. 2 Heat transfer is one-dimensional. 3 Thermal conductivities are
constant. 4 Steady one-dimensional heat conduction relations can be used due to small thickness of the duct
wall. 5 When calculating the conduction thermal resistance of aluminum, the average of inner and outer
surface areas will be used.

Properties The thermal conductivity of aluminum is given to be 237 W/m-°C. The specific heat of air at the
given temperature is C, = 1006 J/kg-°C (Table A-15).

Analysis The inner and the outer surface areas of the duct per unit length and the individual thermal
resistances are

A, =4a, L =4(0.22m)(lm) =0.88m?

Ri Ralum Ro
A, =4a,L =4(0.25m)(1m)=1.0m? Twl_,vw\/_/vvv\/__/wv\l_ T2
R - — —0.01515°C/W
hA  (75W/m?.°C)(0.88m?)
L 0.015m _ ~ 000007 °C/W
kA (237 W/m.°C)[(0.88+1)/ 2]m
1 1

=0.12500°C/W

° hyA (8W/m2.°C)(L.0m?2)

Riotal = Ri + Raum + R, = 0.01515+0.00007 + 0.12500 = 0.14022 °C/W
The rate of heat loss from the air inside the duct is

9= Teo =T _ (33-12)°C 1498 W

Riotal 0.14022°C/W

For a temperature rise of 1°C, the air inside the duct should gain heat at a rate of

Qi = MC AT =(0.8kg/s)(1006 J/kg.°C)(L°C) =804 W
Then the maximum length of the duct becomes

| _ Quw _ 804W

— = =537m
Q 149.8W
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3-171 Heat transfer through a window is considered. The percent error involved in the calculation of heat
gain through the window assuming the window consist of glass only is to be determined.

Assumptions 1 Heat transfer is steady. 2 Heat transfer is one-dimensional. 3 Thermal conductivities are
constant. 4 Radiation is accounted for in heat transfer coefficients.

Properties The thermal conductivities are given to be 0.7 W/m-°C for glass and 0.12 W/m-°C for pine
wood.

Analysis The surface areas of the glass and the wood and the individual thermal resistances are

Agiass =0.85(L5EM)(2m) =2.55m?  A,geq =0.15(L.5m)(2m) =0.45m?
1 1

Riglass = = =0.05602°C/W _
Yy Agass (7 WIM2.°C)(2.55m?) . Ri Rgiass  Ro .
Riwoos =5 = ; ! —=0.31746°C/W
’ hAwod (7 W/m?2.°C)(0.45m?)
L
s = glass  _ 0.003m __-0.00168 oC/W R: Ruwood R,
kglass Aglass (0.7 W/m.°C)(2.55m*) Twl_/v\/v\,_/v\/v\/_ AAAA T2
Lwood 0.05m o
Rwood = = —=0.92593°C/W
Kwood Awood  (0.12 W/m.°C)(0.45m?)
Roglass = - - > : —=0.03017°C/W
hyAgiass (13 W/m?2.°C)(2.55 m?)
R L L =0.17094°C/W

oM T h Awood (13 W/M2.°C)(0.45 m?)
= Rigiass + Rytass + Rogiass = 0.05602 +0.00168+ 0.03017 = 0.08787 °C/W

Rtotal, glass i

Riotalwood = Riwood T Rwood + Ro,wood = 0.31746+0.92593+0.17094 =1.41433°C/W
The rate of heat gain through the glass and the wood and their total are

O Tl (A0-20°C
%% " Ryoalglass 0-08787°C/W wood

Qtotal = leass + Qwood =182.1+11.3=193.4W
If the window consists of glass only the heat gain through the window is
Agiass = (1.5m)(2m) =3.0m*?

Tz ~Tun _ (40-24°C ./ o\
Rtotal,wood 1.41433°C/W

Riglass = . 5 : —=0.04762°C/W
' hiAgass (7 W/m?.°C)(3.0m?)
L
Rglass = - 0.003m N 0.00143°C/W
kglass Aglass (0.7 W/m.°C)(3.0 m )
L =0.02564°C/W

1
R = =

00 T hy Agass (13 W/MZ.°C)(3.0m?)
= R giass + Rgtass + Ro giss = 0.04762+0.00143+ 0.02564 = 0.07469 °C/W

R

total, glass
T.,-T.n  (40-24)°C
Rtotal,t;ylass 0.07469°C/W

Then the percentage error involved in heat gain through the window assuming the window consist of glass
only becomes

=2142W

leass =

leassonly _Qwith wood 214.2-193.4
' 193.4

% Error = x100=10.8%

Qwith wood
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3-172 Steam is flowing inside a steel pipe. The thickness of the insulation needed to reduce the heat loss by
95 percent and the thickness of the insulation needed to reduce outer surface temperature to 40°C 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 Thermal conductivities are constant. 4 The thermal contact resistance at the interface is
negligible.

Properties The thermal conductivities are given to be k = 61 W/m-°C for steel and k = 0.038 W/m-°C for
insulation.

Analysis (a) Considering a unit length of the pipe, the inner and the outer surface areas of the pipe and the
insulation are

A, = niD; L = (0.10 m)(1m) = 0.3142 m?
A, =nD, L = 1(0.12 m)(1m) = 0.3770 m?

A; = D4 = D, (1m) =3.1416D; m? Ri R; R, Ro
The individual thermal resistances are Toor AN Tec2
R = LI . 1 —=0.03031°C/W
hiAi  (105W/m*.°C)(0.3142m?)
In(r, /
Ry =Ry = iz/) _ IS _40008ecp
2nk,L  27m(61W/m.°C)(1m)
In(rg /ry) In(D; /0.12) In(D;3/0.12) |
Ry = Rinsulation = 2t 4 S = : C/w
2nk,L  2m(0.038 W/m.°C)(lm)  0.23876
Rostet = o= ; - —=0.18947 °C/W
‘ h,A, (14 W/m?.°C)(0.3770 m*)
1 1 ~0.02274

°C/W

Ro,insulation =

hyA,  (14W/m?.°C)(3.1416D; m?)  Ds

Riotal, noinsulation = Ri + Ry + Ry el =0.03031+0.00048 +0.18947 = 0.22026 °C/W
Rtotal,insulation = Ri + Rl + RZ + Ro,insulation

In(D3/0.12)  0.02274

=0.03031+0.00048 +
0.23876 D,
D, /0. :
003079, N5 /0.12) 0.02274
0.23876 D,

Then the steady rate of heat loss from the steam per meter pipe length for the case of no insulation becomes
« Ta-T,  (235-20)°C

Q= Row  0.22026 °C/W

The thickness of the insulation needed in order to save 95 percent of this heat loss can be determined from

=976.1W

. T,.-T, 235 - 20)°C
Qinsulation = R L 2 (005><9761) W= ( )
total insulation 0.03079 + In(D4 /0.12) N 0.02274 SCIW
0.23876 D,
. . D,-D 55-
whose solutionis D = 0.3355 m —— thickness = ———=2 = 335512 _1078cm

2
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(b) The thickness of the insulation needed that would maintain the outer surface of the insulation at a
maximum temperature of 40°C can be determined from

Tool _TOOZ TZ _TOOZ

Q; lation = -
nsulation Rtotal,insulation ROv insulation
(235-20)°C - __207C
T = 0.02274
003079+ n( 3 )+002274 OCM/ C/W
0.23876 D, D

whose solution is
D;-D, 16.44-12
2

D; =0.1644 m—— thickness = =2.22¢cm

3-173 A 6-m-diameter spherical tank filled with liquefied natural gas (LNG) at -160°C is exposed to
ambient air. The time for the LNG temperature to rise to -150°C is to be determined.

Assumptions 1 Heat transfer can be considered to be steady since the specified thermal conditions at the
boundaries do not change with time significantly. 2 Heat transfer is one-dimensional since there is thermal
symmetry about the midpoint. 3 Radiation is accounted for in the combined heat transfer coefficient. 3 The
combined heat transfer coefficient is constant and uniform over the entire surface. 4 The temperature of the
thin-shelled spherical tank is said to be nearly equal to the temperature of the LNG inside, and thus thermal
resistance of the tank and the internal convection resistance are negligible.

Properties The density and specific heat of LNG are given to be 425 kg/m® and 3.475 kl/kg-°C,
respectively. The thermal conductivity of super insulation is given to be k = 0.00008 W/m-°C.

Analysis The inner and outer surface areas of the insulated tank and the volume of the LNG are

A =nD,% =m(6m)? =113.1m?
A, =7D,* = (6.10m)? =116.9 m?

s 3 3 LNG tank
V,=nD;" /6=n(6m)°/6=113.1m -160°C
The rate of heat transfer to the LNG is
r,—r .05-3.
Rinsulation = 21 (305-30) m =5.43562 °C/W
4nkrr,  4m(0.00008 W/m.°C)(3.0 m)(3.05m)
1 1

R, =——= , —— =0.00039 °C/W
hoA (22 W/m?.°C)(116.9m?)

Riotal = Ro + Rinsutation = 0-00039 +5.43562 = 5.43601 °C/W
Ri lation Ro
: T002 _Tl [18 - (—160)]0C T Insu T
= = =32.74W 1 02
Q=R = 543601°C/W VWV

The amount of heat transfer to increase the LNG temperature from -160°C to -150°C is

m=pV, = (425kg/m*®)(113.1m*) = 48,067.5 kg

Q = mCAT = (48,067.5 kg)(3.475 kJ/kg.°C)[(-150) - (-160)°C] = 1,670,346 kJ

Assuming that heat will be lost from the LNG at an average rate of 32.74 W, the time period for the LNG
temperature to rise to -150°C becomes

Q _ 1670346kJ =51,018,4985 =14,174 h = 590.5 days

T Q003274 kW
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3-174 A hot plate is to be cooled by attaching aluminum fins of square cross section on one side. The
number of fins needed to triple the rate of heat transfer is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The temperature along the fins varies in one direction
only (normal to the plate). 3 Heat transfer from the fin tips is negligible. 4 The heat transfer coefficient is
constant and uniform over the entire fin surface. 5 The thermal properties of the fins are constant. 6 The
heat transfer coefficient accounts for the effect of radiation from the fins.

Properties The thermal conductivity of the aluminum fins is given to be k = 237 W/m-°C.

Analysis Noting that the cross-sectional areas of the fins are constant, the efficiency of the square cross-
section fins can be determined to be

a:\/h_TZJM:\/4(20W/m?°0)(0.002 ™ 1y 00m? — aem
kA,  Vka? | (237 W/m.°C)(0.002 m)2 ] 2mmx2mm
e = tanhal _ tanh(12.99 m™x0.04 m) 0,919 E, T, = 85°C
AL 12.99m™ x0.04m ' I—
The finned and unfinned surface areas, and heat transfer rates from I
these areas are —] T.=25C
Agin = Ngin % 4% (0.002 M)(0.04 m) = 0.00032n;, m? —
Anfinned = (0.15m)(0.20 m) —ng;,, (0.002 m)(0.002 m)
=0.03-0.000004ng, m? ]
Qﬁnned = Nfin inn,max = Nin NAsin (Tp = T.) —
I

=0.919(20 W/m?.°C)(0.00032ny;, m?)(85—25)°C L]
=0.35328n5, W
Qunfinned = Mynfinned (To —T..) = (20 W/m? .°C)(0.03-0.000004ng;, m?)(85—25)°C
=36-0.0048ng, W
Then the total heat transfer from the finned plate becomes
Qtotal,fin = Qfinned + Qunfinnea = 0.35328N;, +36-0.0048n5, W
The rate of heat transfer if there were no fin attached to the plate would be
Avofin = (0.15m)(0.20 m) = 0.03m?
Quofin = MArosin (Tp —T..) = (20 W/m?2.°C)(0.03m?)(85 - 25)°C = 36 W
The number of fins can be determined from the overall fin effectiveness equation
Qs , 3 0.35328ng, +36-0.0048ng,
Qno fin 36

nﬁn = 207
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3-175
"IPROBLEM 3-175"

"GIVEN"

A_surface=0.15*0.20 "[m~"2]"
T_b=85"[C]"

k=237 "[W/m-C]"

side=0.002 "[m]"

L=0.04 "[m]"

T_infinity=25 "[C]"

h=20 "[W/m"2-C]"

"epsilon_fin=3 parameter to be varied"

"ANALYSIS"

A_c=side”2

p=4*side

a=sqrt((h*p)/(k*A_c))
eta_fin=tanh(a*L)/(a*L)
A_fin=n_fin*4*side*L
A_unfinned=A_surface-n_fin*side”2

Q_dot_finned=eta_fin*h*A_fin*(T_b-T_infinity)
Q_dot_unfinned=h*A_unfinned*(T_b-T_infinity)
Q_dot_total fin=Q_dot_finned+Q_dot_unfinned

Q_dot_nofin=h*A_surface*(T_b-T_infinity)
epsilon_fin=Q_dot_total fin/Q_dot_nofin

€fin Nfin
15 51.72
1.75 77.59
2 103.4
2.25 129.3
2.5 155.2
2.75 181
3 206.9
3.25 232.8
3.5 258.6
3.75 284.5
4 310.3
4.25 336.2
4.5 362.1
4.75 387.9
5 413.8
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Chapter 3 Steady Heat Conduction

3-176 A spherical tank containing iced water is buried underground. The rate of heat transfer to the tank is

to be determined for the insulated and uninsulated ground surface cases.

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. 4 The tank surface is assumed to be at
the same temperature as the iced water because of negligible resistance through the steel.

Properties The thermal conductivity of the concrete is given to be k = 0.55 W/m-°C.

SAnalysis The shape factor for this configuration is given in Table 3-5 to be

S 2nD  2n(l.4m) 10.30m _

1-025°2 1_025ttm
z 24m

Then the steady rate of heat transfer from the tank becomes
Q = Sk(T; —T,) = (10.30 m)(0.55 W/m.°C)(18 — 0)°C = 102 W

z=24m

If the ground surface is insulated,

2nD 2m(l.4m)

110252 14025%4M
yA 24m

S = =7.68m

Q = Sk(T, —T,) = (7.68 m)(0.55 W/m.°C)(18 — 0)°C = 76 W
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3-177 A cylindrical tank containing liquefied natural gas (LNG) is placed at the center of a square solid bar.
The rate of heat transfer to the tank and the LNG temperature at the end of a one-month period are 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 bar is constant. 4 The tank surface is at the same temperature
as the iced water.

Properties The thermal conductivity of the bar is given to be k = 0.0006 W/m-°C. The density and the
specific heat of LNG are given to be 425 kg/m® and 3.475 kJ/kg-°C, respectively,

Analysis The shape factor for this configuration is given 20°C
in Table 3-5 to be 'f—
= fg; - 2”(1'2 T) ~12.92m /- 160°c
.08w 4m
In| —— In| 1.08 —— - 14m
( 5 j ( 0.6m] ( D=0.6m ()
L=19m

Then the steady rate of heat transfer to the tank becomes

Q =Sk(T; —T,) = (12.92 m)(0.0006 W/m.°C)[20— (—160)]°C =1.395W
The mass of LNG is

D? (0.6m)3

m=pV = pr—== (425 kg/m®)n =48.07 kg

The amount heat transfer to the tank for a one-month period is
Q = QAt = (1.395 W)(30x 24x 36005) = 3,615,840
Then the temperature of LNG at the end of the month becomes
Q=mC, (T, -T,)
3,615,840 = (48.07 kg)(3475 J/kg.°C)[(~160) - T, PC
T, =-138.4°C

3-178 --- 3-184 Design and Essay Problems
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Chapter 4 Transient Heat Conduction

Chapter 4
TRANSIENT HEAT CONDUCTION

Lumped System Analysis

4-1C In heat transfer analysis, some bodies are observed to behave like a "lump" whose entire body
temperature remains essentially uniform at all times during a heat transfer process. The temperature of such
bodies can be taken to be a function of time only. Heat transfer analysis which utilizes this idealization is
known as the lumped system analysis. It is applicable when the Biot number (the ratio of conduction
resistance within the body to convection resistance at the surface of the body) is less than or equal to 0.1.

4-2C The lumped system analysis is more likely to be applicable for the body cooled naturally since the
Biot number is proportional to the convection heat transfer coefficient, which is proportional to the air
velocity. Therefore, the Biot number is more likely to be less than 0.1 for the case of natural convection.

4-3C The lumped system analysis is more likely to be applicable for the body allowed to cool in the air
since the Biot number is proportional to the convection heat transfer coefficient, which is larger in water
than it is in air because of the larger thermal conductivity of water. Therefore, the Biot number is more
likely to be less than 0.1 for the case of the solid cooled in the air

4-4C The temperature drop of the potato during the second minute will be less than 4°C since the
temperature of a body approaches the temperature of the surrounding medium asymptotically, and thus it
changes rapidly at the beginning, but slowly later on.

4-5C The temperature rise of the potato during the second minute will be less than 5°C since the
temperature of a body approaches the temperature of the surrounding medium asymptotically, and thus it
changes rapidly at the beginning, but slowly later on.

4-6C Biot number represents the ratio of conduction resistance within the body to convection resistance at
the surface of the body. The Biot number is more likely to be larger for poorly conducting solids since such
bodies have larger resistances against heat conduction.

4-7C The heat transfer is proportional to the surface area. Two half pieces of the roast have a much larger
surface area than the single piece and thus a higher rate of heat transfer. As a result, the two half pieces will
cook much faster than the single large piece.

4-8C The cylinder will cool faster than the sphere since heat transfer rate is proportional to the surface area,
and the sphere has the smallest area for a given volume.

4-9C The lumped system analysis is more likely to be applicable in air than in water since the convection
heat transfer coefficient and thus the Biot number is much smaller in air.

4-10C The lumped system analysis is more likely to be applicable for a golden apple than for an actual
apple since the thermal conductivity is much larger and thus the Biot number is much smaller for gold.

4-11C The lumped system analysis is more likely to be applicable to slender bodies than the well-rounded
bodies since the characteristic length (ratio of volume to surface area) and thus the Biot number is much
smaller for slender bodies.
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Chapter 4 Transient Heat Conduction
4-12 Relations are to be obtained for the characteristic lengths of a large plane wall of thickness 2L, a very
long cylinder of radius r, and a sphere of radius r,

Analysis Relations for the characteristic lengths of a large plane wall of thickness 2L, a very long cylinder
of radius r, and a sphere of radius r, are

. Vo 2LA

wall = v T oA T
o Asurface 2A

0
c,cylinder — - Y
Asurface 27, oh 2

Vo 4mlBi3 o,

— 0
c,sphere — 2 Y
Asurface 47 o 3

L

2L

4-13 A relation for the time period for a lumped system to reach the average temperature (T; +T,)/2 isto
be obtained.

Analysis The relation for time period for a lumped system to reach the average temperature (T; +T,)/2
can be determined as

T +T, T
TO-T, _ o 2 R Ti-Ty, o 1 o
T,-T, T, -T, 2(T,-T,) 2
Te
bt=-In2—»t=n2_00%
b b
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Chapter 4 Transient Heat Conduction

4-14 The temperature of a gas stream is to be measured by a thermocouple. The time it takes to register 99
percent of the initial AT is to be determined.

Assumptions 1 The junction is spherical in shape with a diameter of D = 0.0012 m. 2 The thermal
properties of the junction are constant. 3 The heat transfer coefficient is constant and uniform over the
entire surface. 4 Radiation effects are negligible. 5 The Biot number is Bi < 0.1 so that the lumped system
analysis is applicable (this assumption will be verified).

Properties The properties of the junction are given to be k =35W/m.°C, p=8500 kg/m?, and
C, =320J/kg.°C.

Analysis The characteristic length of the junction and the Biot number are

V. aD%/6_D _00012m

L, = =—s-= =0.0002 m
Asurface D 6
2o
gi = Nbe _ (BSW/m®.°C)(00002m) _ 30537 _ g
k (35W/m.°C)
Since Bi<0.1, the lumped system analysis is applicable. Gas —>
Then the time period for the thermocouple to read 99% of the hT, —> Junction
initial temperature difference is determined from :: D
_ T(t
TO-T oo ®
Ti-T,
2o
hA h 65W/m-.°C 1957

b= - - =01
PNV pCuL. (8500 kg/ m*)(320 J / kg.° C)(0.0002 m)

T(t) _Too _4-b

_ bt 0.01 = (01195 st
T-T.

——>t=385s
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Chapter 4 Transient Heat Conduction

4-15E A number of brass balls are to be quenched in a water bath at a specified rate. The temperature of the
balls after quenching and the rate at which heat needs to be removed from the water in order to keep its
temperature constant are to be determined.

Assumptions 1 The balls are spherical in shape with a radius of ry = 1 in. 2 The thermal properties of the
balls are constant. 3 The heat transfer coefficient is constant and uniform over the entire surface. 4 The Biot
number is Bi < 0.1 so that the lumped system analysis is applicable (this assumption will be verified).
Properties The thermal conductivity, density, and specific heat of the brass balls are given to be k = 64.1
Btu/h.ft.°F, p = 532 lom/ft>, and C, = 0.092 Btu/lbm.°F.

Analysis (a) The characteristic length and the

Biot number for the brass balls are Brass balls, 250°F

Vv _D%/6 D _2/12ft

A > 6

_hL, (42 Btu/h.ft® °F)(0.02778 ft)
k (64.1Btu/h.ft.°F)

The lumped system analysis is applicable since Bi < 0.1. Then the temperature of the balls after quenching
becomes

—
Water bath, 120°F

=0.027781t

Bi =0.01820<0.1

oo M h 42 Btu/h.ft* °F _
PC,V - pCpole  (5321bm/ft?)(0.092 Btu/lbm.°F)(0.02778 ft)

30.9h? =0.00858s*

T(t) - —

t-T, et T(t)-120 _
T -T, 250-120

(b) The total amount of heat transfer from a ball during a 2-minute period is

8 3
m=pV = pﬂ%= (532Ibm/ft3)%

g (0008585)1205) 7 () =166 °F

=1.290 Ibm
Q=mC [T, ~T(t)] = (1.29 Ibm)(0.092 Btu/Ibm.°F)(250 ~ 166)°F = 9.97 Btu

Then the rate of heat transfer from the balls to the water becomes

Therefore, heat must be removed from the water at a rate of 1196 Btu/min in order to keep its temperature
constant at 120°F .
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4-16E A number of aluminum balls are to be quenched in a water bath at a specified rate. The temperature
of balls after quenching and the rate at which heat needs to be removed from the water in order to keep its
temperature constant are to be determined.

Assumptions 1 The balls are spherical in shape with a radius of ry = 1 in. 2 The thermal properties of the
balls are constant. 3 The heat transfer coefficient is constant and uniform over the entire surface. 4 The Biot
number is Bi < 0.1 so that the lumped system analysis is applicable (this assumption will be verified).
Properties The thermal conductivity, density, and specific heat of the aluminum balls are k = 137
Btu/h.ft.°F, p = 168 lom/ft’, and C, = 0.216 Btu/lom.°F (Table A-3E).

Analysis (a) The characteristic length and the

Biot number for the aluminum balls are Aluminum balls, 250°F
. _l_ﬂD3/6_2_2/12ft_002778ﬁ ' .
T A —nD2 6 6 ‘ Water bath, 120°F
. hL ft?.°F)(0.
gi <ML _ (42 Btu/h.ft”.°F)(0.02778 ft) 0.00852 <0 1
k (137 Btu/h.ft.°F)

The lumped system analysis is applicable since Bi < 0.1. Then the temperature of the balls after quenching
becomes

bo M h 42 Btu/h.ft* °F
pCV  pC,L.  (1681bm/ft?)(0.216 Btu/lbm.°F)(0.02778 t)

=41.66h* =001157s"

TO-T, _ ot T(t)-120 _ o-(00115751)(1205) T(t) = 152°F
T -T, 250-120
(b) The total amount of heat transfer from a ball during a 2-minute period is

3 3
m=pV = p”% — (168 |bm/ft3)% =0.4072 Ibm
Q = mC ,[T; ~T (t)] = (0.4072 Ibm)(0.216 Btw/lbm.°F)(250 - 152)°F =8.62 Btu

Then the rate of heat transfer from the balls to the water becomes

Therefore, heat must be removed from the water at a rate of 1034 Btu/min in order to keep its temperature
constant at 120°F .
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4-17 Milk in a thin-walled glass container is to be warmed up by placing it into a large pan filled with hot
water. The warming time of the milk is to be determined.

Assumptions 1 The glass container is cylindrical in shape with a
radius of ry = 3 cm. 2 The thermal properties of the milk are taken to
be the same as those of water. 3 Thermal properties of the milk are Water
constant at room temperature. 4 The heat transfer coefficient is =] 60°C
constant and uniform over the entire surface. 5 The Biot number in
this case is large (much larger than 0.1). However, the lumped system

gnalysis is still appli_cable_since the m?lk is stirred constantly, so that '\;Jék
its temperature remains uniform at all times.
Properties The thermal conductivity, density, and specific heat of the
milk at 20°C are k = 0.607 W/m.°C, p = 998 kg/m®, and C, = 4.182
kJ/kg.°C (Table A-9).
Analysis The characteristic length and Biot number for the glass of milk are
L Vv ML 7(0.03m)? (0.07 m) — 0.01050m

A, 2m,L+2m,2  27(0.03m)(0.07 m)+ 27(0.03m)?
_hL, (120 W/m?.°C)(0.0105 m)
k (0.607 W/m.°C)

For the reason explained above we can use the lumped system analysis to determine how long it will take
for the milk to warm up to 38°C:
b M h 120 W/m? °C
pC,V  pCoL. (998 kg/m®)(4182 J/kg.°C)(0.0105 m)
TO-T, _ ot 38-60 _ o-(0.0027385)t

T,-T, 3-60

Therefore, it will take about 6 minutes to warm the milk from 3 to 38°C.

Bi =2.076>0.1

=0.002738s*

——>1t=3485=5.8min
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4-18 A thin-walled glass containing milk is placed into a large pan filled with hot water to warm up the
milk. The warming time of the milk is to be determined.
Assumptions 1 The glass container is cylindrical in shape with a
radius of ry = 3 cm. 2 The thermal properties of the milk are taken to
be the same as those of water. 3 Thermal properties of the milk are Waoter
constant at room temperature. 4 The heat transfer coefficient is =] 60°C
constant and uniform over the entire surface. 5 The Biot number in
this case is large (much larger than 0.1). However, the lumped system
analysis is still applicable since the milk is stirred constantly, so that
its temperature remains uniform at all times.
Properties The thermal conductivity, density, and specific heat of the
milk at 20°C are k = 0.607 W/m.°C, p = 998 kg/m®, and C, = 4.182
kJ/kg.°C (Table A-9).
Analysis The characteristic length and Biot number for the glass of milk are
2 2
ar, L . .
L. v _ o - 7(0.03m)“(0.07 m) - =0.01050m
A 2ar L+ 2ar, 27(0.03m)(0.07 m) + 27(0.03 m)
_hL, (240 W/m?.°C)(0.0105 m)
k (0.607 W/m.°C)

For the reason explained above we can use the lumped system analysis to determine how long it will take
for the milk to warm up to 38°C:
L 240 W/m?®.°C
pC,V  pC,L. (998 kg/m?)(4182 J/kg.°C)(0.0105 m)
TM-T, _ ot 38-60 _ o-(0005477 5t

T, -T,, 3-60

Therefore, it will take about 3 minutes to warm the milk from 3 to 38°C.

Milk
3°C

Bi =4.15>0.1

=0.005477s*

——>t=174s=2.9min
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4-19E A person shakes a can of drink in a iced water to cool it. The cooling time of the drink is to be
determined.

Assumptions 1 The can containing the drink is cylindrical in shape
with a radius of ry = 1.25 in. 2 The thermal properties of the milk
are taken to be the same as those of water. 3 Thermal properties of @ Waoter
the milk are constant at room temperature. 4 The heat transfer 32°F
coefficient is constant and uniform over the entire surface. 5 The

Biot number in this case is large (much larger than 0.1). However, Cola
the lumped system analysis is still applicable since the milk is 75°F
stirred constantly, so that its temperature remains uniform at all

times.

Properties The density and specific heat of water at room
temperature are p = 62.22 lbm/ft’, and C, = 0.999 Btu/lom.°F

(Table A-9E).
Analysis Application of lumped system analysis in this case gives
2 L ) 2
L, Vv _ 7, - 7(1.25/12ft)< (5/12ft) _—0.04167
A 2ar L+2ar,c  27(1.25/12ft)(5/12 ft) + 27(1.25/12 ft)
hA, h 30 Btu/h.ft2.°F

b= - - - =11.583h*t =0.00322s*
pCV  pC,L.  (62.221bm/ft®)(0.999 Btu/lbm.°F)(0.04167 ft)

TH)-T, et 45-32 _ e-(000322st 4 406

—_—
T, -T, 80-32

Therefore, it will take 7 minutes and 46 seconds to cool the canned drink to 45°F.
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4-20 An iron whose base plate is made of an aluminum alloy is turned on. The time for the plate
temperature to reach 140°C and whether it is realistic to assume the plate temperature to be uniform at all
times are to be determined.

Assumptions 1 85 percent of the heat generated in the resistance wires is transferred to the plate. 2 The

thermal properties of the plate are constant. 3 The heat transfer coefficient is constant and uniform over the
entire surface.

Properties The density, specific heat, and thermal diffusivity of the aluminum alloy plate are given to be p
= 2770 kg/m®, C, = 875 kJ/kg.°C, and o = 7.3x10° m?/s. The thermal conductivity of the plate can be
determined from a = k/(pCp)= 177 W/m.°C (or it can be read from Table A-3).

Analysis The mass of the iron's base plate is Air

m= pV = pLA = (2770 kg / m*)(0.005 m)(0.03 m?) = 04155 kg 22°C
Noting that only 85 percent of the heat generated is transferred to the 5
plate, the rate of heat transfer to the iron's base plate is IRON

Q,, = 0.85x1000 W =850 W 1000 W >
The temperature of the plate, and thus the rate of heat transfer from the
plate, changes during the process. Using the average plate temperature, S
the average rate of heat loss from the plate is determined from

—_—

: 140+ 22
Qioss = AT piate, ave — To) = (12 W/m? °C)(0.03 mz)( B

22}’0 =212W
Energy balance on the plate can be expressed as
Ein — Eout = AEplate - Q.inAt - Q.outAt = AEplate = meATplate

Solving for At and substituting,

At = TCoAToie _ (04155 kg)(875/kg.°C)(140-22)°C _ . o

Qin — Qout (850-21.2) /s

which is the time required for the plate temperature to reach 140°C. To determine whether it is realistic to
assume the plate temperature to be uniform at all times, we need to calculate the Biot number,

L, SV A 0005m
A, A
hL 2 °C)(0.
gi - M _ (12 W/m?.°C)(0.005 m)  0.00034 < 0.1
k (177.0 W/m.°C)

It is realistic to assume uniform temperature for the plate since Bi < 0.1.

Discussion This problem can also be solved by obtaining the differential equation from an energy balance
on the plate for a differential time interval, and solving the differential equation. It gives

_ Qin _ _ hA
TH) =T, + A (1 exp( me t)J

Substituting the known quantities and solving for t again gives 51.8 s.
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4-21 "'PROBLEM 4-21"

"GIVEN"
E_dot=1000 "[W]"
L=0.005 "[m]"
A=0.03 "[m"2]"
T_infinity=22 "[C]"
T_i=T_infinity

h=12 "[W/m"2-C], parameter to be varied"

f heat=0.85
T_f=140 "[C], parameter to be varied"

"PROPERTIES"
rho=2770 "[kg/m~3]"
C_p=875 "[J/kg-C]"
alpha=7.3E-5 "[m"2/s]"

"ANALYSIS"

V=L*A

m=rho*V

Q_dot_in=f_heat*E_dot
Q_dot_out=h*A*(T_ave-T_infinity)
T ave=1/2*(T_i+T_f)

Chapter 4 Transient Heat Conduction

(Q_dot_in-Q_dot_out)*time=m*C_p*(T_f-T_i) "energy balance on the plate"

h [W/m°.C] time [s]
5 51
7 51.22
9 51.43
11 51.65
13 51.88
15 52.1
17 52.32
19 52.55
21 52.78
23 53.01
25 53.24

T: [C] time [s]
30 3.428
40 7.728
50 12.05
60 16.39
70 20.74
80 25.12
90 29.51
100 33.92
110 38.35
120 42.8
130 47.28
140 51.76
150 56.27
160 60.8
170 65.35
180 69.92
190 7451
200 79.12
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5325 T T T T T T T T
52.8+ .
52.35¢+ J
©,
Q
51.9+ J
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51.45¢+ E
51 L 1 L 1 L 1 L 1 L
5 9 13 217 21 25
h [W/m°-C]
80
70t
60}
50
Z L
401
q) -
g 30k
20t
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O L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
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4-22 Ball bearings leaving the oven at a uniform temperature of 900°C are exposed to air for a while before
they are dropped into the water for quenching. The time they can stand in the air before their temperature
falls below 850°C is to be determined.

Assumptions 1 The bearings are spherical in shape with a radius of ry = 0.6 cm. 2 The thermal properties of
the bearings are constant. 3 The heat transfer coefficient is constant and uniform over the entire surface. 4
The Biot number is Bi < 0.1 so that the lumped system analysis is applicable (this assumption will be
verified).

Properties The thermal conductivity, density, and specific heat of the bearings are given to be k = 15.1
W/m.°C, p = 8085 kg/m®, and C, = 0.480 kJ/kg.°F.

Analysis The characteristic length of the steel ball bearings and Biot number are

3
L -V D716 _D_0012m ;40
A D2 6 6 Furnace .
s i Steel balls Air, 30°C
Bi - hL, _ (125W/m<.°C)(0.002 m) 0.0166<0.1 900°C

k (15.1W/m.°C)

Therefore, the lumped system analysis is applicable.
Then the allowable time is determined to be

hA 20
o __h ?5 Wim~.°C ~0.01610s
pCV  pCoL, (8085 kg/m®)(480 J/kg.°C)(0.002 m)
TH-T, _ ot 850-30 _ o-(0.01615™)t t—368s

T, -T, 900-30
The result indicates that the ball bearing can stay in the air about 4 s before being dropped into the water.
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4-23 A number of carbon steel balls are to be annealed by heating them first and then allowing them to cool
slowly in ambient air at a specified rate. The time of annealing and the total rate of heat transfer from the
balls to the ambient air are to be determined.

Assumptions 1 The balls are spherical in shape with a radius of ry = 4 mm. 2 The thermal properties of the
balls are constant. 3 The heat transfer coefficient is constant and uniform over the entire surface. 4 The
Biot number is Bi < 0.1 so that the lumped system analysis is applicable (this assumption will be verified).

Properties The thermal conductivity, density, and specific heat of the balls are given to be k = 54 W/m.°C,
p = 7833 kg/m?, and C, = 0.465 kJ/kg.°C.

Analysis The characteristic length of the balls and the Biot number are

3
i =L=”D_2/6=2= 0.008M _ 4 h013m
A, D 6 6 Furnace Steel ball )
hL 2 0 . eel balls Air, 35°C
Bi = c _ (75 W/im C)(O 0013 m) —0.0018<0.1 900°C
k (54 W/m.°C) —_
Therefore, the lumped system analysis is applicable.
Then the time for the annealing process is
determined to be
hA 20
b __h 7 Wim~.°C ~0.01584 57
PV pCrL.  (7833kg/m*)(465 J/kg.°C)(0.0013 m)
TO-T. o 200235 oowseas™ ¢ _1635= 2.7 min
T -T, 900-35

The amount of heat transfer from a single ball is

8 3
m=pV =p”%= (7833 kg/m3)w

=0.0021 kg
Q= me[Tf —T;]1=(0.0021 kg)(465 J / kg.°C)(900—-100)°C =781 J = 0.781 kJ (per ball)
Then the total rate of heat transfer from the balls to the ambient air becomes

Q = Fipa Q = (2500 balls/h) x (0.781k/ball) =1,953 k/h = 543 W
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4-24
"IPROBLEM 4-24"

"GIVEN"

D=0.008 "[m]"

"T_i=900 [C], parameter to be varied"
T_f=100 "[C]"

T _infinity=35 "[C]"

h=75 "[W/m”2-C]"

n_dot_ball=2500 "[1/h]"

"PROPERTIES"
rho=7833 "[kg/m~3]"
k=54 "[W/m-C]"

C_p=465 "[J/kg-C]"
alpha=1.474E-6 "[m"2/s]"

"ANALYSIS"
A=pi*D"2
V=pi*D"3/6
L_c=V/IA

Chapter 4 Transient Heat Conduction

Bi=(h*L_c)/k "if Bi < 0.1, the lumped sytem analysis is applicable"

b=(h*A)/(rho*C_p*V)

(T_f-T_infinity)/(T_i-T_infinity)=exp(-b*time)

m=rho*V
Q=m*C_p*(T_i-T_f)
Q_dot=n_dot_ball*Q*Convert(J/h, W)

Ti[C] time [s] Q [W]
500 1274 271.2
550 134 305.1
600 140 339
650 1455 372.9
700 150.6 406.9
750 155.3 4408
800 159.6 474.7
850 163.7 508.6
900 167.6 542.5
950 171.2 576.4
1000 174.7 610.3
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® 00— 650

600
170 _

550
160 '

500
150 450

400 *C
140 _

350
130 '

300
1 S S S 1Yo

500 600 700 800 900 1000
T, [C]
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4-25 An electronic device is on for 5 minutes, and off for several hours. The temperature of the device at
the end of the 5-min operating period is to be determined for the cases of operation with and without a heat
sink.

Assumptions 1 The device and the heat sink are isothermal. 2 The thermal properties of the device and of
the sink are constant. 3 The heat transfer coefficient is constant and uniform over the entire surface.

Properties The specific heat of the device is given to be C, = 850 J/kg.°C. The specific heat of the
aluminum sink is 903 J/kg.°C (Table A-19), but can be taken to be 850 J/kg.°C for simplicity in analysis.

Analysis (a) Approximate solution

This problem can be solved approximately by using an average temperature Electronic
for the device when evaluating the heat loss. An energy balance on the device device
can be expressed as 30w
Ein - Eout + Egeneration = AEdevice — = QoutAt + EgenerationAt = meATdevice
. T+T,
o, E generation At — hAS( -T, ]At =mC, (T-T,)
Substituting the given values, @
T-25

(30 J/s)(5x60s) — (12 W/m2.°C)(0.0005 m? )[Tj(’ C(5x605) = (0.02 kg)(850 J/Kg.°C)(T — 25)°C

which gives T=527.8°C

If the device were attached to an aluminum heat sink, the temperature of the device would be
(30 J/5)(5% 605) — (12 W/m?2.°C)(0.0085m > )[T‘—zzs}cw x605s) = (0.20+0.02)kg x (850 J/kg.°C)(T — 25)°C
which gives T=69.5°C

Note that the temperature of the electronic device drops considerably as a result of attaching it to a heat
sink.

(b) Exact solution

This problem can be solved exactly by obtaining the differential equation from an energy balance on the
device for a differential time interval dt. We will get

d(m-T,) N hA

dt mC

s (l. _Tw) _ Egeneration
b mC

p
It can be solved to give

E generat hA
T (t) _ Too + generation l—exp(— s t)
hA mC,

Substituting the known quantities and solving for t gives 527.3°C for the first case and 69.4°C for the
second case, which are practically identical to the results obtained from the approximate analysis.
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Transient Heat Conduction in Large Plane Walls, Long Cylinders, and Spheres

4-26C A cylinder whose diameter is small relative to its length can be treated as an
infinitely long cylinder. When the diameter and length of the cylinder are comparable, it
IS not proper to treat the cylinder as being infinitely long. It is also not proper to use this
model when finding the temperatures near the bottom or top surfaces of a cylinder since
heat transfer at those locations can be two-dimensional.

4-27C Yes. A plane wall whose one side is insulated is equivalent to a plane wall that is
twice as thick and is exposed to convection from both sides. The midplane in the latter
case will behave like an insulated surface because of thermal symmetry.

4-28C The solution for determination of the one-dimensional transient temperature
distribution involves many variables that make the graphical representation of the results
impractical. In order to reduce the number of parameters, some variables are grouped into
dimensionless quantities.

4-29C The Fourier number is a measure of heat conducted through a body relative to the
heat stored. Thus a large value of Fourier number indicates faster propagation of heat
through body. Since Fourier number is proportional to time, doubling the time will also
double the Fourier number.

4-30C This case can be handled by setting the heat transfer coefficient h to infinity oo
since the temperature of the surrounding medium in this case becomes equivalent to the
surface temperature.

4-31C The maximum possible amount of heat transfer will occur when the temperature
of the body reaches the temperature of the medium, and can be determined from

Qmmax :me(Too_Ti)'

4-32C When the Biot number is less than 0.1, the temperature of the sphere will be nearly
uniform at all times. Therefore, it is more convenient to use the lumped system analysis
in this case.

4-33 A student calculates the total heat transfer from a spherical copper ball. It is to be
determined whether his/her result is reasonable.

Assumptions The thermal properties of the copper ball are constant at room temperature.

Properties The density and specific heat of the copper ball are p = 8933 kg/m°, and Cp=
0.385 kJ/kg.°C (Table A-3).

Analysis The mass of the copper ball and the maximum amount of heat transfer from the
copper ball are

3 3
m=pV = p[%} =(8933 kg/m%{@} =15.79kg

Quax = MC ,[T; ~T,,] = (15.79 kg)(0.385 kJ/kg.°C)(200 — 25)°C =1064 ki

Copper
4-17 ball, 200°C
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Discussion The student's result of 4520 kJ is not reasonable
since it is greater than the maximum possible amount of heat
transfer.

4-18



Chapter 4 Transient Heat Conduction

4-34 An eqgg is dropped into boiling water. Th