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Syllabus for
HEAT TRANSFER ME 3525

Introduction and Course Description

SvLLABUS FOR HEAT TREANSFER (ME 3515)
Semester: Spring 2024 School: Mizsouri S&T
Courze Information: Heat Transfer (ME Instructor Name: Zhi Liang
3325)
Units: 3 lecture hours Office Number: Toomey 229
Time: TTh 11:00-12:15 PM E-Mail: zlch5@mst edu
Location: Computer Science 216 Telephone: 573-341-4082
Website: canvas.umsystem edu Office Hours: BW 3:30 PM - 5:30 PM.
Zoom lmk:

https:/umsystem . zoom usj/42 659423 T8 Tpard="V1T1 QU5 4B ZJOU=POLhXINEZ ThEpw TITO

COVID Update on Classroom Instruction

» For the Spring 2024 semester. in-person courses and assessments are scheduled without
distancing between students.
# Staying home when you are sick and sesking testing when you have symptoms of COVID-
19 are measures to help reduce the spread of the virus.
» Students who are ill should contact Student Health Services (mstshs@mst edu), 573-341-
4284,
« If a student is isolating, the student will receive an abzence note from Student Health. The
student will be responsible of forwarding the absence note to their instructors.
* To protect against serions illness from COVID-19, everyone aged 5 years and older is
recommended to get one dose of an updated COVID-19 vaccination.
# The instructor will s2nd an email to students to explam how the course will continue in the
event of instructor emergency.
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COURSE DESCRIPTION

Course description: Fundamental principles of heat transmission by radiation, conduction, and
cotwvection; application of these principles to the solution of enginesring problems.

Prerequisites
A grade of "C" or better each of Comp Sci 1570 or 1970 or 1971 or 1972, Math 3304, ME 2519.

Required Textbook and Materials

Heat and Mass Transfer: Fundamentals & Applications, Yunns A Cengel and Afshin J. Ghajar,
MeGraw-Hill, 36" Edition.

AutoAccess

This course is part of our Autofccess program designed to reduce the cost of course materials for
students. You will be zble to access the digital content for this course through Canvas on the first
day of clazz sutomsatically. Your student account will be charged for the cost of the digital course
material. We have helped save students over $34 million by providing digital content over the last
@ years. The lowest cost content has been sourced. If vou choose to opt out of the content, please
do zo by Janunary 30, 2024 to receive a refund. You will be zent an AutoAccess Welcome Email
that will provide charge amounts, the opt-out process and any additional information nesded for
vour AutoAccess course(s) beginning January 3, 2024

Your Autofecess course may have a Print Upzrade available as an additional purchase. Thisiza
low-cost version of the printed text made available by the publisher at 2 reduced cost. It 1= the
publizher’s requirement that in order to purchase the additional print, vou must be opted in for the
AutoAccess digital required materizl  If vou have questions zbout Print Upzrades and opting out,
please contact us at antoaccess thesandtstore com. If vou have questions please contact call 573-
341-4703, email autoaccess(@mst edu or visit autoaccess thessndtstore com.

Examinations and Major Assignments

Examinations:

There will be two midterm tests (40%: of course) and one comprehensive final exam (23% of
courze) scheduled. The dates for the tests are shovm in the temtative course schedulz on P8 and
Pa.

Make-up Policy:

Attendance at exams and lectures iz mandatory. A makeup exam will be given only under certain
exireme circumstances becanse it is very hard to give a makeup exam that has the zame difficulty
level as the regular exam.
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Major Assignments:

Homework azsigmments (3% of course) will be aszigned roughly once a week and will be due,
typically, one week after assionment. ¥ou may do your homework with others if yvou like, but your
motivation must be to understand the material and not simply to copy what someons else has
struggled with (exam grades are 2 strong reflection of how well you understood homework
problems).

Homework Requirements: Homework assignments will be posted to Canvas. Homework will
be graded for neatness. You must clearly identify what i3 given in the problem, what you are
required to find, and show your units and assumptions clearly through the entire problem. Work
that iz not legible or does not melude umits will not receive credit Homewerl: will be requested at
the beginning of class. Late homework will only be accepted when a student has a rezsonable

EXCUSE.

Participation (20% of course): To eam participation peints, 2 student must znswer questions in
clasz. By giving 2 correct answer to a question asked by the instructor, a student can eam 5 points
each time. To receive a full prade of participation, a student must 2am 100 or more points by the
end of the semester. At the baginning of the semester, the mstructor gives every studemt 20
participation points. If a student cannot give a comect answer to a review guestion which iz
provided on Canvas before the lecture, the mmstractor will take 3 points off. In this case to get the
5 pomts back, the student must provide comect written answers to all review gquestions of that
chapter. If a student cannot give a correct answer to a regular question, the instructor will not
take pointz off. By the end of the semester, if a student getz more than 100 participation points,
he'she will get (participation points - 10005 bomue points to hiz'her final exam.

If a stndent is absent for three or more times, he/she will fail this courze. An abzence can he
excused if a stndent can provide a doctor’s note or a proof of other emergencies.

Project: One project (10% of course) iz planned for the semester. Final computer-generated
reports with complete lists of references are to be prepared by the student.

Study Expectations. Consider using the following statement:

It 1z usually expected that students will spend approximately 2 hours of study time outside of class
for every one hour in class. Since this is 2 3-unit class, vou should expect to study an average of
& hours outside of class each week. Some students may need more outside study time and some
less.

Grading

Semester Grade: Traditional letter prading will be assiznad at the end of the semester
according to the following weighting:
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Homework e
Participation 2
Project 1
2 Exams 4
Final Exam 2

Student’s Total Score 100%%

All grades will be assigned 2= follows:
Stndents’ Total Scores Letter Grade
90.0-100% A
80.0-90.0% B
70.0-80.0% C
60.0-70.0% D
Below 60.0% F
The mstructor reserves the right to curve exam scores as appropriate.

Contingency Information

¢ If a student becomes il] and 1= unable to attend class, the student should contact Student
Health Services (mstsha@mst edu), 573-341-4284. In this case, the student will receive
an absence note from Student Health and not Student Support and Commumity Standards
{Care Manapement). The student will be responsible of forwarding the abzence note to
their metruactors.

+ In the event of instructor emergency, the n-person lecture will be switched to virtual
lecture. The mstructor will zend 2 zoom link for the virtual lecture.

Accessibility and Accommodations

It iz the wiversity’s goal that learning experiences be as accessible 2z possible. If you anticipate
or experience physical or academic barmriers based on a disabality, please contact Student
Accessibality and Testing at (573) 341-6635, email dss@mst edu, or visit hitps://zaat mst edu/ for
mformation.

Student Support and Community Standards is your “Google Maps™ for support. During your
time at 3&T, you or 2 friend may need help navigating their student experience, fzcing a barrier,
of experiencing a challenge. You are not alone!

Student Support has a dedicated team and mumerous resources such as UCARE and the student
emergency fund to help you navigate the S&T experience and support your success. This
mncludes support to address barriers related to academic, personal, emotional, mediczl, financial,
or any other needs. All students can leam and grow from challenges or setbacks, they are
stepping stones to success and we are here to help.

4
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Writing and Communication Center

The Writing and Communication Center’s mission 13 to assist all students in their efforts to
become better writers, communicators, and critical thinkers. The Center’s peer congultants and
coaches provide free individualized one-on-one and small-group conversations to offer
meanimgzful feedback and guidance to students across all disciplines. Moare information can be
found on our website, through email: writing@mst.edu or stop by Curtis Laws Wilson Library
314-315.

Student Success Center

The Student Success Center (35C) supports student development through peer Academic
Mentoring focusing primarily on STEM courses, peer-to-peer soft skill coaching which can also
zct az an accountability buddy, and campus programming — all while providing free coffee and
hot beverages! All undergraduate students are encouraged to utilize the S3C's free services to get
timely support and to enhance their S&T Miner Experience. Contact uz at success@met edu OR
573-341-7590. To see the course offerings and times for S55C Academic Mentoring,

visit hitps-/smdentsnccess mat edu'academicmentoring,’.

Enack Tutoring (https://imst.joinknack.com/)

Enrolled 8&T undergraduate students can recerve complimentary FREE tutoring assistance from
peers who have successfully completed the course, available round the clock. You have the
option to comnect via the Knack platform online or in person on campus. If you've excelled in a
course, consider bacoming a Knack Tutor to support your fallow Mimers!

Student Honor Code and Academic Integrity

» Al students are expected to follow the Honor Code.

+ Student Academic Repulations describes the student standard of conduct relative to the
University of Miszour: System's Collected Rules and Regulations section 200.010, and
offers descriptions of academic dishonesty including cheating, plagiarism, and sabotage,
any of which will be reported to the Vice Provest for Undergraduate Education.

»  Other resources for students regarding academic integrity can be found online.

I have a zero-tolerance policy for any form of academic dishonesty. Student(s) will be

penalized with a failing grade (ie. zero points) for the assignment, quiz, project or

examination m which the mfrimgement ocouwrred and all violztions will be reported to the
department chair and the Viee Provost of Undergraduate Education.

Student Support and Community Standards has a dedicated team and numerous resources
such as UCARE and the student emergency fund to help students navigate the 5&T experience
znd support their success. This includes support to address barriers related to academic, personal,
emotional, mediczl, financial, or any other needs. All students can leam and grow from challenges
o setbacks, they are stepping stones to success and we are here to help.

LA
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Course Goals and Primary Learning Qutcomes

Course Goals and Principles Covered:
1.Modes of Heat Transfer
2.Conservation of Energy
3 Conduction, Convection and Radiation Heat Transfer
4 Extended Surfaces
5 Fimte Difference hethod
6. Heat Exchangzers
7 Multi-hMode Heat Transfer

Course Learning Objectives (CLOs):

Upon completion of this course, students should:
1) Understand the concepts in conduction, convection, and radiation heat trensfer. (ME Program
Student Outcomes 1)
2) Understand and apply analytical and numerical techniques used in steady-state and transient
conduction heat tramsfer analysis. (ME Program Student Outcome 1)
3) Understand and apply in real life sethings concepts usad in fin design problems. (ME Program
Student Outcome 1, 2,3, 1)
4) Understand and apply in real life settings concepts uzed in heat exchanger design. (2 ME
Program Student Outcome 1, 2)
5) Understand the concepts used mn multi-surface radiant exchange. (ME Program Student
Cutcome 1.2)
Owerall, this course satisfies ME Proprammatic Student Outcomes 1 and 2.

Student Outcomes (50s):

1. an ghility to identify, formulate, and solve complex engmesring problems by applying principles
of enginesring, science, and mathematics.

2. an ability to zpply enginsering design to produce solutions that meet specified needs with
consideration of public health safety, and welfare, as well 2z global, cultural social, environmental
znd economic factors.

3. an ability to commumicate effectively with a range of audiences.

4. an ahility to recognize ethical and professional responsibilities in engineering situations and
make mformed judgments, which must consider the impact of engineering solutions n global,
economic, environmental, and societal contexts.

3. an ability to function effectively on a team whose members together provide leadership, create
2 collabaorative and incluzive anvironment, establish goals, plan tasks, and meet objectrves

§. an ability to develop and conduct appropriate experimentation, analyze and mterpret data, and
use enginesring judgment to draw conclusions.

7. an ability to acquire and apply new knowladge as needed, using appropriate learing stratezies.
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Mapping of CLO1 CLO2 CLO3 CLO 4 CLO &
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Tentative Course Schedule
The schedule and procedurss for this course are subject to change.

Date Reading Topic
Azxsignment
1 | Tu, Jan. 16 1.1-14 Introduction Thermadynamics and Heat Transfer
I | Th, Jan. 18 15-18 Heat Transfer Mechanizms
3 | T, Jan 13 19 Heat Transfer Mechanizms (Contimed)
4 | Th, Jan. 25 21-14 Ome-Dimenzional Heat Condnction Equation
5 | Tu, Jan. 30 135-127 Steady One-Dimensional Hest Conduction
4§ | Th,Feh.1 31-33 Steady Heat Conduction, Thermal Fesistance Netwarks
7 | Tu., Feb. & 34,35 Heat Conduction in Cylinders snd Spheres
5 | Th, Feh. B 41 Transient Heat Conduction in Lumped systems
9 | Tu, Feb. 13 4.1 Transient Hest Conduction in 1-D systems
10 | Th., Fehb. 15 43-44 Transient Heat Conduction in Semi-infinite and 2-Dv3-I systems
11 | Tu, Feb. 20 51 MWumerical Method in Heat Conduction {Career Fair, watch video)
12 | Th, Feh. 22 52 Mumerical Heat Transfer, Finite Difference Formuolation (Froject 1)
13 | Tu, Feb. 27 TEST 1
14 | Th., Feb. 28 EX Heat Transfer from Finned Surfaces
15 | Tu, Mar 35 d.1-611 Fundamental: of Convection
16 | Th., Mar 7 T1-72 Heat Transfer in External Flow, Parallsl Flow over Flat Plates
17 | Tu., Mar. 12 T3 Flow across Cylinders and Spheres
18 | Th, Mhar. 14 Spring Fecess (Wo Lecture)
19 | Tu., Mar. 19 81-83 Intarmal Forced Convection, Introduction
0 | The, Mar. 21 B4 General Thermal Analyziz of Flow in Tubes
21 | Tu, Mar 24 Spring Break (Mo Lecture)
12 | Th, hdar. 28 Spring Break (Wo Lecture)
13 | T, Apr. 2 8.5, 8.6 Laminar and Turbulent Flows in Tubes
14 | Th, Apr. 4 111,112 Introduction to Heat Exchangers
25 | Tu, Apr. 9 11.3 Analysiz of Heat Exchansers
8
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26 | Th, Apr 11 114-11.4 Diesign of Heat Exchangers

27 | Tu, Apr 14 121-123 Thenmszl Radiation, Blackbody Fadiztion

18 | Th, Apr. 13 TEST 2

29 | Tu, Apr 23 125 Fadistive proparties

30 | Th, Apr 25 124 Atmosphere and Solar Fadistion

31 | Tu, Apr. 30 13.1-152 View factor

32 | Th, May 2 13.3-13.4 Fadiztion Heat Transfar

Final: week Drays Dates Time

Final Semester Examinations honday-Friday May 46-10

Final Exam in thiz courze Thorsday May 2 10:00am-

12:00pmm

g
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Intro to Heat Transfer
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EXAMPLE 1-1 Heating of a Copper Ball

A 10cm-diameter copper ball is to be heated from 100°C to an average
temperature of 150°C in 30 min (@ Fig. 1-14). Taking the average
density and specific heat of copper in this temperature range to be

p = 8950 kg /m? and ¢ = 0.395 kJ /kg-°C, respectively, determine (a)
the total amount of heat transfer to the copper ball, (5) the average rate
of heat transfer to the ball, and (¢) the average heat flux.

A
FIGURE 1-14 Schematic for (3 Example 1-1.
SOLUTION The copper ball is to be heated from 100°C to 150°C. The
total heat transfer. the average rate of heat transfer, and the average heat
flux are to be determined.

Constant prop
average temperature.

can be used for copper at the

Properties The average density and specific heat of copper are given
10 be o = 8950 kg /m? and ¢, = 0.395 kJ /kg-°C.

Analysis (a) The amount of heat transferred to the copper ball is
simply the change in its internal encrgy and is determined from

Energy transfer = Energy
= AU = meyy(T2=1y)

Q
where o *yffz,, ‘M ME sty

m=pV =7 oD’ = (3950 kg/m*)0.1 m)’ = 4686 ke

Substituting,

Q = (4:696 kg )(0.395 kJ /kg°C)(150 ~ 100°C = 92.6 kI

Therefore, 92.6 kJ of heat needs to be transferred to the copper ball to
heat it from 100°C to 150°C.

(b) The rate of heat transfer normally changes during a process with
time. However, we can determine the average rate of heat transfer by
dividing the total amount of heat transfer by the time interval. Therefore,

_2_92.6”_ _
Quy =37 = Tao0s = 051K /5 =514 W

(¢) Heat flux is defined as the heat transfer per unit time per unit area, or
the rate of heat transfer per unit area. Therefore, the average heat flux in
this case is

Qog Qg SUAW o v

Saw =77 aD’ x(o,lm)l

Discussion Note that heat flux may vary with location on a surface.
The value calculated here is the average heat flux over the entire surface
of the ball,

Stolionpry system, m work "
@mMey A

)

B Vih =5 LANerAls 20

EXAMPLE 1-3 Heat Loss from Heating Ducts in a
Basement

A S-m-long section of an air heating system of a house passes through an
unheated space in the basement (@ Fig. 1-21). The cross section of the
rectangular duct of the heating system is 20 cm X 25 em. Hot air enters
the duct at 100 kPa and 60°C at an average velocity of § m/s. The
temperature of the air in the duct drops to 54°C as a result of heat loss to
the cool space in the basement. Determine the rate of heat loss from the
air in the duct to the basement under steady conditions. Also, determine
the cost of this heat loss per hour if the house is heated by a natural gas
furnace that has an efficiency of 80 percent and the cost of the natural
gas in that area is $1.60/therm(1 therm = 100,000

AN
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EXAMPLE 1-5 The Cost of Heat Loss Througha "™ i
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T L : Lot -

The roof A?f an eleculwally heated home is 6 m long, 8 m wide, and o an 5“‘ cleodical cotuter

0,25 m thick, and it is made of a flat layer of concrete whose thermal ot w

conductivity isk = 0.8 W/m-K (@ Fig. 1-27). The temperatures of the ::"'" !: g

inner and the outer surfaces of the roof one night are measured to be [ BE4

15°C and 4°C, respectively, for a period of 10 h. Determine («) the rate L et

of heat loss through the roof that night and (&) the cost of that heat loss ::.“ z,

1o the homeowner if the cost of electricity is $0.08/kWh. Hurman sk o
Wz nak) an
Hubum g am

Concrete roof ~ 025 m P -

Qs A oy
mrigh anes
Lhsethane, rigid foam D02
The thermal conductivity of an alloy is usually much kower San the thermal conguctivity of effer metsl of which if i composed.

Pure Metal or dlloy.

kW mk, ati® 300K

Copper =
Mackel L
onsfomfon (5% Cu, 45% NO e}
FIGURE -27 Schematic for ) Example 1-5. — -
SOLUTION The inner and outer surfaces of the flat concrete oof of an ™™™ =
mmer "
clectrically heated home are at specified during & ol e 90 E L A1 =
a night. The heat loss through the roof and its cost that night are to be
determined. Thermal conductivities of materias =
e WimE
1 Steady exist during the entire TE Conper Aminum
night since the surface temperatures of the roof remain constant at the w0 agz 02
specified values, 2 Constant properties can be used for the roof. 200 a3 237
aot 37
Properties The thermal conductivity of the roof is given 1o be :2 - =5
k=08W/m-K. o ™ o
Analysis (a) Noting that heat transfer through the roof is by a0 356 e

conduction and the arca of the roof is A = 6 m X 8 m = 48 m?, the
steady rate of heat transfer through the roof is
(15— 4]

: = C
0= m¥ = (0.8 W/m-K)(45 m’}ﬁ = 1600W = LKW

() The amount of heat lost through the roof during a 10+h period and its
cost are

Q = er-(].wkw](:oh}-lwkwh
Cost = (Amount of energy){Unit cost of energy)
- (16,9 kWh)[$0.08/kWh ) = 5135

Discussion The cost to the homeowner of the heat loss through the
roof that night was $1.35. The total heating bill of the house will be much
larger since the heat losses through the walls are not considered in these
caleulations.
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EXAMPLE 1-8 Measuring Convection Heat
Transfer Coefficient

A Fm-long, 03-cmediameter electrical wire extends across a room at
15°C, as shown in 5 Fig. 1-37. Heat is generated in the wire a5 a result
of resistance heating, and the surface temperature of the wire is measured
to be 152°C in steady operation. Also, the voltage drop and electric
current through the wire are measured 10 be 60V and 1.5 A, respectively.
Disregarding any heat transfer by radiation, determine the Pape 27
convection heat transfer coefficient for heat transfer between
the outer surface of the wire and the air in the room.

Ty =15C
152°C
154 {
i — )
L ; ]
o IV +

FIGURE 1-37 Schematic for (2 Example 15



the cool space in the basement. Determine the rate of heat loss from the
air in the duct to the basement under steady conditions. Also, determine
the cost of this heat loss per hour if the house is heated by a natural gas
furnace that has an efficiency of 80 percent and the cost of the nawral
gas in that area is $1.60/therm(1 therm = 100,000

Btu = 105,500 kT).

ﬁnl/“"

—

Hot air
100 kPa
60°C
Smis O
FIGURE 1-21 Schematic for () Example 1-3,

SOLUTION The temperature of the air in the heating duct of a house
drops as a result of heat loss to the cool space in the basement. The rate
of heat loss from the hot air and its cost are to be determined.

1 Steady i itions exist. 2 Air can be treated
as an wdeal gas with constant properties at room temperature,

Properties The constant-pressure specific heat of air at the average
temperature of (54 + 60)/2 = 57°C is 1.007 kJ /kg-K (@ Table A-15),

Analysis We take the basement section of the heating system as our
system, which is a steady-flow system. The rate of heat loss from the air
in the duct can be determined from

Q=meAT

where mt is the mass flow rate and AT is the temperature drop.  page 15

The density of air at the inlet conditions is

100 kFa

e e =] [Mfikg/m®
BT {0.287 kPn - m*/kgK (60 + 273)K

The cross-sectional area of the duct is

A= (020 m }0.25 m ) = 0.05 m*

Then the mass flow rate of air through the duct and the rate of heat loss
become

m=pVA, = (Lod6 kg/m?)(5 m/s)[0.05 m?) = 02615 kg /s

and

‘.?um = gl Ty — Ty}
= (0.2615 kg /s )(1.007 kI /kg-*C)60 — 54)°'C
= L58kls

or 5688 kJ /. The cost of this heat loss to the homeowner is

{Rate of heat loss )i Unit cost of energy input)
Furnace elficiency

{5688 &I /1 )(S 160 therm ) 1 therm
- 080 ( )

Cost of heat loss =

105,500 kI
= 30.108h

Discussion The heat loss from the heating ducts in the hasement is
costing the homeowner 1008 cents per hour. Assuming the heater
operates 2000 hours during a heating season, the annual cost of this heat
loss adds up to $216. Most of this money can be saved by insulating the
heating ducts in the unheated areas.
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FIGURE 1-37 Schematic for (2 Example 15

SOLUTION The convection heal 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 When steady operating conditions are reached, 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= Eyperuea = VI = (60V) (L34) =90 W

The surface area of the wire is

A, =aDL = 7{0.003 m)(2 m) = 001885 m*

Wewton's law of cooling for convection heat transfer is expressed as

Qo = HAT, - T

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

L 90w

M Aot T omsmiusoisre

= MIW/m'K

Discussion Mote that the simple setup described above can be used to
determine the average heat transfer coefficients from a variety of surfaces
r. Also, heat transfer by radiation can be eliminated by keeping the
surrounding surfaces at the temperature of the wire.
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Chapter 1 Review questions:

1. In the 1* law of thermodynamics £, — E, = AE, what are the meanings of Ei,, Euy, and AE,
respectively?

2. What are the three forms of energy transfer across a system boundary? What are the three forms
of energy usually considered m a system?

3. By definition, what is the difference between a closed system and an open system?

4. Give an example of a stationary closed system with no work. What iz the equation when the 1%
law of thermodynamics 1= applied to such a system?

3. Give an example of a steady flow open system with no work. What is the equation when the 1%
law of thermodynamics 1= applied to such a system?

6. In heat transfer, what are the meanings of @, ¢, and §, respectively? How are these thres
quantities defined?” What are the units of @, §, and §, respectively?

7. Which law iz used to determine the heat conduction rate? What 15 the meaning and unit of Fin
this law?

8. Is the heat transfer between a solid and the adjacent fluid always by convection?

9. Which law iz uzed to determine the hest convection rate? What 1z the meaning and unit of ;in
this law?

10. What iz the definition of a blackbody surface? = 7 at a blackbody surface.

11. Which law is uzed to determine the thermeal radiation rate? Which tempersture must be uzsed in
this law? What are the meanings and units of & and o in this law?

12. When is the equation 0, , =zod, (I' =T ) valid?

Heat Transfer Page 14
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ME 3525 HW1

h

. Bead Chapter 1. -~ e Tt

Consider a 130-W meandeszcent lamp. The filament of the lamp | i

15 J-cm long and has a diameter of 0.3 mm. The diameter of the |.

glass bulb of the lamp is 8 cm. Determine the heat flux, in Wim®, \ [
(¢} on the surface of the filament and (&) on the surface of the \

glass bulb, and () caleulate how much it will cost per yesr to \ - /
keep that lamp on for eight hours a day every day if the unit cost %’é

of electricity 15 $0.084Wh. T —

. Water iz heated in an insulated, constant diameter tube by a 3-EW electric resistance haater.

Wiiler

If the water enters the heater steadily at 13°C and
leaves at 60°C, determine the mass flow rate of water.

™
R

EEEL.
An aluminum pan whose themmal conduetivity 1s 237

Wm-K has a flat bottom with diameter 15 cm and

thiclmess 0.4 cm. Heat is transferred steadily to boiling

water in the pan through its bottom at a rate of 1400 W.

Ifthe inner surface of the bottom of the pan i1z at 103°C, -

determine the temperature of the outer surface of the || ( | |
bottom of the pan. - = g fdem

I T EEEEEE EEED i

[EILER

A 2 1-m-leng, 0.2-cm-dizmeter electrical wire extends
across 4 roomn that is maintained at 20°C. Heat iz generated in the wire as a result of
resistance hesting, and the surface temperature of the wire is measured to be 130°C in
steady operation. Also, the voltage drop and electric current through the wire are measured
tobe 110 W and 3 A respectively. Disregarding any Hoven

heat tranzfer by radiation, determine the comvection 1"{

heat transfer coefficient for heat fransfer between the
outer surface of the wire and the air in the room.

o~ THIFL
¥

= Electric resistance beater

Consider a person whose exposed surface area iz 1.7 m®, emissivity is 0.3, and surface
temperature iz 32°C. Determine the rate of heat loss from that person by radiation in 2 large
room having walls at 2 temperature of (@) 27°C and (5) 7°C.
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Heat Conduction Equation

Tuesday, January 23,202 mMMYop
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EXAMPLE 2-1 Heat Generation in a Hair Dryer

The resistance wire of & 1200-W hair dryer is 80 con long and has _*2# %!
a diameter of D = 0.3cm (& Fig. 2-11). Determine the rate of beat
generation in the wire per unit volume, in W /cm*, and the heat flux on
the outer surfirce of the wire 33 4 result of this heat generation.

Hair dryer
1200 W

FIGURE 211 Sctrsatic for ) Example 2-1.

SOLUTION The power consumed by the resistance wire of a bair dryer
is ziven. The heat generation and the heat flux are to be determined.

Assumptions Heat is generated uniformly in the resistance wire

Analysis A 1200-W hair dryer converts electrical energy into heat in
the wire at a rate of 1200 W. Therefore, the rate of heat generation in a
resistance wire is equal 10 the power consumptiors of  resistance beater.
Then the rate of heat gencration in the wire per unit volume is
determined by dividing the total rate of heat generation by the volume of
the wire,

1200 W

LW ) Wiem
0 4L ]g(u.\cm]'u|(»mm|

Similarly, heat flux on the outer surface of the wire as a result of this beat
generation is determined by dividing the total rate of hest gencration by
the surface area of the wire,

e _Bpm__ 120W 2o
Q= T AL RO em o) i

0’1(’/ J;"” eAf . 0n ol hl-ll.‘}“ ton JU(,-}'.'Ml-

Consd  Condoetin], ™ troe et lav R them g anl

<\7‘T enm _l__ZT
— % ZAon - 3+

I K wx Aeel cv«Jw{fv:H

'\,w:n hgak
Loshged, shate. 3o
. “1 a a+r
Aﬂ ¢ éfu .0

s r
. hoat bmbt-'\"uq'- ég)aio

DY S, 5}

— " = 2+

It
3, Bttt

2L 0
3t

Ex. 1,

:\10% e 5"’3-.1{ 94“}?:
T{_SU o hoad %m-lf».

N Zed

a¥
T1: e,
TLer0) =T, = 1202 b
Tl = e et
(: 22132, .350
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EXAMPLE 2—-12 Heat Conduction in the Base
Plate of an Iron

Consider the base plate of a 1200-W household iron that has a thickness
of L = 0.5cm, base area of A = 300cm2, and thermal conductivity of
k = 15W /m-K. The inner surface of the base plate is subjected to
uniform heat flux generated by the resistance heaters inside, and the
outer surface loses heat to the surroundings at T, = 20°C by
convection, as shown in @ Fig. 2-45. Taking the convection heat
transfer coefficient to be h = 80W /m?2-K and disregarding heat loss by
radiation, obtain an expression for the variation of temperature in the
base plate, and evaluate the temperatures at the inner and the outer
surfaces.

Resistance heater
1200 W

Base plate

Insulation

300 cm?

=20°C

FIGURE 2-45 Schematic for (& Example 2-12,

SOLUTION The base plate of an iron is considered. The variation of
temperature in the plate and the surface temperatures are to be
determined.

Heat Transfer Page 20

Assumptions 1 Heat transfer is steady since there is no change with
time. 2 Heat transfer is one-dimensional since the surface area of the
base plate is large relative to its thickness, and the thermal conditions on
both sides are uniform. 3 Thermal conductivity is constant. 4 There is no
heat generation in the medium. 5 Heat transfer by radiation is negligible.
6 The upper part of the iron is well insulated, so all heat generated in the
resistance wires is transferred to the base plate through its inner surface.

Properties The thermal conductivity is given to be k = 15W /m-K.

Analysis The inner surface of the base plate is subjected to uniform
heat flux at a rate of

Q _ 1200W

A 2
ey

4=

The outer side of the plate is subjected to the convection condition.
Taking the direction normal to the surface of the wall as the x-direction
with its origin on the inner surface, the differential equation for this
problem can be expressed as (@ Fig. 2-46)

with the boundary conditions

dr

—k—mr=c= g, = 40,000W /m?

dm’) = h[T(L) - T,



Base plate
Heat flux | Conduction
h

I Ts

o d7(0)
qo dv

Conduction | Convection

anir) _ =
kS = hTW) - T,)

0 Li

FIGURE 2-46 The boundary conditions on the base plate of the iron discussed in (5 Examy

The general solution to the differential equation is again Page 105
obtained by two successive integrations to be
dr
P
and
(x) = Cix+ G (@

where C and C, are arbitrary constants. Applying the first boundary
condition,

dr1(0)

0
dx

Noting that dT/dx = C; and T(L) = C,L + C,, the application of the
second boundary condition gives

—k =q0—>—kC1=qo—~C1=—f

_k%%lﬂw—ml = —kCy ={(CiL+C)~ T

% 4
C2=TM+TO+T0L

Now substituting C, and C, into the general solution (a) gives

« fLi=Xx. 1
7(/\) = Too + q“(—k + E) (b)
which is the solution for the variation of the temperature in the plate.
The temperatures at the inner and outer surfaces of the plate are
determined by substituting x = 0 and x = L, respectively, into the
relation (b):

1
T(O) = Tw + qO(E-’.E)
o 0.005m 1
= 20 C + (40,000W /m? =533C
( : )(ISW/m-K 80W/m2-l()
and
> o Z e
T(L):Tw +q0(0+l)=20(: +M=520 C

h 80W/m?.K

Discussion Note that the temperature of the inner surface of the base
plate is 13°C higher than the temperature of the outer surface when
steady operating conditions are reached. Also note that this heat transfer
analysis enables us to calculate the temperatures of surfaces that we
cannot even reach. This example demonstrates how the heat flux and
convection boundary conditions are applied to heat transfer problems.

Substituting C; = — qol k and solving for C,, we obtain
E+, g
< 7 r? .06 »m
e —7 a 4 " .08 m
0% v r:220nm
b s . f z ys0°C
v T.ba p0°C

T,-T - _T,-T
L.~ ﬁ‘\nﬁ Lz T, h}—;_hrllan

0, .= —ka .k LZﬂf‘l)-(:'/ z -kig L T-T,

lo$) Fi

Qo s T8b KW

tn L£% |nr,

-
70

L=Gm
To= loo’t

Find T ) wie tenbe

k= VS WAk
Wo?1000 w

4
Ay (rd\ g, 1.3
F L 6’\*;,‘?’1”
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Chapter 2 Review questions:
1. What is the meaning of one-dimensional heat conduction?

2. What are the meanings and units of £ and & , respectively?

3. What is the 1-D heat conduction equation in a rectangular coordinate system? Which law(z) do
we use to derive this equation?

4. What iz @ in the 1-D heat conduction equation? What iz the definition, unit and physical

meaning of &7
5. What does stzady state mean in the 1-D heat conduction equation?
§. How many boundary conditions do we need to solve the 1-D heat conduction equation?

7. If the temperature at a system boundary 1s not given or unkmnown, can we still use the temperature
boundary condition to solve the 1-D heat conduction equation? If not, what boundary condition(s)

should we use in this caze?
8. What is the 1-D heat conduction equation in a cylindrical coordinate system?

9. The 1-I heat conduction equation in 2 cylindrical coordinate system can be used to study heat
conduction in a long cylinder. Why can we approximate a long cylinder as a 1-D system?

10. If diameter iz given, how to calculate the perimeter and area of a circle? If diameter is given,
how to calculate the surface area and volume of 2 sphere? If diameter and length are given, how
to calculate the area of the side wall and the volume of 2 cylmder?

Heat Transfer Page 24
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ME 3525 HW2

1. Read Chapter 2.

2. Consider a large stzinless steel plate with a thickmess of L. Heat is generated uniformly i
the plate at a rate of £..,. Assuming the plate iz lozing heat from both sides, prove that the
heat flux on the surface of the plate during steady operation equals to £...L/72.

3. Consider a large plane wall of thickness L = 0.3 m, thermal
conductivity £ =2.5 Wim K, and surface srea 4 = 12 m’. The
left side of the wall at x = 0 13 subjected to a net heat flux of
g = 00 Winr while the temperature at that surface is measured 7
tobe I = 80°C. Assuming constant thermal conductivity and no .
heat generation in the wall, (&) express the differential equation ]
and the boundary conditions for steady one-dimensional heat i
conduction through the wall, (&) obtain a relation for the
variation of temperature in the wall by solving the differential equation, and (¢) evaluate
the temperature of the right surface of the wall at x =1L

4. Censider a steam pipe of length L = 9 m, inner radius ) = 3 cm, outer radius 7> =6 cm, and
thermal conductivity & = 12.3 Wim-°C. Steam is
flowing through the pipe at an average temperature of
150°C, and the average comvection heat transfer
coefficient on the inner surface is given to be 2= 70
Wim'-*C. If the average temperature on the outer
surfaces of the pipe 1s > = B0°C, (&) express the
differential equation and the boundary conditions for
steady one-dimensional heat conduction through the
pipe, (5) obtain a relation for the wvariation of |
temperature in the pipe by solving the differential
equation, and (¢} evaluate the rate of heat loss from
the stezm through the pipe.

=l

A 2 W resistance heater wire with thermal conductivity of £ =20 [l
Wim-E, a diameter of 00 =4 mm, and a length of L = 0.9 m i3 uzad to |
boil water. If the outer surface temperature of the rezistance wire is I | |
= 130°C, solve the heat conduction equation to determine the |
temperature at r = 1 mm. (You must express the differential equation | i___‘ .
LIH
I "

and the boundary conditions and solve the differential equation to
determine the temperature. Otherwize, your HW2 grade will be zero!) =

-— Resisiance

L}
| hecalir
| &
_"-\_r

0
.

\(.If lfll_). ,.2.
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EXAMPLE 3—-2 Heat Loss Through a Single-Pane
Window

Consider a 0.8-m-high and 1.5-m-wide glass window with a thickness of
8 mm and a thermal conductivity of k = 0.78 W /m-K. Determine the
steady rate of heat transfer through this glass window and the
temperature of its inner surface for a day during which the room is
maintained at 20°C while the temperature of the outdoors is — 10°C.
Take the heat transfer coefficients on the inner and outer surfaces of the
window to be h; = 10 W/m?2.K and h, = 40 W/m?.K, which includes
the effects of radiation.

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

Assumptions 1 Heat transfer through the window is steady “page 160
since the surface temperatures remain constant at the specified

values. 2 Heat transfer through the wall is one-dimensional since any
significant temperature gradients exist in the direction from the indoors
to the outdoors. 3 Thermal conductivity is constant.

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

Analysis This problem involves conduction through the glass window
and convection at its surfaces, and it can best be handled by making use
of the thermal resistance concept and drawing the thermal resistance
network, as shown in @ Fig. 3-12. Noting that the area of the window is
A=0.8m x 1.5m = 1.2 m? the individual resistances are evaluated
from their definitions to be

R = Rem)=pr—=—————"——=008333°C/W
- i T (10w /m2K)(12m?)
L 0.008 m
Rt = == = 0.00855°C/W
B kA~ (0.78W/m K,12m?)
1 1
R = R =— = (.02083°C /W
: M2 A (a0 w/m2K)(1.2m?)
4+ Glass
20°C
Tl
L TI
-10°C
hy =10 W/m*K hy = 40 W/m*K
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EXAMPLE 3—3 Heat Loss Through Double-Pane
Windows

Consider a 0.8-m-high and 1.5-m-wide double-pane window m
consisting of two 4-mm-thick layers of glass " L
(k =0.78W/m ~K) separated by a 10-mm-wide stagnant airspace

(k = 0.026 W/ m-K). Determine the steady rate of heat transfer through
this double-pane window and the temperature of its inner surface for a
day during which the room is maintained at 20°C while the temperature
of the outdoors is — 10°C. Take the convection heat transfer coefficients
on the inner and outer surfaces of the window to be h; = 10 W/m?2-K
and h, = 40 W /m2-K, which includes the effects of radiation.

SOLUTION A double-pane window is considered. The rate of heat
transfer through the window and the inner surface temperature are to be
determined.

Analysis This example problem is identical to the previous one except
that the single 8-mm-thick window glass is replaced by two 4-mm-thick
glasses that enclose a 10-mm-wide stagnant airspace. Therefore, the
thermal resistance network of this problem involves two additional
conduction resistances corresponding to the two additional layers, as
shown in (%’ Fig. 3-13. Noting that the area of the window is again
A=0.8m X 1.5m = 1.2 m?, the individual resistances are evaluated
from their definitions to be

1

1
R = R == = 0.08333°C /W
! ML T (10W/m2~l()(1.2 m2)
Ry = R3;=Ryas= b e = 0.00427°C /W
kA (078 W/m-K)(1.2m?)
Ry = I SOk = 0.3205°C /W
k2A " (0.026 W/m K)(1.2 m?)
1 1
R = R Sl = 0.02083°C /W
0 conv, 2 th (40 W/m2~K)(1.2m2)
Glass Glass
Air
20°C
Tl“ "72

T
LI -10°C

4 mm 10 mm . 4 mm




L=8mm

R" | Rglu\\ Rn
T“‘ e * * Toc!
T,

=~
2

FIGURE 3-12 Schematic for (& Example 3-2.
Noting that all three resistances are in series, the total resistance is
Riol = Reonvt + Retass + Reony2 = 0.08333 + 0.00855 + 0.02083
P 0.1127°C /W
Then the steady rate of heat transfer through the window becomes

Tt =Tos. |20=(=10)]°C

= =266 W
Riai 0.1127°C/W

0=

Knowing the rate of heat transfer, the inner surface temperature of the

window glass can be determined from

Tor =Ty

Q= R T = Too1 = QReony
= 20°C — (266 W)(0.08333°C /W)

= -22°C
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Twi R R R, R Oy

FIGURE 3-13 Schematic for (&) Example 3-3.
Noting that all five resistances are in series, the total resistance is
Rigta = Reonv, 1+ Rglm. 1+ Rair + Rg]ass. 2+ Reony, 2

0.08333 + 0.00427 + 0.3205 + 0.00427 + 0.02083
= 0.4332°C /W

Then the steady rate of heat transfer through the window becomes

- — Tnul— mZ_[ZD_(_ID)]OC -
D= REE 0S5 i

which is about one-fourth of the result obtained in (2 Example 3-2. This
explains the popularity of the double- and even triple-pane windows in

cold climates. The drastic reduction in the heat transfer rate in this case
is due to the large thermal resistance of the air layer between the glasses.

The inner surface temperature of the window in this case will be

Ty =Ter - (';)Rcm 1 = 20°C —(69.2 W)(0.08333°C /W) = 14.2°C



EXAMPLE 3—6 Heat Loss Through a Composite
Wall

A 3-m-high and 5-m-wide wall consists of long 16-cm X 22-cm cross
section horizontal bricks (k =0.72W/m -K) separated by 3-cm-thick
plaster layers (k =022W/ m-K). There are also 2-cm-thick plaster
layers on each side of the brick and a 3-cm-thick rigid foam

(k =0.026 W/m -K) on the inner side of the wall, as shown in

@ Fig. 3-21. The indoor and the outdoor temperatures are 20°C and

— 10°C, respectively, and the convection heat transfer coefficients on
the inner and the outer sides are h; = 10 W /m2-K and

hy = 25 W/m2.K, respectively. Assuming one-dimensional heat transfer
and disregarding radiation, determine the rate of heat transfer through

the wall.
Foam Plaster
N -

Too:
1.5¢cm
Brick
h,
Ty 22 cm
1.5¢cm
— e ~———
f—>x
3 | 2 16 cm 2
Ry
R, R R, R, | Rs R,
T ® T

FIGURE 3-21 Schematic for ¥/ Example 3-6.

SOLUTION The composition of a composite wall is given. 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 can be approximated as being one-
dimensional since it is predominantly in the x-direction. 3 Thermal
conductivities are constant. 4 Heat transfer by radiation is negligible.

Properties The thermal conductivities are given to be
k =0.72W /m-K for bricks, k = 0.22 W/m-K for plaster layers, and
k = 0.026 W /m-K for the rigid foam.

Analysis There is a pattern in the construction of this wall that repeats
itself every 25-cm distance in the vertical direction. There is no variation
in the horizontal direction. Therefore, we consider a 1-m-deep and
0.25-m-high portion of the wall, since it is representative of the entire
wall.

Assuming any cross section of the wall normal to the x-direction to be
isothermal, the thermal resistance network for the representative section
of the wall becomes as shown in (2 Fig. 3-21. The individual resistances
are evaluated as:
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EXAMPLE 3—9 Heat Loss from an Insulated
Electric Wire

A 3-mm-diameter and 5-m-long electric wire is tightly wrapped with a
2-mm-thick plastic cover whose thermal conductivity is

k = 0.15W/m-K. Electrical measurements indicate that a current of 10
A passes through the wire, and there is a voltage drop of 8 V along the
wire. If the insulated wire is exposed to a medium at T, = 30°C with a
heat transfer coefficient of h = 12 W /m 2K, determine the temperature
at the interface of the wire and the plastic cover in steady operation. Also
determine whether doubling the thickness of the plastic cover will
increase or decrease this interface temperature.

SOLUTION An electric wire is tightly wrapped with a plastic cover. The
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 conductivities are constant. 4 The thermal contact
resistance at the interface is negligible. 5 Heat transfer coefficient
incorporates the radiation effects, if any.

Properties The thermal conductivity of plastic is given to be
k=0.15W/m-K.

Analysis Heat is generated in the wire, and its temperature rises as a
result of resistance heating. We assume heat is generated uniformly
throughout the wire and is transferred to the surrounding medium in the
radial direction. In steady operation, the rate of heat transfer becomes
equal to the heat generated within the wire, which is determined to be

Q=We=VI=(8V)(10A)=80W

The thermal resistance network for this problem involves a conduction
resistance for the plastic cover and a convection resistance for the outer
surface in series, as shown in @ Fig. 3-32. The values of these two

resistances are
Ay = (27r,)L = 27(0.0035 m )(5m) = 0.110 m?
1 1
Reo = —_— =0.76°C/W
o hAz  (12W/m?K)(0.110 m?)
In(ra/ry) In(3.5/1.5)
R = =0.18°C/W
DaRE 2kl 27(0.15W/m-K)(5m) 4
and therefore Page 179

Riotal = Rplastic + Reony = 0.76 + 0.18 = 0.94°C /W

Then the interface temperature can be determined from

Q=T1_Tm

To + QRigtal

30°C + (80 W)(0.94°C /W) = 105°C

—: T
1
Rln(al

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




isomermat, (e termal Tesistance NeWWOIK 10T e FePresentauve secuon
of the wall becomes as shown in (2 Fig. 3-21. The individual resistances
are evaluated as:

1 1
R = R = = 0.40°C /W
! e hnA (10W/m2K)(0.25 x 1 m?)
R e o0 = 4.62°C/W
kA (0026W/m K)(0.25x 1 m?)
0.02m
R; = Rg = Rplastersid
p——— kA (022W/m-K)(0.25 x 1m?)
= 0.36°C /W
L 0.16m
Ry = Rs=Rpuser, =
3 Tplastencenter T kA T (0.2 W/m-K)(0.015 x 1m?2)
- 48.48°C /W
1 0.16m
o Syer =1.01°C/W
* " kA (072W/m-K)(0.22 x 1m?)
R, = Reonv2= - . =0.16°C/W

A (2sW/m2K)(0.25 x 1m?)

The three resistances Rj, Ry, and Rs in the middle are parallel, “p,ge 169
and their equivalent resistance is determined from

19 D1 1 1 y
R P by vy e LA

1
Rmid
which gives
Rnig = 0.97°C /W

Now all the resistances are in series, and the total resistance is

Riotar = Ri+ Ry + Ry + Ryia + Re + R,
0.40 + 4.62 + 0.36 + 0.97 + 0.36 + 0.16
- 6.87°C /W

Then the steady rate of heat transfer through the wall becomes

Q = Taol “~hoo2 [20_(_ 10)]°C
" Rewm  687°C/W

=437W (per 0.25 m? surface area)

or 4.37/0.25 = 17.5 W per m? area. The total area of the wall is
A=3m x 5m = 15m?2 Then the rate of heat transfer through the
entire wall becomes

Quu = (175 W/m?)(15 m?) = 263 W

Of course, this result is approximate, since we assumed the temperature
within the wall to vary in one direction only and ignored any temperature
change (and thus heat transfer) in the other two directions.
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plastic conv
FIGURE 3-32 Schematic for (3 Example 3-9

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

& Eq. 3-50 to be

_E_M—OOIZSm—IZSmm

,
TTh 12W/m

which is larger than the radius of the plastic cover. Therefore, increasing

the thickness of the plastic cover will enhance heat transfer until the

outer radius of the cover reaches 12.5 mm. As a result, the rate of heat

transfer Q will increase when the interface temperature T; is held

constant, or T; will decrease when Q is held constant, which is the case
here.

Discussion It can be shown by repeating the calculations for a 4-mm-
thick plastic cover that the interface temperature drops to 90.6°C when
the thickness of the plastic cover is doubled. It can also be shown in a
similar manner that the interface reaches a minimum temperature of
83°C when the outer radius of the plastic cover equals the critical radius.
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1. A10m = 15 m double-pane windew consists of two 4-mm-thick lavers of glass (k=078
Wim-K) that are separated by a 5-mm air gap (&= 0,023 Wim-K). The heat flow through
the air gap is 2zsumed to be by conduction. The inside and cutside air temperatures are
20°C and —-20°C, respectively, and the inzide and outside heat transfer coefficients are 40
and 20 Wim" K. Determine (a) the daily rate of heat loss through the window in steady
operation and (5) the temperature difference across the largest thermal resistance.

2. The outer surface of zn engine iz situated in a place where
o1l leakzge can occur. When leaked oil comes in comtact
with 2 hot surface that haz a temperature sbove itz
autoignition tempersture, the oil can ignite spontanescusly.
Consider an engine cover that is made of a stainless steel Bepien woins
plate with a thickness of 1 cm and a thermal conductivity -
of 14 WimE. The inner surface of the engine cover is
exposed to hot air with a2 comvection heat transfer
coefficient of 7 Wim™ K at 333°C. The outer surface 1=
exposed to an environment where the ambient air 15 82°C
with & convection heat transfer coefficient of 7 Wim® K. To prevent fire hazard in the event
of o1l leak: on the engine cover, a layver of thermal barrier coating (TBC) with a thermal
conductivity of 1.1 Wim- K iz applied on the engine cover outer surface. Would 2 TBC
layer of 4 mm in thickness be sufficient to keep the engine cover surface below autoignition
temperature of 200°C to prevent fire hazard? ’

3 A l-mm-thick copper plate (F=386 Wim- K) 1= sandwiched between o -:
two 5-mm-thick epoxy boards (F =026 Wim-K) that are 15 cm = 20 ]
cm in size. If the thermal contact conductance (&) on both sides of 1
the copper plate is estimated to be 6000 W/m* K, determine the error ¢ -'ll—-lr
mvolved in the total thermal resistance of the plate if the thermal 54
contact resistances (B = 104} are ignored. e

4. A typical section of a building wall is shown n right fisure. This " ' - Lo
section extends in and out of the page and 1z repeated m the vertical i
direction. The wall support members are made of steel (F = 30
Wim-K). The support members are § cm (#21) * 0.3 cm (Lz). The
remainder of the inner wall space iz filled with insulation (F= 0.03
Wim-E) and messures 8 cm (f:2) * 60 cm (L), The inner wall is
made of gypsum board (= 0.5 Wm-K) that iz 1 cm thick (7)) and
the outer wall 1z made of brick (= 1.0 Wim-EK) that 15 10 cm thick
{f:2). What 1s the average heat flux through this wall when T = i [
20°C and T} = 35°C? o

3. Watch the lecture video and answer the following concept questions:
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{2) What 15 the meaning of critical thickmess?
(b} I= there a critical thickmess in a planar wall? Explain.

6. A 2 2-mm-diameter and 10-m-long electric wire iz tightly wrapped with a 1-mm-thick
plastic cover whose thermal conductivity is k= 0.15 Wim- K. Electrical measurements
indicate that a current of 13 A passes through the wire and there is a voltage drop of 8 WV
along the wire. If the msulated wire is exposed to a medium at I = 30°C with a heat
transfer coefficient of & = 24 Wim* K, determine the temperature &t the interface of the
wire and the plastic cover in steady operation. Also determine if doubling the thiclness of
the plastic cover will increase or decrease this interface temperature.

Electrical T =30°C
winc
[ ~ Insulation

.00¢
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Chapter 3 Review questions:

1. Under what conditions can we use the concept of thenmal resistance to solve heat transfer
problems?

2. What is the general equation used to calculate the heat transfer rate from thermal resistance?

3. What are the expressions and units of conduction resistance and convection resistance,
respectively?

4. What 15 the meaning of thermal contact resistance? What causes thermal contact resistance?
How can we reduce thermal contact rezistance?

5. What 1z the expression of the thermal resistance of a cylindrical wall?
§. What is the meaning of critical thickness? Iz there a critical thickness in a planar wall?
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Transient Heat Conduction

Thursday, February 8,202 mmYnn

{,ll arn e “'Ch'ﬂ‘.‘{, lca-‘)“ . L(_ < _! 70°C

. . A5 .
Piok ambe © gir hle | (onwecdon obwrbece 0°C 2000
K Conlcbn  withia boly

70°C  70°C
bomped  spstem  omlypws ¢
valit  wha 7z 1

-

(a) Copper ball

borpes s13bem  aay

(1) .
Tih)-Tem o0+

Ti- Teo
(b) Roast beef
17 e lej
_PT/_C-P FIGURE 4-1 A small copper ball can be modeled as a lumped system, but a roast beef cannot.
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EXAMPLE 4-5 Boiling Eggs

An ordinary egg can be approximated as a 5-cm-diameter m
sphere (@ Fig. 4-21). The egg is initially at a uniform =
temperature of 5°C and is dropped into boiling water at 95°C. Taking
the convection heat transfer coefficient to be h = 1200 W /m 2K,
determine how long it will take for the center of the egg to reach 70°C.

h= 1200 W/m>K
T, =95°C

FIGURE 4-21 Schematic for (2} Example 4-5.

SOLUTION An egg is cooked in boiling water. The cooking time of the
egg is to be determined.

Assumptions 1 The egg is spherical in shape with a radius of

r, = 2.5 cm. 2 Heat conduction in the egg is one-dimensional because of
thermal symmetry about the midpoint. 3 The thermal properties of the
egg and the heat transfer coefficient are constant. 4 The Fourier number
is T > 0.2, so the one-term approximate solutions are applicable.

Properties The water content of eggs is about 74 percent, and thus the
thermal conductivity and diffusivity of eggs can be approximated by
those of water at the average temperature of

(5+70)/2 = 37.5°C; k = 0.627 W /m K and

a = k/pep =0.151 x 10 =% m2/s (2 Table A-9).

Analysis Egg white begins to thicken at 63°C and turns solid at 65°C.
The yolk begins to thicken at 65°C and sets at 70°C. The whole egg sets

at temperatures above 70°C. Therefore, the egg in this case will qualify as
hard boiled. The temperature within the egg varies with radial distance as
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well as time, and the temperature at a specified location at a given time
can be determined from the one-term approximate solution. The Biot
number for this problem is

(1200W/m?K)(0.025m)

0.627 W/m-K o

R hr
BI—T—

which is much greater than 0.1, and thus the lumped system analysis is
not applicable. The coefficients 4, and A, for a sphere corresponding to
this Bi are, from (& Table 4-2,

A, =3.0754, A, = 1.9958

Substituting these and other values into @ Eq. 4-28 and solving for T
gives

To—Te
Tr' N Toe

70—95
=L

=Aje-Hr — = 1.9958¢ - (39754t _, £ = 0,209

which is greater than 0.2, and thus the one-term approximate solution is
applicable with an error of less than 2 percent. Then the cooking time is
determined from the definition of the Fourier number to be

_ 3 _ (0209)(0.025 m)’

—— 2 7 _865s &~ 144 min
@  0151x10”°% m?/s

Therefore, it will take about 15 min for the center of the egg to be heated
from 5°C to 70°C.

Discussion Note that the Biot number in lumped system analysis was
defined differently as Bi = hL./k = h(r,/3)/k. However, either
definition can be used in determining the applicability of the lumped
system analysis unless Bi ~ 0.1.

this one-term approximation, given as

Nx¢t) = Teo 2
Plane wall: 8,y = D% 0) = Tey = Aje~#fcos(A;x/L), v > 0.2

T, To (4-23)

. I A ) et PR 5

Cylinder: 6. —L_—TN—.'llL Th(Arir,). t> 0.2 (4-24)
Nrit) =Ty _ a2 sin(A,r/r,)

Sphere: Oy = et o 4 o~ A L0 2o g5

Sphere: Ben T —To Ae™H Ao > 0.2 (4-25)

where the constants A; and A, are functions of the Bi number only, and their values are listed in 2 Table 4-2 against the
Bi number for all three geometries. The function J, is the zeroth-order Bessel function of the first kind, whose value can
be determined from & Table 4-3. Noting that cos(0) = J,(0) = 1 and the limit of (sinx)/x is also 1, these relations
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EXAMPLE 4—-6 Minimum Burial Depth of Water
Pipes to Avoid Freezing

In areas where the air temperature remains below 0°C for m
prolonged periods of time, the freezing of water in S
underground pipes is a major concern. Fortunately, the soil remains
relatively warm during those periods, and it takes weeks for the
subfreezing temperatures to reach the water mains in the ground. Thus,
the soil effectively serves as insulation to protect the water from
subfreezing temperatures in winter.

The ground at a particular location is covered with snowpack at — 10°C
for a continuous period of three months, and the average soil properties
at that location are k = 0.4 W/m-K and & = 0.15 x 10 ~®m?/s (

Fig. 4-29). Assuming an initial uniform temperature of 15°C for the
ground, determine the minimum burial depth to prevent the water pipes
from freezing.

T,=-10°C

Water pipe  <—
S Tp=15°C i
FIGURE 4-29 Schematic for (2} Example 4-6.

SOLUTION The water pipes are buried in the ground to prevent
freezing. The minimum burial depth at a particular location is to be
determined.

Assumptions 1 The temperature in the soil is affected by the thermal
conditions at one surface only, and thus the soil can be considered to be
a semi-infinite medium. 2 The thermal properties of the soil are constant.

Properties The properties of the soil are as given in the problem
statement.

Analysis The temperature of the soil surrounding the pipes will be
0°C after three months in the case of minimum burial depth. Therefore,
from & Fig. 4-27, we have

hyfat

\/a_=°° (since h — )

k n= X =036
(xt)-T;  0-15 —op 2\[at
To-T; =10—-15

We note that

t = (90 days)(24 h/day)(3600s/h) = 7.78 x 10° s

and thus

x = 29[ = 2% 0.36,/(0.15 X 107 m?/s)(7.78 x 10°5) = 0.78 m

Therefore, the water pipes must be buried to a depth of at least 78 cm to
avoid freezing under the specified harsh winter conditions.
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Therefore, the water pipes must be buried to a depth of at least 78 cm to
avoid freezing under the specified harsh winter conditions.

ALTERNATIVE SOLUTION The solution of this problem could also
be determined from (2} Eq. 4-45:

T(x,t) - T; X 0-15 x
——_—erfc|—| — ————=erfc|—]=0.60
T,—T; 24[at —-10-15 2 /at

The argument that corresponds to this value of the complementary error
function is determined from (&) Table 4-4 to be 1 = 0.37. Therefore,

x = 2/ = 2x0.37,/(0.15 x 10~ m?/s)(7.78 x 10°s) = 080 m

Again, the slight difference is due to the reading error of the chart.
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Chapter 4 Review questions:

1. What is the meaning of transient heat conduction in the heat conduction equation? What is the
simplest case of transient heat conduction?

2. When is the lumped system approximation valid?
3. What is the definition, unit, and physical meaning of Biot mumber?
4. Which equation do we use for lumped system analysis?

3. What are the one-termn approximate solutions for transient heat conduction in 2 large planar wall,
2 long cylinder, and a sphere, respectively”? When are these approximate solutions valid?

§. How is the dimensionless time 1 defined in the one-term approximate solutions?

7. How do we determine 4, £, and .J, in one-term approximate solutions? Is the defimition of Bi
n one-term approximate solutions the same as that in the lumped system analysis?

8. What iz the solution to the 1-D tranzient heat conduction In a semi-infinite solid with & constant
temperature zt the surface? What 15 the mesning of erfe(n) in the equation? Which table do we uze
to find erfic(n)?

9. When is the product solution to the 2-D/3-D transient heat conduction problems valid?
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Lh

. Carbon steel balls (k=34 Wim K, p = 7333 kg/m’, ¢, = 0465 klkgz-°C) 8 mm in dismeter are

annealed by heating them first to 900°C n a fumace and then allowing them to cool slowly to
100°C in ambient air at 35°C. If the average heat transfer coefficient is 75 Wim™ K, determine
how long the cocling process with take.

A person is found dead at 3PM in & room whose temperature is 20°C. The surface temperature
of the body (k=047 WK and a = 0.13 = 107" m"/s) is measured to be 25°C when found,
znd the heat transfer coefficient is estimated to be 8 Wim* K. Modeling the body as a 30-cm-
diameter long cylinder and assume the body was mitially at 2 uniform temperature of 37°C,
estimate the time of death of that person.

. An ordinary egg can be gpproximated as a 3.3-cm-diameter sphere whose properties are

roughly &= 0.6 Wim K and a=0.14 = 107" m"/z. The egg iz initially at a uniform temperature
of 8°C and 15 dropped inte boiling water at 97°C. Take the comvection heat fransfer coefficient
tobe &= 1400 Wm" K, determine how long it will take for the center of the egg to reach 70°C.
Also determine the surface temperature of the egg when the center of the egg reaches 70°C.

A highway made of asphalt is initially at & uniform temperature of 35°C. Suddenly the highway
surface temperature is reduced to 23°C by rain. Determine the temperature at the depth of 3
cm from the highway surface after 60 minutes. Assume the highway surface temperature is
maintained at 25°C.

Consider a cylindrical block whose height and diameter are both 5 em. The block 1s mitially at
20°C and are made of gramite (k= 2.5 Wim K and & = 1.15 = 107 m"/5). Now the block is
exposed to hot gazes at 300°C in a fiumace on all of their surfaces with 2 heat transfer
coefficient of 40 Wm* E. Determine the center temperature of the block after 10, 20, and 40
min.
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ME 3523 Exam 1 MName:

1. A spherical heating element of diameter 4 = 2 cm generates heat at a rate of 200 Wiem'.
Determine the heat flux at the surface of the heating element in steady operation. (66.7 W/em®)

2. A heating plate whose surface iz maintained at constant temperature of 30'C 1z exposed to the
ambient air at 30"C ina room. The heat transfer coefficient of air on the heating plate iz 10 Wim*-E.
Determine the totzl heat logs rate from the heating plate if the plate surface area iz 0.1 m’. Take
the emissivity of the plate to be 0.9 and assume the temperature of the inner surfaces of the room
to be the same as the air temperature. (32.5 W)

3. A long steel pipe (k=13 Wim K) with an inner radius 7, = 10 cm
znd outer radins 7, = 15 cm 18 used to transport natural gas at a mean
fluid temperature of T, = 23°C with 2 heat transfer coefficient of &=
100 Wim® K. The outer surface of the pipe iz insulated as shown in
the figure below. {g) Express the differential equation and the
boundary conditions for steady one-dimensional heat conduction
zcross the pipe wall, and (5) solve the differential equation to find the
temperature at the cuter surface of the pipe at steady state. (25 °C) (c)
Can we determine the temperature at the outer surface of the pipe using the thermal resistance
concept? Why?

0 12 3 3 %
4. A typical section of a building wall iz shown in right figure. This Yol oy
zection extends in and out of the page and is repeated in the vertical —
direction. The wall support members are made of steel (ky = 30
Wim-K). The support members are 8 cm (#3) * 0.5 cm (Lg). The
remainder of the inner wall space iz filled with insulation (&, = 0.03 1
Wim-K) and meazures 8 cm (f:0) = 680 cm (L), The immer wall iz L= tilem
made of gypsum board (F.: =0.5 Wim-K) thatis 1 cm thick (#,:) and |
the outer wall iz made of brick (ks = 1.0 Wim-K) that iz 10 cm thick

(#:4). The indoor and the cutdoor temperatures are T, = 22°C and T 0 5
= 4°C, and convection heat transfer coefficients on the inner and —I —1
the outer sides are &y = 10 W K and A = 20 Wm* K, | 4l q‘)"’“_'“

respectively. (2} Draw the thermal resistance network. (b}
Determine the average heat flux through this wall. (57.7 Wim?®)

5. An ostrich egg can be approximated as a 14-cm-diameter solid sphere. The ostrich eggz 13
mitially at 2 uniform temperature of 13°C and 15 to be cocked in an oven mamtzined at 220°C
with a hest transfer coefficient of 80 Wim™-K. With this idealization, determine the temperature
difference between the surface of the ostrich egz and the center of the ostrich egg after a 2-hr
heating period. Take the thermal conductivity of the o@lnu:h egg to be l.'II 63 Wim-K and the
thermeal diffusivity of the ostrich egg to be 1.5=10-" m"/s. (61 =

uc:l
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THBLE 4-2

Coefficients used in the one-term approximate scdution of transient ane-
dimensional heat conduction in plane walls, oglinders, and spheres (Bi = btk
for & plane wall of thickness 21 and Bi = hr, 'k for a cylinder ar sphere of

TAHBLE 4-3

The zeroth- and first-ceder Bessel
functions of the fist kind

rackiuzs .} 7 Aol dyin)
reram—————— N
Bi Ay Ay A Ay 0.2 0,9500 0,095
001 L0998 01412 1.0025 1.0030 a3 0.9778 0.1423
00E 01410 01995  1.0050 10060 0.4 0.3604 0.1960
004 D19BR7 02814  1.0099 10020
006 02425 0.3438 10148 1.0179 05 0.9385 0.2423
0.0B 02791 0.3960 10197 1.0239 0.6 09120 0.2867
01 03111 04417 10246 1.0298 o7 agalz 0.3290
02 04328 06170 1.0483 1.0592 0.8 0.8463 03688
0.3 05218 0.7465  1.0712 1.0RB0 o9 08075 0.4059
0.4 05932 0.BE16 1.04931 1.1 164
05  0.6533 09408 11143 1.1441 1.0 07652  G.4400
06 07051 1.01BA 11345 11713 11 Q71 04709
0.7 07506 1.0873  1.1539 1.1978 ig g'g;éi g'gggg
08 07910 11490 11724 1.2236 L o oealn
0.9 0.B2T4 12048 11902 1.2488 ' ' '
1.0 0.BGOA 12668  1.2071 1.2732
20 10769 L5995  1.3384 14793 Lni ol
a0 11925 17887  1.4181 16227 i3 L4080 0.878
40 12646 1.9081  1.4698 1.7202 18 03400 0.5815
50 13138 19898 1.5029 1.TETD 19 02818 0.5812
6.0 1.3496 2.0490  1.6253 18338 ' ' '
T.0 1.3766 2.0937 1.5411 18673 a0 0,229 0,56767
LX) 1.3978 2.1288 166246 18020 2.1 0, 1666 0,668
2.0 14149 21666 16611 1.59106 22 00,1104 0,6660
100 1.4289 21795  1.BET7 1.9248 23 0,08EE 0,535
200 14981 22880 15819 1.978] a4 0.0028 08200
WoH  1.5200 23261 16073 10898
40,0 1.632% 2.3458 1.5993 1.9942 2.6 =0, 0058 =, 4708
50,0 1.5400 2.3672 1.6002 1.9962 R ] ={1, 1880 =0, 4087
100.0 1.5882 2.3809 LGOS 1,988 a.0 ={1,280] =,33%]
- 1.5708 24048 1.6021 20000 12 -03202 -0.2613
TABLE 4-4
Tha comolaman
1 erlc i) aiciyl | g efciy | g eric g L] eric iy L] el il
000 100000 05510 |0.76 02826 114 00065 | 152 003168 | 180 000721
002 06774 05716 078 02700 116 010050 | 154 002841 | 182 000662
04 0.9549 05506 |0B0 O025M L1B 009516 | 166 002737 | L84 000608
006 09624 05338 |0 0262 120 00860 | 158 002545 | 196 DODSET
008  0.9059 05153 |084 02380 132 OO0BL4T | 160 002365 | 188 000S1)
ol0  08ETS 04971 (086 02935 (134 007950 | 162 002196 |200 000468
012 08EE3 04795 |GBE 0213 136 OOTATE | 164 OO00038 | 210 000208
004 08431 04621 |0.90 02031 178 OOMET | 166 OO0IEN0 | 220 000186
016 08210 04451 | 092 00932 | 130 006500 | 168 001761 | 230 000114
018 07951 04288 |054 OIRIT 137 OQOGIG4 | 170 Q01612 | 240 000069
b2 0773 04121 |08 0174 | 1.34 OOBS0S | 172 OQOIS00 | 260 D/0004)
0.2  0.7567 03961 |09 01658 | 136 00444 | LM 001387 | 260 00004
0.2 07343 03806 | LO0 00673 138 OOBOGE | 176 OOIZ81 | 270 000013
0.2% 0.713 0358 | 107 01452 140 004777 | 178 O0IAS | 280 000008
oM 06821 03506 | 104 0413 147 004262 | 180 ODICAD (260 000004
0.3  06Tl4 0332 | 106 0133 | lad 004170 | 182 DOLODE | 30D Du0DOUR
DX 06509 03222 | 108 01267 | 146 0.0 | 1B4  QOOWRE | 320 000001
0.3 (L6306 0508 | LI0 0lleE | LA8 DOMIE | 186 D00ERI | JA0  DUODDD0
0.2 06107 02963 | L1 00132 150 003360 | 18R OO007Ad | 260 D.O0OM

[ ]
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